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| s.insa | DEveloped Laminar Pulsating
e-mail: buensal@Istm.uni-erlangen.de Pipe Flows

F. Durst

ﬁ Ertunc Pressure gradient driven, laminar, fully developed pulsating pipe flows have been exten-
’ sively studied by various researchers and the data for the resultant flow field are avail-
able in a number of publications. The present paper, however, concentrates on related
flows that are mass flow driven, i.e., the flows where the mass flow rate is prescribed as
m=my+maf(t) and f.(t) is periodically varying in time. Sinusoidal and triangular
Institute of Fluid Mechanics (LSTM), mass fI(_)w rate pl_JIsatlons in time are analytically considered in detail. Results of experi-
Friedrich-Alexander-Universitit Erlangen- mental investigations are presented and are complemented by data deduced from corre-
. sponding analytical and numerical studies. Overall, the results provide a clear insight
Niirnberg, Cauerstr. 4, D-91058 Erlangen, ; . h . .
into mass flow rate driven, laminar, fully developed pulsating pipe flow. To the best of the

0. A. Bayoumi

Germany authors’ knowledge, flows of this kind have not been studied before experimentally, ana-
lytically and numerically.[DOI: 10.1115/1.1906265
1 Introduction and Aim of Work pIitudes(dP/dx)Cn and(dP/dx)Sn. Each of the wave forms has a

The basic theory of incompressible, internal, laminar flows f&&quency corresponding to integer multiples of the basic fre-
well developed and the state of knowledge up to the middle of t§&iencyf. Utilizing the linear property of the governing differen-
20th century is well documented in books by Howaltf and tial equation f(_)r an |ncom_preSS|bIe flwd, describing the flow,
Moore [2]. However, much progress has been made since tha#thida[5] applied the solution for a single frequency to each of
Most recently, time-dependent, periodic pipe and channel flokze terms in the Fourier series. In this manner, he obtained the
have received increasing attention from the fluid mechanics cogeneral solution for periodically pulsating, laminar, fully devel-
munity. In the review by Giindiglu and Carpinliglu [3], litera- oped pipe flows by a summation over all the individual solutions.
ture surveyed, shows that nearly all theoretical treatments of tinléis obvious that the solution of Lambosf4] is a special case of
dependent pulsating flows are pressure gradient driven, i.e., this general solution and can easily be derived from the solution
flow is pulsating owing to an imposed pressure gradient of thd Uchida[5].

following form: Recently, Majdalani and Chibl[6] extended the work of
Uchida[5] for channel flows, which was otherwise not available
dp_(dP) _(dP) _ it 1) i the literature. Hence analytical treatments of the pressure gra-
dx ~ \dx w \dx Asm( i) @ dient driven, pulsating, laminar, fully developed pipe flows in-

) ) ) ] ) volving incompressible fluids are well established and extension
where the time-varying part is described by a single-frequengy the work for channel flows is also available.
gradient,(dP/dx). The resultant flows are usually referred to agycilities in which the pressure gradient, in the form of E),
pulsating flows when the time-averaged pressure gradigphs generated an@r) controlled by flow interrupters, by recip-
(dP/dX)y # 0 and as oscillating flows whef@P/dx)y=0. Lam-  rocating pistons, by rotary valves, etc. Among these, the studies of
bossy[4] was the first to derive an analytical solution for this typ@enison et al[ 7], Muto and Nakan¢8], and Shemer and Wygn-
of flow. A few years later, Uchidg5] presented the general ana-anski[9] are examples of comprehensive investigations. These
lytical solution for arbitrary, time-varying, axial pressure gradieifesults are also well supported by the analytical solutions of Lam-
driven, laminar pulsating flows through pipes. A brief summary Ctiossy[4] and Uchida[5]. More recently, Durst et a[.10] com-
this solution is presented in the Appendix for the sake of congsined the solution of Lambosgy] and instantaneous local den-
pleteness. The axial pressure gradient in such cases is considgfgdapproximation-velocity measurements at the center of a pipe
as a general wave form, which may be represented by a Fouligicarry out instantaneous volume flow rate measurements for
series different pulsating flows. It is important to note that pulsations,
g g = = having wave forms other than sinusoidal, for example, triangular
dp _(dP dp dp . pulsations with time, have not yet been investigated, probably
dx ( dx)o * 2 ( dx)c cogZmniy) + %( >Sh sinZanty), because of the experimental difficulties associated with accurate
" and reproducible generation of the desired pressure gradient.

(2) A careful study of the literature on pulsating pipe flows sug-
gests that equally good knowledge does not exist for periodically
)p_ulsating, fully developed, laminar pipe flows generated by a con-
IIﬁ(_)lled, time-dependent mass flow rate. More recently Das and

rakeri [11] presented analytical solutions of resulting pressure
gradient and velocity distribution for a prescribed, time varying

!on leave from the Department of Mechanical Engineering, Jadavpur Universiplume flow rate through a pipe. The flow was assumed to be
Kolkata 700 032, India. laminar and fully developed. They presented examples of starting

Contributed by the Fluids Engineering Division for publication in therNAL oF flows with trapezoidal variation in the volume flow rate with time
FLuibs ENGINEERING. Manuscript received by the Fluids Engineering Division

February 18, 2004; revised manuscript received March 6, 2005. Associate Editor@§1d sinusoidally oscillating flows that are either impulsively
Balachandar. blocked or starting from the rest. Very recently, a similar study on

n=1

where(dP/dx)y has the same meaning @/ dx),, in Eq.(1) and
the oscillating part of the longitudinal pressure gradient is e
pressed as a composition of basic harmonic functions, with a

Journal of Fluids Engineering Copyright © 2005 by ASME MAY 2005, Vol. 127 / 405
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pulsating channel flow for arbitrary volume flow rate variatior2 Experimental Investigations

was presented by Muntges and Majdalgikl]. However, none of ) ) )

these studies are well supported by simultaneous experimenta?-1 Experimental Setup and Measuring Equipmentin or-
validations. This is probably due to the fact that no reliable esler to carry out the experimental investigations on mass flow rate
perimental data could be produced earlier owing to the difficultig@ntrolled pulsating flows, a mass flow rate control system was
associated with generation of accurate and reproducible volugiveloped. The basic design concepts of the system and its essen-

flow rate variation with time. tial parts were presented by Durst et [dl3]. Some verification
For a periodic flow, the general variation of the mass flow ra@xperiments were also presented in this article in order to demon-
through a pipe may be considered as strate the outstanding properties of the mass flow control unit. The

developed mass flow controller allowed to generate any kind of
preset time-dependent mass flow rate variations with very high
cycle to cycle repeatability and accuracy in the range of
0-217.8 g min’. The overall accuracy of the mass flow rate con-

troller was found to be within +1%.

m=my, + Maf (1), ©)
where m,, is the cycle-averaged mass flow rate ang is the

corresponding amplitude of pulsation. The functiyit) is a pe- A . | loving the developed f
riodic function in time and has a periag, such thatf(t+t,) n experimental setup emp oying the ev’e oped mass flow rate
=f(t). To the best of the authors’ knowledge, there does not eX|C ntrol system was set up in th_e authors Iabqratory for time-
N . . T ; & pendent, laminar mass flow driven pipe flow investigations. A
either an analytical solution for the resultant time-varying flov o matic diagram of the setup is given in Fig. 1. For the authors’
flelql and the corresp.ondlng pressure gradient variation or an (periments, the mass flow rate control system was supplied with
perimental flow fac!llty. thgt generates accurate ,tlme-depe.nd ssurized air of 5 bar. An externally produced signal from the
mass flow rates. This finding initiated the authors’ work on tim Computer was used to supply the time-dependent mass flow rate

dependent, laminar, mass flow rate controlled, pulsating fIO¥\|’gnal to the mass flow control unit. The signal can be, in prin-

through pipes, which is summarized in this paper. . . . ;
During this work, a mass flow rate control system was deve?—'ple’ any function of time and can be freely chosen via the com-

oped that permits one to produce any arbitrary time variation ﬁyter software employed. After the mass fiow control unit, the

. ; . . ow was conditioned with wire screens and a flow straightener. A
m(t). The developed system is described shortly in Sec. 2 toget M 14-mm-diam Perspex pipe was added after the flow condi-
with the flow facility and the appropriate measuring equipment.

. .7 ner for the present investigations. For the present experimental
For detailed description, one may refer to the paper by D.WSt et tup, under steady flow conditions, the flow remained laminar up
[13]. The whole setup was employed to study experlmental% ' '

laminar, fully developed, pulsating pipe flows _ Re_:GQOO. However,_ to be on the safer side, in the_pre_sent
Itis olbvious from the ’previous discussions'that when the axilr]vestlgatlons the maximum Reynolds number was r_namtamed
pressure gradient is given in the form of a Fourier series, t elow 4650 for all the experimental runs. Furthermore, in order to
! r(]-i%sure the laminar state of flow in the pipe, the centerline velocity

velocity field and, hence, the mass flow rate for a laminar, pulsat- ; . .
ing flow through a pipe can be obtained analytically. In the prese%r\{fjls monitored at the end of the pipe with a DISA 55 M01

This gives rise to an “inverse” problem, where the resultant pres- P P P

sure gradient that occurs in the governing equation is not a pri rrrfmsducers distributed along the length of the pipe. The operating

known. Based on the initial solutions of Uchiffs], an analytical range of the pressure sensors was 20 mbar and the transducers
! )vere temperature compensated. The natural frequency of these

zg@nsducers was around_ 1 kHz, which al!owed tracking of fast
variation, m(t). The general form of the mass flow rate can pgressure changes_ r_e_sultmg due to pulsating flows. All the mea-
described by a Fourier series Surements were digitized sm_lu_lt_aneously by the computer through
a 16 bit 333 kHz data acquisition card and measurements were
synchronized with input signals of the mass flow rate controller,
. . . which were produced by a 12 bit 200 kHz data acquisition card.
=g+ X, g, cog2mfy) + X g sin2anft)  (4) During postprocessing of the data, the statistical information and
n=1 n=1 the time-based informatioffrequency, amplitude, efcwere ex-
racted and other analyses, such as digital filtering and fast Fourier

© ©

wheremg=my, in Eq. (3). Moreover, the solution suggests that th ansform ere conducted as and when required
time-varying mass flow rate and the time-varying pressure gradi= S S, W u S w quired.

ent can be written as functions of each other and knowledge ofAS mentioned ea}rller, the mass flow rate variations with “”.‘e
gere generated using the mass flow rate controller by supplying

one of these two is sufficient for the determination of all othe i lectrical sior@l—10 : | |
unknowns of the flow. The details of the analytical solution ar e corresponding electrical sigri@-10 V) to its analog port. In

presented in Sec. 3. In this section, sinusoidally and triangulaffye Present experiments, the mass flow rates were not directly
pulsating mass flow rate variations are treated as examples andigasured, but, they were taken from the given input signals. The
final results are presented. The analytical results are also cdpiire mass flow rate control unit, which produces highly accurate
pared in the same section with the corresponding experimenfa@ss flow rategwithin +1%), was previously calibrated and the
data. Some other types of pulsating flows, having higher degred&fails were provided by Durst et 4L.3].

of discontinuities than the triangular pulsation, are treated numeri-2_2 Experimental Investigations.In order to study the be-

cally as well. In general, these pulsations cannot be accuratglyyior of mass flow rate controlled pulsating flows through pipes,

represented by an appropriate Fourier series of the type Showrp{fheriments were carried out in which sinusoidal and triangular

Eq. (4) and one must apply Lanczos’ sigma factor to avoid the,aqs fiow rate pulsations were applied for various flow frequen-

Gibbs Phenomenon. The comparisons of the analytical Solutigi.s' The resulting axial pressure gradients were measured at a
with applied sigma factor, numerical solution, and experiment cation 1.75 m away from the pipe entrance such that the flow

results are also presented in this section for power-type mass fl%y be c.onsidered to be fully developed at this posititiis

rate pulsations. . . ; !
Finally, with the aid of experimental, analytical, and numerica{Pcat'on corresponds to 125)DFor sinusoidal pulsations, three-

tools, various physical aspects of the mass flow rate controlle(afnens'Onless mass flow ratg *amplltucdm;.\), namely, 0'9_5’ 0.72
laminar, pulsating flows of incompressible fluids through pipes aféld 0.61, were chosen, wher, is the ratio of the amplitude of
considered in detail. Section 4 presents conclusions and an difee-varying part of the mass flow raf#,) to the cycle-averaged
look towards future research in this field. mass flow ratglmy,). For each of these cases, the frequency of

406 / Vol. 127, MAY 2005 Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.154. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Screens

Pipes (¢ 3) y

,,,,,,, % —-

$14

Air at 5 bar Ma
——

HW probe

10
Pressure sensors

Oscilloscope

Hot-Wire
v Anemometer

0-10V
Analog
Signal

LN —p]

A

DAQ Interface

Fig. 1 Schematic diagram of the experimental setup

pulsation was varied over a wide randge,0.001-22.5 Hz. Trian- later, digital filtering was first applied in order to remove the
gular pulsations, on the other hand, were applied onlyﬁr}r noise, before applying fast-Fourier transform to obtain amplitude
=0.95 and the frequency range was varied from 0.001 to 20 Ha&nd phase information. For all cases, the méane-averaged
Acquired pressure signals were analyzed through Fourier traiyglue of the pressure signals was calculated by considering more
formation and the corresponding phase and amplitude informati{m11
was obtained from the first harmonic, which is satisfactory for
sinusoidal pulsations. In the case of triangular pulsations, owing2.2.1 Flow With Sinusoidal Pulsations Fig. 2 examples of
to deviations of the shape of the signal, which will be consideregpplied sinusoidal mass flow pulsations and measured axial pres-

n 50 periods.
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Fig. 2 Applied sinusoidal mass flow rate and measured pressure gradients for my,

=0.9473, for different pulsation frequencies
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s m*=09473 = P~* 7175 the variation offn, has no effect on the phase difference and
704 A ’ ‘ A ) hence it can be concluded that the only parameter on which the
60: * m,"=0.7209 " A8 _ 1.50 phase difference depends is the pulsation frequency. The phase
4+ m*=0.6086 1.95 difference does not exist up tb=0.02 Hz. It then appears and
50- L increases with increase in flow frequency, and afftet0 Hz, the
‘ 100 2 phase difference reaches a constant value of aret/id It also
* < 40+ —= appears from Fig. 3 that the dimensionless amplitude reﬁois
o 30. ' N -0.75 3 independent ofn;\. However, as will be shortly evident during the
~ analytical treatment of the problem, this is not true. This false
20 - 0.50 appearance may be attributed solely to the very high scaﬂé@f
10 o [025 which varies fron_wP;zm*A (for very low frequency to PA%?S
e _‘-‘“ (for f=30). The figure, however, reveals certain other important
01— Apal Lo memuapmpudie 1000 characteristics of flow. For very low pulsation frequencies, the
-3 -2 -1 0 1 2 ~
10 10 10 10 10 10 value of P, remains nearly constant and then increases gradually
f(Hz) up to f=10 Hz. With further increase if, P’kA shows a very rapid
increase.

Fig. 3 Variation of A@ and P, with f and i, for sinusoidal ] ) ) )
pulsations 2.2.2 Flow With Triangular PulsationsEExamples of applied

triangular mass flow pulsations and measured axial pressure gra-
) ) dients are provided in Fig. 4 fan,=0.9473 and the pulsation
sure gradients are presented. The mass flow rate amplitude &@duency is increased logarithmically from 0.0033 to 3.267 Hz.
mean mass flow rates were kept constant and the pulsation fligis clear from the pressure gradient wave forms that, particularly
quency was increased logarithmically from 0.003 to 3.267 Hgor higher pulsation frequencies, there occurs a sudden jump in
Since these are raw experimental data, the results are presentagldnaxial pressure gradient, where a discontinuity exists in the
the form of dimensional quantities. It is clear from Fig. 2 that, agass flow rate variation. For very low values fofthe resultant
expected, with increase in pulsation frequency, the amplitude fia| pressure gradient also appears to be triangular. However, the

axial pressure gradient also increases. The phase difference é?’?a‘pe of the pressure gradient changes with increadeaind

tween the two signals is virtually nonexistent at very low frequengan =0 326 and 3.267 Hz the resulting pressure gradients are

cies(f=0.0033 and 0.0326 Hzwhereas it increases with further jigsinctly different from the applied mass flow rate pulsation,
Increase in pulsation frequt_enpy. . . . characterized by sudden changes, where the accelefatirdg-
Figure 3 shows the variation in the phase different6,in  cejerating flow changes suddenly to deceleratiiog accelerating
radians, between the applied mass flow rate pulsation and . The magnitude of this sudden change also increases with
resultant axial pressure gradient with the pulsation frequency. ThR aase in pulsation frequency. It may be recognized that with
figure aIsoA shows the variation of dimensionless pressure drop aase in pulsation frequency, the acceleratamdeceleration
amplitude,P:\, with the pulsation frequency, for different mass and, hence, the rate of change of acceleratimmdeceleration
flow rate amplitudesr,'nz. It can be observed from the figure thatnhear the point of discontinuity in mass flow rate pulsation also
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Fig. 4 Applied triangular mass flow pulsations and measured pressure drop wave forms for
different pulsation frequencies
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50— P 1.75 o ® 4}:_);4,
A aaaal m=—=1- 1
a aaafalaBiq50 ;
404 4+ A0 a my =, ™F
4 L 1.25 :1/2 1/2;3/
2123, [(27nF)Y3372) .
] a . > + . exp(2mnF 5
30 , ftoo® 2P 3 2Py | P ETEA) ()
f A —
a 201 o lo75 g This equation holds for the normalized mass flow rate pulsations
4 ~ that result from a normalized pulsating pressure field and vice
101 ,' 050 versa, i.e.,P;n is also given by the above equationrif is pre-
N . 1 0.25 scribed. Hence the entire analysis provided in the Appendix A for
e an e Aiee sess®® pressure gradient driven flow can be adopted for mass flow rate
0 F-2 T - 0.00

- " ” 5 ” ! driven pulsating pipe flows with only minor modifications. At this

10 10 10 10 10 10 point, let us consider only the sine terms in the expression for the

f(Hz) pressure gradient, as given in E43). This is done for simplicity,
however, without losing the generality of the analfslmder this

condition, thenth amplitude of the sine wave is given tfy*en

=—i|5;n. It is also obvious from Eq(A9) that the mass flow rate
contains two distinct parts, where the steady part, in the dimen-

increase. To generate such flows, the resultant axial pressure gfanless form, is given by unity and tiéh oscillating component
dient also changes rapidly and this rate of change increases W§hyiven by
increase in frequency. This is clearly demonstrated in the Fig. 4.

Fig. 5 Variation of A@ and ,5; with f for triangular pulsations

The presence of higher harmonics is also evidentffoB.267. " 4P, 2i123,[ (27mF) Y4372 ,
This is due to the fact that the mass flow variation can no longer Mosp = ~ + 12 172 3z |©XA2mnFi)

\ : X mnF (2mnF)Y234[ (2mnF)Y/33/2)
be represented as a perfect triangular wave, since the time con-
stant of the equipment is 125 Hz. These effects and the probable (6)
cause will be discussed further during the presentation of analffimay also be identified from the above equation that a complex
cal results in the next section. variable, i, may be defined, which is solely a function nith

Figure 5 shows the variation of the phase difference betwegRquencynF. Therefore i,(nF) is written as
the mass flow and the axial pressure gradient along with the varia-

ionin B with f. P imi i 4 2i"23,[(27mF)4372]
tion in P, with f. P, shows a similar behavior, as observed for the dn(NF) = - —— 4 (7)
case of sinusoidal pulsations. However, as is evident from Fig. 5, : mnF (2mnF)Y23,[(27nF)Y3°%72)

triangular pulsations resulted in a higher valuesA@éf compared P ; ; ; ;

to those obtained for sinusoidal pulsations. As a result, it attaig gttcl)g?amg complex variableyy, into real and imaginary parts,
the asymptotic value ofr/2 at a much lower frequency. This

behavior may be attributed to the presence of sharp discontinuity Pn(NF) =NR(¢) +iJ () (8)
in the pressure gradieﬁt.

whereR(y,) is the real part ang(¢,) is the imaginary part of
Jin(nF), respectively. Substituting the expression fgtnF) from
3 Analytical Investigations Eq. (8) and expanding the exponential term, E6). may be writ-
ten as

The analytical solution for pressure gradient driven, axisym-
metric, laminar, fully developed, pulsating pipe flows is presented iy = P: [%(y) +i3(yn)][cos2mFr) +i sin(2anF7)] (9)
in the Appendix A. The solution clearly shows that, if the pressure . )
gradient is known as a function of time and is expressed in tHé&€ real part of the above equation is obtained as
form of a Fourier series, the solution for other important quanti- e o .
ties, such as, the velocity and the mass flow rate, can be easily =~ Mosn~ Pod R(yn)cod2mFr) - J(¢y)sin2mFn)]  (10)
obtained by analytical treatment of the governing equation. It ishich may also be written in the form of a sine function as
evident from proper scaling considerations, introduced in the Ap-
pendix, that the anglytical solution_s for all importan_t ql_Jantities mgsn: ﬁ’;n|zj/n|sin[2wnFr—tan‘l M ] (12)
may be expressed in terms of their steady and oscillating parts, I

Where_ the normalized oscillating parts are fur_wctions of qnly OI:*I'he complete expression for the mass flow rate through the pipe
mensionless frequency. Hence, pressure driven pulsating p

X 18F a pressure driven flow may, therefore, be written as
flows cannot only be treated analytically, but the results may also P Y. '

be presented in a very general form that provides a good insight co R(¢h)
into the physics of the flow. However, as explained in the previous m=1+, Puldnlsinl 2mnFr—tany —= (|. (12
section, under the present experimental conditions, the mass flow =1 ()

rate through the tube, rather than the pressure gradient, is cg
trolled. As a result, the pressure gradient is not known a priori ar
hence it is necessary to solve the “inverse” of the problem treate
in the Appendix A. These derivations are presented in this section.

Ns easily recognized from the above expression that each of the
cillating components of the mass flow rate is expressed in terms

4t may be recognized that the pressure gradient in (B§) may also be ex-
; - " . ” pressed as
Based on the considerations in the Appendix A, it is shown that

the following relationship holds between the time-varying axial 1(dP\ -
pressure gradient and the resulting mass flow rate: ";(_ =Pol 1+

3.1 Treatment of General Mass Flow Rate Pulsation.

™ D (B2 + (PL)3 2sin2mFr+ tan-l(ﬁ;/ﬁ;n)}]

n=1
which is clearly a sine series, with a modified magnit@the absolute value of the

3According to the present definition, when, after the sudden incleastecrease complex variablelsgn) and a corresponding phase. Thus, the foregoing analysis may
in the axial pressure gradient, the resultant value reaches the mean of the ovetigh be applied for the general situation as well with minor modification in the
waveform,Ad is equal tomr/2. expression for pressure gradient.
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of a sine function. The series also contains a distinct amplitude3.2 Treatments of Flows With Sinusoidal PulsationBefore

and a phase lag corresponding to each of the frequencies. Lefpussenting the details of complicated mass flow rate pulsations, let
now consider the mass flow rate controlled flows, where the timas first consider the simple case of a sinusoidal pulsation, which is
varying pulsating mass flow rate is given generally in the form djiven by

a Fourier seri

w m = — =1+m,sin(2xft) = 1 +m, sin(27F7) (20
- cx m
m=1 +2 m, sin(27nFr) (13 M ) ] ]
n=1 The above equation shows that the flow is characterized by a

. . . single frequency and, hence, one can easily obtain the amplitude
Now, it would be essential to compare Ed.2), which is the ratio, ém=|4/, and the phase lag\6y, for the mass flow rate

solution for mass flow rate for pressure-driven flows, with thﬁom Egs. (15 and Eq.(16), respectively. The corresponding
prescribed mass flow rate for the mass flow rate controlled flow ), stion y(F), is obtained f'rom Eq(7) by putting n=1. The

Eq. (_13). For the_ sake of comparison, it is better to rewrite Edrequired mean pressure gradient is obtained from(Eg). There-
(12) in the following form: fore, the normalized pressure gradient, that would generate the

" given mass flow rate through the tube, may now be written as
m' =1+, i, sin2anFr— A6y, (14) 1(dP\ _~ -~
< -~ = Po[1 + Pg sin2mF 7+ A6,)] (21)
p

where r'n; and A6, , are, respectively, the normalized amplitude PO
and the phase lag of thieh wave of the mass flow rate oscillationwhere the amplitude of pressure gradient pulsatfy®m,/ ¢, is
and are given as follows: obtained in a straightforward manner.
The analytical solutions of the axial pressure gradients for si-
m;: ﬁ;r] A (15 nusoidally pulsating flows are compared with the corresponding
experimental results in Fig. 6 f&t=0.01, 0.1, 1, and 10. For the
{m(tﬁ )} sake of comparison, in this figure the experimental results for
Al =tan?y — (16) pressure drop are also presented in the form of dimensionless
' I quantities. It is obvious that the general agreement is extremely
Itis obvious from Eq(15) that a dimensionless amplitude ratio 0fd20d. The figure also shows the applied mass flow rate as a func-
the mass flow rate for theth signal can be defined ad, tion of dimensionless tlme..lt is clear that.for very low frequenues
. . . ©(f=0.01 and 0.}, the magnitude of the dimensionless axial pres-
=m,/Pg,=|¢nl. It is also important to note that both the amplitud

ratio and the phase lag are only functions of tte frequencynF. es:{redgra(fjlint(dP/dx?g Ids almosf: equal_ Eo tThhe danensg?fless am-
For a prescribed mass flow rate problem, however, all the amdﬁ-mf N OI t etprescrl_ (ta rtnatsti OWIratE;A' ep _aseB 'tﬁ:ﬁnceh
tudes,r‘n:], are known for each of the frequencies. Hence, (&6) IS aiso almost honexistent at these fow frequencies. bo € phase

can be Used to obtain the values of the required pressure gradffigrence anddP/dx),, however, increase with the increase in
frequency of pulsation.

amplitudes,Py,, since|;| depends only on the given frequency, i'is aiso obvious from the analytical treatment of the inverse

nF [see Eq.(7) for further clarificatiod. Similarly, the required oblem that the amplitude ratio, defined @/(dP/dx)* and
phase difference of the pressure gradient, which would generge he oh diff I' f - f th /?’ ion f
the given mass flow rate distribution, can also be obtained fro o0 the phase difference are only functions of the pulsation fre-

Eq. (16). Therefore, the complete form of the normalized resultarﬁ’tugncy":' The comparison Of the a“"’}'y“ca' solution and_the ex-
pressure gradient pulsation is given as perimental data for the amplitude ratio and the phase difference,

as presented in Fig. 7, not only shows excellent agreement be-
tween the two, but also reveals this fact.

1dP\" [ 1dP) /. _ i .
Ty T\ T T Po=1+ 2, Ps,Sin2mnFr+Ab,,) 3.3 Treatments of Flows With Triangular Pulsation. It is

p dx p dx =1 ; ) ; . .
evident from the previous discussion that the inverse problem can
(17)  be easily solved when a simple sinusoidal pulsation in the mass

flow rate is considered. Let us now consider a more complex case

It may be observed that in order to obtain the complete PressWie, "o iar pulsation. A typical triangular pulsation can be
gradient, one would also require the value of the steady p%r)Epressed in the form of a Fourier series as follows:

(mean) of the pressure gradient pulsaticﬁ’b (which is also equal .

to Py). This may be obtained from the knowledge of the cycle- - +% S (-1 sin(2mnF ) (22)
averaged mass flow ratey,. The mean cycle-averaged axial ve- w2 gt n?

locity through the cross section of the tul,, can be written in o

terms of bothiny, and |5M as (see Appendix A for details Let us now consider thath term in the above series, that de-

scribes the oscillating part of the mass flow rate. This is given as

m PyR2 L 8(= 1)y,
Uay= /Thlﬂ?z = gv (18) Mosp = %‘ sin(2mnFr) (23)
From the above equationﬁ’M is obtained as Therefore, it can be immediately identified that for title sinu-
' soidal signal, the amplitude and the frequency are given as
= 8Bumy (n-D/2p
Pu= (19 . _8(=1 My
= 24
P 7TR4 mn 71'2n2 ( )
5In Eq.(13), r'n; is the prescribed dimensionless amplitude ofritiefrequency of Fn=nF (25)

the mass flow rate oscillation. It will be further clarified when the analysis for . .
triangularly pulsating mass flow rate controlled flow will be described. One should therefore construct theh pressure S'gnal which

8t is important to note that Eq14) is the solution of the pressure gradient drivenWould generate the corresponding mass f|0W rate_aS dESCrit.)Ed by
flows. In this equationi, and A6,,,, are obtained using Eqél5) and Eq.(16). Egs.(23)—(25). As was performed earlier for sinusoidal pulsation,
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Fig. 6 Comparison of experimental and analytical pressure gradients for sinusoidal

mass flow rate pulsations for F=0.01, 0.1, 1 and 10

the amplitude ratiosgn, ,, and the phase lagd 6, ,, are obtained higher frequencies. Particularly at a very high frequeffey 10),

for each of the frequencieaF, using Eqs(15) and(16), respec- the presence of higher harmonics in the experimental results is
tively. Therefore, the complete normalized pressure gradient thtfifferent in appearance from the analytical solutions, which also
would generate the given triangular mass flow rate pulsation show the presence of higher harmonics, particularly prominent

obtained as

©

p\ dx n=1,35,...

where the amplitude of pressure gradient pulsation for rithe

wave is given a®, =/ dmn.

In Fig. 8, the analytical solutions of the axial pressure gradie
for the case of triangular pulsations are compared with the cor

1(dP) - 5
__<—):PO + E Psnsin(zﬂ'nFT"'Aam,n)

(26)

near the discontinuity. This issue is addressed below. From Fig. 8,
it is also clear that for very low frequenciés=0.01 and 0.}, the
magnitude of the dimensionless axial pressure gratﬂdFW,dx);\,

is almost equal to the dimensionless amplitude of the prescribed
mass flow raten,. The phase difference is also almost nonexist-
ent at these low frequencies. Both the phase difference and

dP/dx);, however, increase with increase in frequency of
r}filsation.

€-Figure 9 shows the variations of the analytically obtained and

sponding experimental results f6=0.01, 0.1, 1, and 10. It also gynerimentally observed phase difference and amplitude [idio

shows the applied mass flow rate as a function of dimensionl
time. It is observed that the general agreement is extremely g
for lower frequencies. However, the agreement is moderate

d in a manner similar to that for sinusoidal pulsation,
c?‘F\?/(dP/dx)*A] with the dimensionless frequency of pulsation. It is
Qar that here also, the general agreement between the analytical
and experimental results is extremely good. Figure 9 also shows
that the phase difference, which is sm@lmost nonexistentor

1617 m’=098473 ——m'P, &”"“ ----- lower frequencies, increases sharply for moderate valu€saofd
144 mr=07209 ---p reaches its asymptotic value f2 at a much lower frequency as
5 12 4 m,*=0.6086 4 compared to the case of sinusoidal pulsati¢gese Fig. 7 for
® comparison
- 1.0 Let us now focus on the presence of the higher harmonics in the
< o8l experimental results fdf=10 and its associated discrepancy with
. the analytical results. In order to explain this apparent disagree-
.& 0.6+ ment the power spectrum of the axial pressure gradient data is
E“ 0.4] analyzed in Fig. 10. It clearly shows that for all cases, a strong
secondary frequency is generated at arofir®3 Hz. The ques-
0.2 tion that remains to be answered is, therefore, from where does
0.0 - adse <’ this frequency appear? It may be postulated that this frequency
3 ™ - S » —~ 5 appears from the experimental system and its associated instru-
10 10 10 10 10 10 10 mentation. The system as a whole, therefore, has a cutoff fre-
F guency of 33 Hz and all the signals, beyond this frequency are

Fig. 7 Variation of A@ and P, with F and i, for sinusoidal

pulsations

Journal of Fluids Engineering

essentially of no importance. In the analytical study, when the
mass flow rate is expressed in terms of a Fourier series, a certain
number of terms is considerddhich is usually very high The
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Fig. 8 Applied triangular mass flow pulsations and comparison of experimental and analyti-
cal pressure gradient wave forms for ~ F=0.01, 0.1, 1 and 10

apparent discrepancy may be attributed to this fact. In order eade similar classifications for sinusoidally pulsating flows based
demonstrate this, the analytical results are presented in Fig. 11 dorthe phase difference data. They termed the flow regime “quasi-
F=10, using up to 40 termgorresponding td=125 H2 and ten steady” when the value ofn,/(dP/dx),=<0.95, which corre-
terms (corresponding tdf=33 H2). It is obvious that when the sponds to a dimensionless frequency of pulsafien0.277. Simi-
cutoff frequency for the analytical solution is restricted to its afarly, the regime is termed “inertia dominated,” whére 124.
propriate value, the result also shows the presence of simiffie regime between these two is termed “intermediate.” However,
higher harmonics, as observed in the experiments. It is also i may be noted here that these definitions, although being con-
porta_nt tO note that when the mass f|0W rate data -are ge.nerateq:bwtua”y true’ are not unique and depend Strong|y on the param-
considering smaller number of terms in the Fourier series, sogyr and the criterion chosen to identify such regimes. From Fig.
amount of error is automatically introduced. In the experiments7e} it is observed that if the same definitions for different flow
similar error is also present because of the .time constant of Rimes are adopted in the present study, almost the same values

3.4 Identification of Different Flow Regimes.From Figs. 7 U&S would be substantially modified if the phase difference is
and 9 for sinusoidal and triangular pulsations, different flow r&h0sen as the parameter for such definitions. Similar observations
gimes for pulsating flows may be identified for sinusoidal anfi® Made for the case of triangular pulsations, presented in Fig. 9,
triangular pulsations, respectively. Earlier, Ohmi and Igudi ence, the comments are also similar. As such, there is no need_for

further precise definition of these regimes, as long as the entire

variation is available.

3.5 Pulsations With Discontinuities.In the case of power or
sawtooth pulsations, the discontinuity in mass flow rate is more
severe than that for triangular pulsation. The results for flows with
power pulsation foF=0.1 and 10 are presented in Fig. 12, where
the figures at the top show the complete variation and those at the
bottom show the zoomed view near the discontinuity in mass flow
rate. It is obvious that the sudden decreéseincreasgin pres-
sure gradient near the discontinuity is more than that observed
earlier for triangular pulsation. The overall agreement in the ob-
served pressure gradients, obtained with different methods, is ex-
cellent at lower frequencieor example,F=0.1). However, the
zoomed views show that even at lower frequencies, the analytical
’ solution produces an oscillatory pressure gradient near the discon-
tinuity, which is nonphysical in nature. It may be noted that for

10°
F such pulsations with strong discontinuities, the Fourier series pro-
duces an exactor desired oscillatory mass flow rate, since it

cannot handle such a strong discontinuity and this is known as

Fig. 9 Variation of A# and ﬁ’; with F for triangular pulsations
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Fig. 10 Power spectrum of pressure wave forms for

flow rate pulsations

F=0.01, 0.1, 1 and 10 triangular mass

Gibb’s phenomenon. In the numerical meth@ee Appendix B  where the sinc term is the sigma factor.

however, the discontinuity is handled by setting a very small valueln Fig. 13 a comparison is provided between the analytical

of &t, above which, the mass flow rate is allowed to change. Thi®lution with applied sigma factor and the numerical solution. It is

may be regarded as one of the techniques to avoid discontinuitiear from the figure that by the application of sigma factor, ana-

Figure 12 showsparticularly the zoomed viewthat with numeri- lytical solution gives smooth pressure field as good as the numeri-
cal treatment, the generated pressure field appears to be smocahone.

When the pulsation frequency is very hi¢flor example,F=10),

the analytical solution produces severe oscillations in the pressure

gradient(they are also high in magnitu}ja_nd, hen_ce, _they_are noty  conclusions

shown. On the other hand, the nonphysical oscillations in analyti-

cal solution can be removed by the application of Lanczos’ Sigma!n the present paper, various issues of laminar, fully developed,
factor (see Hamming15] for detail§ which is defined as mass flow rate controlled, pulsating pipe flows have been consid-

1 ered experimentally, analytically, and numerically. The review of
1 . (2n ) the literature shows that although much effort has been put into
f(0)=§a0+ E sin M [a, cogné) + b, sin(nd)]

n=1,3,5,...

(27)

= = - (dp/dx)* (experimental)
= (dp/dx)* (anaiytical)

——— Y’

(dp/dx)*

solving pressure gradient driven pulsating pipe flows, to the best
of the authors’ knowledge, little effort has been put into the study
of mass flow rate controlled flows. In this paper, results were

g [~~~ ol (omperimaria)
i {anaiytioal) )
— m'
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Fig. 11 Effect of number of terms used in Fourier series in analytic solution of triangular

mass flow rate pulsations for

one with ten terms corresponding to 33 Hz
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generated for sinusoidal, triangular, and power-type pulsations. 10U dP u (9( au) (AD)

The major conclusions may be summarized as follows: p dt dx rar\ar

» The results for sinusoidal pulsation show that the amplitudgince in the present paper the emphasis is placed on a general-
ratio, defined afn;/(dP/dx)A, and the phase difference be-type of pulsating pipe flow, the driving pressure gradient is con-
tween the mass flow rate and the pressure gradient depé&idered in the following form:
solely on the dimensionless frequenEy Hence this forms

the most important basis for analytical solutions of other d_P: (d_P> + (d_P) f(t) (A2)
types of pulsations. Both of these data were verified with dx dx/m dx/,
experiments and the results were found to be in excell

eﬂwis has a perioicity, and hencef(t+ty)=t(t). In order to treat
I,gll possible functions of(t), it is the best to express the axial
ssure gradient in the form of a Fourier series

agreement.
e The analytical solution for other types of pulsations, whe

the mass flow rate can be expressed in terms of a Fourldf

series, can be obtained from the knowledge of sinusoidal 1/dp % %

pulsation. In these situations, the amplitude ratio and the = 97 ) _ ¢ 5 D

phase difference for each of the frequendisbere thenth p( dx) o¥ gl PanCos2mft) + 2, Pnsin(2mnft)

frequency is given byhF) are obtained separately. The re-

quired pressure gradient can then be generated by superpos- 5 [

- o

n=1

ing the results for each of the frequencies that construct the

mass flow rate signal. The results generated from this ana-

lytical treatment have been successfully used for the solu- [ » :|
= PO

1+, P, cod2mnFr) + >, ﬁ’;nsin(Zﬂ-nFr)]
n=1 n=1

tion of triangular pulsations. The results obtained for lower 1+, ﬁ;n exp(2mnFi)

frequencies are in excellent agreement with the experimen- 1

tal data. However, for higher frequencies, both analytical R . .

and experimental results show oscillations, particularly nearhere PZ o= Pe.si/ Po is the dimensionless amplitude of the pres-

the point of discontinuity. sure gradient pulsation arfds the overall frequency of pulsation.
» For flows with a higher order of discontinuity, such a¥ (=R?f/v) and = (=1t/R?) are the dimensionlegsharacteristic

power pulsations, the ‘?‘”a'y“c.a' ;olutlon produces a Ve'ﬁ’equency and time for the flow problem, respectivéy.is equal
high degree of nonphysical oscillations, particularly near the™ X ) ) e
discontinuity. This is due to the poor definition of Fouriet® Pw, the time-averaged axial pressure gradiéf,is the com-
series for such pulsations and it is shown that these oscilllex form of the pressure gradient, given in the following form:
tions can be removed by the application of Lanczos’ sigma PO
factor. Pen=Pcn=iPgn (A4)

The equality in Eq.(A3) for the last part of the equation holds

flow rate control system permits time variations of pulsating flowSrﬁy for the real part of the right-hand side. The same equation

to be chosen that have mass flow rate controlled properties regal Sarly shows that the pressure gradient consists of two parts. First

ing their time variations. The instrument provides an excellef the sAteady partthe mean pressure gradigneharacterized by

basis for detailed experimental investigations of time-varying ifPo. Or, Py (in the dimensionless form, unityand the second is
ternal flows. Through well controlled time variations of the mas&€ oscillating part, characterized by the amplitude of the pressure

flow rate, experimental investigations can be carried out and theitadient pu|sation§>QSn (in the complex and dimensionless form,
results can also be compared with data from analytical and ng;) and frequency of oscillatiofi (in the dimensionless fornf).

merical studies. In this way, extensive investigations into pulsat<jyin the above Fourier series for the driving pressure gradient
ing internal flows are feasible and should be carried out in ﬂfﬁe solution for velocity is sought in the following form: '

(A3)

Finally, the present study has shown that the employed m

future.
U=Ugy+ 2, Ugycod2mnFr) + 3, Ug,sin(2mnFr)
Acknowledgments i "t
Dr. Subhashis Ray thanks the authorities of Jadavpur University _ .
for granting leave to carry out this research work. He also thanks =Uo+ ngl Uenexp2mnFi) (AS)

the Alexander von Humboldt Foundation for financing his re-

search stay at the Institute of Fluid MechanitSTM-Erlangen, The boundary conditions for this problem are given (byat r

Friedrich Alexander Universitat, Erlangen-Nirnberg, Germany. =0, U is finite orgU/dr=0, and(ii) atr=R, U=0. SubstitutingJ
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. . . function of radius and time can be obtained as
Appendix A: Analytical Treatments of Pressure Driven,

Axisymmetric, Laminar, Fully Developed, Pulsating U U 21 —r?) i 4P, L
X = =91 -r2y= en
Pipe Flow U, < mnF
The analytical solution for axisymmetric, laminar, fully devel- 12:3/2.%
oped, pulsating pipe flows, driven by an arbitrary time varying _ Jol(27F) 7] exp(2mnFri) (6)
pressure gradient, is available in the literature; see, for example, Jo[(27F) V%372

Lambossy{4], Uchida[5] for details. The derivations in this Ap-

pendix represent a repetition, but contain some extensions to t{aereU is the dimensionless axial velocity aig, is the aver-
existing analysis. age velocity of the fluid through the tube corresponding to the

The governing momentum equation in the cylindrical coordstéady part of the pressure gradient and is given by,
nates for axisymmetric, laminar, fully developédo transverse =PyR?/8v. This result may be obtained by solving the steady,
flow), pulsating pipe flow is laminar, fully developed flow through pipes.
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The mass flow rate through the cross section of the tube asha solution of the inverse problem is the primary objective of this
function of time is obtained by integrating the velocity solution irpaper, we would first present the forward problem, where the pres-

the following manner: sure gradient is considered to be a known function of time. The
R 1 1 reason will soon be apparent.
m= 2779] rudr = ZWPUaszf rudr :ZmMJ rutdr B.1 Solution for Pressure Gradient Controlled Flow. The
0 0 0 governing equation for such flow is given by Ed\1) and the

(A7) boundary conditions are discussed in the Appendix A. This type of
flow is characterized by a known pressure gradient as a function
time, which consists of two parts—a steady part and an oscil-
lating part. A typical example is given in EGA3). However, it is
[ obvious that the oscillating part could be complex in nature, par-
1

Using Eq.(A6), the mass flow rate through the tube is express
as

. m AP
m=—= 1 —E —enl
mM n=1 mnkF

N 21123, [(27nF)Y3%72]
(2mR)Y23 [ (27F)Y4%7)
wherem’ is the dimensionless mass flow ratsy is the steady
part of the mass flow rate through the tube du&tpand is given

as my=pmR2U,,. Equation(A8) may also be written in a more
convenient form

ticularly when the controlled mass flow rate through the tube is
complex, as may be observed in Sec. 3.
In order to cast the governing equation in the dimensionless
]exp(zwnpﬂ-) (Ag) form, the nondimensional variables must be defined. The dimen-
sionless radius, time, velocity and frequency are already defined
in the Appendix A. The reference pressure gradient is defined on
the basis of the expression for the average velocity as shown in
Eq. (18

1dP W, Py
-] =—=&-2 B1
( de)ref R 8 (B1)

M =1-, i, (A9)
n=t Therefore, the dimensionless pressure gradient is expres%ed as
where,m . is thenth oscillating part of the mass flow rate pul-

sation. It may be noted thén:,sn is directly proportional to theth 1dr\*
amplitude of complex pressure gradieﬁin. Therefore, the ratio, “Tax) 8

m;sn/P;n, depends only on theth frequency of pulsatiomF. _ _
It is interesting to note that both the velocity and the mass flolhe terms in the square brackets can be recognized as the normal-
rate are expressed in terms of dimensionless variables. Moreovzgd pressure gradient with respect to the steady part of the pres-
the dimensionless mass flow rate is expressed in such a fashione gradient pulsation. With the help of the various dimensionless
that its steady part is expressed as unity. One may also rewrite Egtiables, the nondimensional governing equation may be written

(A3) by normalizing the pressure gradient wity and may ex- as

press the steady part of the pressure gradient also as unity. Most of .

the previous authors, for example, LamboBsly Uchida[5], Ma- Nl _ <_ ld_P) N li< *‘7U> (B3)

jdalani and Chibli[6], however, chose different ways to express ar p dx o\ ar’

these quantities. It may not be out of context to emphasize here ) ) )

that if the scales are properly chosen, all the res(dtsh as It is important to note that, owing to the proper choice of scaling,

velocity, mass flow rate, etccan be expressed in a very simplehe dimensionless governing equation does not contain any di-

scaling is further clarified in Sec. 3, while extending the analytic®ressure gradient could be, in principle, any periodic function of

solution for mass flow rate driven pulsating pipe flows. time. The above equation can now be discretized by using a non-
The analytical solution, presented here also clearly brings diftiform mesh and control volume approach. For the time deriva-

the various dimensionless parameters, which affect the lamindy€, implicit treatment was used as it is known to be uncondition-

fully developed, pulsating fluid flow through pipes. This knowl2lly stable. At the centerline, zero velocity gradient was prescribed

edge is utilized in Appendix B, which deals with the numericafia & one-sided first-order differencing, and at the wall the veloc-

p dx

n=1

1+> ﬁ;sin(zwnFr)] (B2)

solution of such problems. ity was set to zero by suitably adjusting the coefficients of the
discretized equation. The resulting discretized equations for any
Appendix B: Numerical Investigation time step exhibit a tri-diagonal-matrix structure and they were

. . . . _solved using the Thomas algorithisee Patankdtl 6] for detailg.
Under the present experimental conditions, as explained in Se¢om the velocity solution of the discretized equations, the mass

2, the mass flow rate, rather than the axial pressure gradientqiky rate was obtained by numerically integrating the velocity
controlled. The analytical solution for the pressure gradient COBiofile as

trolled flows (see Appendix A clearly shows that if the pressure

gradient is known, the velocity profile and, hence, all other im- . 1
portant quantities can be easily obtained. In Sec. 3, it was also m = ﬂ :2J urtdr (B4)
shown that for mass flow rate controlled flows, where the pressure My 0

gradient is not known a priori, the inverse problem can be solved

analytically and the required axial pressure gradient can still lfgom the above presentation, it is obvious that for a laminar, fully
obtained if the mass flow rate is expressed in the form of a Fouriéeveloped, pulsating flow through a pipe, if the pressure gradient
series. However, when this time-dependent, mass flow rate ca,m-known as a function of time, the governing equation can be
trolled, pulsating flow is complgxand contains strong disconti- numerically integrated to obtain the solution for velocity and the
nuities, the analytical solution seems to be too difficult and lessass flow rate. This solution will be utilized to obtain the velocity
accurate and, hence, the numerical solution is essential. Althowmid the pressure gradient for the inverse problem.

"For example, consider power wave or sawtooth wave type pulsations, where Qif the pressure gradient is expressed in the form of a Fourier series, which is also
Fourier series cannot express the pulsation with reasonable accuracy without appiit-essential for the numerical solution. Also note that this definition is diffetant
cation of Lanczos’ Sigma factor. a factor of 8 from the definition given in Eq(17).
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B.2 Solution for Mass Flow Rate Controlled Flow.For the f = frequency(Hz)
mass flow rate controlled problem, the mass flow rate through the h = function of time
tube is expressed in a general form as m = mass flow rateékg/s
L : n = integer number
_ m_mM+mAf“_‘(t) _ _ _ (B5) P = pressurgPa
The above equation may also be written in the dimensionless form R = pipe radius(m)
as r = radial location(m)
.om . t = time (9
m =—=1+myf(7) (B6) U = velocity (m/9
My x = axial coordinatem)
Some examples of these types of mass flow rates were show irb .
Secs. 2 and 3. The analysis in the previous subsection cleal 9 Scripts .
shows that if the pressure gradient is known, all other quantities o= averaged quantity
can be obtained by numerical integration. Since for mass flow rate a = amplitude
controlled flows the pressure gradient is not known a priori, in av = time averaged mean ,
order to start the solution, a guessed value for the pressure gradi- c = cosine term of Fourier series
ent is required. The first guessed value for dimensionless pressure g = guessed value
gradient was taken as 8, corresponding to the steady part of the m = time averaged mean
mass flow rate variation. However, since the guessed pressure n = nth term of Fourier series
gradient is incorrect, the obtained mass flow rate would also be os = osc_lllatmg component
incorrect. Therefore, mathematically, one may write, p = period
. s = sine term of Fourier series
L 1dP e = wall
mi|- i #m (B7) w
p 9 , Superscripts
where the subscripty” indicates the guessed value amd on the * = dimensionless quantity

right-hand side is given by EqB6). Let h, which would be a -

. ; 5 . = pressure gradient
function of time, be the correction required to the guessed pres- P 9

sure gradient. Thus, one may write Greek Letters

1dP\* e = initialization value

m*[(- ——) +h(7)} =m (B8) p = dynamic viscosity

pdx/g v = kinematic viscosity
Expanding the above equation by a Taylor series and retaining 6 = phase(rad
only up to the first-order terms, the following equation is ob- p = density(kg/m?)
tained: 7 = shear stress

m{(— }d_P)] +h(n) am’ ) Dimensionless Numbers
pdx/g a{- l/p'(dp/dx)};] F = (R?f)/v dimensionless frequency
P, = (dP/dx)A/(dP/dx)y dimensionless pressure

Therefore, the correctiom(7), is obtained as ] -,
amplitude(=P,)

h(n=m—M L{= L/p - (dP/chj,] B10 My = ma/my, dimensionless mass flow rate
(n="— * (B10) _
m /d[{- 1lp . (dP/dx)},] amplitude
where the denominator on the right-hand side implies the rate of m = m/my dimensionless mass flow rate
change of mass flow rate with respect to the change in guessed R*e = (UMD_)/V R&_eynolds nur_nber _
pressure gradient. This term was numerically evaluated from the r = r/R dimensionless radial location
basic definition of the partial derivative as follows: 7 = (1)/R? dimensionless time
o U" = U/Uy dimensionless velocity
- 1/p . (dP/dX)};
= 1p . (dP/dX )] References
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Laminar Flow Across a Bank of
nikesar | LOW Aspect Ratio Micro Pin Fins

Chandan Mishra Pressure drops and friction factors associated with the forced flow of de-ionized water
Y Pel 1 over staggered and in-line circular/diamond shaped micro pin-fin bunti®&sum long
oav Feles with hydraulic diameter of 50 and00 um have been experimentally investigated over

Reynolds number ranging from 5 to 128. Pin fins were arranged according to two dif-
ferent horizontal and vertical pitch ratios (1.5 and 5). The applicability of conventional
scale correlations to evaluate micro flow tests results has been assessed. It is shown that
the available large-scale correlations do not adequately predict the pressure drop ob-
tained at the micro scale. A modified correlation, based on the experimental results
obtained using micro scale devices, has been proposed. The refined correlation accounts
for fin density and the endwall effects encountered in micro scale
configurations.[DOI: 10.1115/1.1900139

Department of Mechanical, Aerospace and
Nuclear Engineering, Rensselaer Polytechnic
Institute, Troy, NY 12180

Introduction number of rows of tubes, and tube geometrical configurations.
parrow and Grannig7] studied air flow across staggered
orward-facing vertex diamond-shaped pin fi@b deg and 90
ﬁ%@ over Reynolds numbers based on the fin hydraulic diameter
ranging from 20 to 2200 and noticed high friction factors in the 45

Recent advances in microfabrication technology have result
in a surge in Micro-Electro-Mechanical SysteridEMS) re-
search for various heat and mass transfer applications. In the

half decade, forced flow over a bank of pin fittigbular or non-

tubulap in MEMS devices has received increasing attention foqeg arrangement for IOW_ Reynolds ”“mb@ef 100. At hlghe_r .
applications such as micro chemical reactity micro rockets Reynolds numbers, the inertial effects dominate and the friction

[2,3], and micro biological systenid]. Fluid flow over a bank of factor increased for the 90 deg arrays. The authors employed the

pins results in a characteristic pressure drop, which is often usg¢Perimental data to propose friction factor correlations for a va-
; disty of geometrical configurations. Chyu et 88] studied heat

nsfer and pressure drop characteristics for circular, cubic, and

experimental and numerical studies aspiring to estimate the préi@mond fin arrays in a narrow channel for both in-line and stag-

sure drop for fluid flow over pin fin—tube bundles using variougered arrangements, and they concluded that cube arrays are the
geometrical fin configurations in conventional scale systems. It#§St arrangement for heat exchangers because of their enhanced

therefore tempting to use scaled down versions of conventiorﬁat transfer characteristics and modgrate pressure losses. Ruth
models to predict hydrodynamic properties arising out of fluit?] compared the performance of lenticular with circular cross
flow across a bank of micro pin fins. However, various studies Gfction tube banks in cross flow and reported a 20% increase in
fluid flow in MEMS devices have shown unexpected phenomeﬁ}&e ratio bgtween_the Stanton number and the frl_ctlon coefficient
and deviations from established large scale results. Additional dif" the lenticular pins for 2 10* <Re<5x 10%. The increase has
ficulties are encountered while attempting to adopt conventior§€n attributed to the lower accelerations and pressure gradients
scale correlations to model micro devices since micro fins in crogsthe lenticular configuration, which results in reduced separation
flow tend to be shortefaspect ratio smaller than8) than the and drag.Sara[10] studied the effect of tip clearance ratio and
recommended height for ideal tube bundles in large scale systefi§'-fin distance on pressure drop in flow across square cross-
[6], primarily because as size diminishes heat transfer coefficiéifiction pin fins in a staggered arrangement for Reynolds numbers
surges, which results in lower fin efficiencies and thus shorter piinging from 1< 10* to 3.4x 10* and observed that a decrease in
fins are desired. Moreover limited data is available for lamindpe clearance ratio results in a decrease in the friction factor. Cor-
flow of intermediate size tube@>H/D>1/2) at the conven- relations involving the prediction of the friction factor have been
tional scale, and large deviatiofip to 50% have been observed Presented in this article.
between various empirical pressure drop correlations in conven -lows over intermediate size pin fin banks are commonly used
tional scale studies. in turbine cooling systems to increase the internal heat transfer
Over the past century, numerous studies have investigated v&faracteristics. The pin height-to-diameter ratios of typical heat
ous aspects of flow across conventional sized tube bundles. P&igk used for such applications are between 1/2 andl}.
sure drop data for water and air in circular, rectangular, and oJagmerow et al[12] measured pressure drops in channels with
tubes collected primarily through experimental studies have beaffays of pin fins havingi/D from 2 to 4 with various pin spac-
employed to develop friction factor correlations for laminar, traring geometries and found rié/D effect on the friction factor. A
sitional, and turbulent flows. The developed correlations hagémilar trend has been reported by Metzger ef 58], who also
been widely used to ameliorate the design of large scale syste@igtained friction factors data, which agreed well with the long
Gaddis and GnielsKi6] proposed general correlations for laminarfube correlations proposed by Ja¢d#]. Armstrong and Winstan-
turbulent, and transition regions for long tub@$/D>8) using ley [15] compared the experimental data obtained by Hég
data obtained from previous experimental studies of pressuvietzger et al[13], Damerow et al[12], and Jacol{14]. The

drop. The correlations included the effects of fluid temperaturé@rrelation proposed by Metzger et fL3] provided the best fit
for the data(within £15%), while Damerow’q 12] correlation did
[ not match the experimental results. Although Jac¢b?4 corre-
fCog)espor&ding author. Telephone: 518-276-2886; Fax: 518-276-2623; E-mddition was originally developed for long fins, it predicted the ex-
P gzltrigptléduby the Fluids Engineering Division for publication in therNAL oF perllmental .da.‘ta falrly well. An interesting result that. mlght e.x_
FLuibs ENGINEERING. Manuscript received: July 29, 2004. Final manuscript receivecp.lam the similar pressure drop trends for long and intermediate

February 19, 2005. Associate Editor: M. Volkan Otugen. size tubes was obtained by Sparrow et[al/], who studied the
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Inlet pressure port Pin fins

N2 Exit pressure port

Fig. 1 CAD model of pin fin array

endwall effect of cross flow over a cylinder attached to a wall foi
Reynolds numbers ranging from 3500 to 23,000. Wall-cylindey
interaction was found to be confined to within one diameter fron
the wall, and the interaction height was Reynolds number depen-

dent. Low Reynolds number flows result in thicker interaction Fig. 2
heights than high Reynolds number flow. Since the correlations

cited above were developed based on transitional and turbulent

flow data, no apparent dependencykfD was found. However,
Short et al[5,18] showed that the friction factors over intermedi
ate size tubes are strongly dependent on the height-to-diam
ratio for laminar flows but not for turbulent flows.

The aforementioned studies provide valuable insight into t
pressure drop characteristics of fluid flow across a bank of pin fi
at the conventional scale. It is not clear if the correlations a
prediction tools developed for conventional scale systems are
plicable to micro devices. Moreover, scaling studies have not be
conducted to validate these correlations in the micro scale.
addition, the data on friction factor for intermediate size cylinde
(and noncylindrical pin finsat the conventional scale is limited

2 00KV Smm

SEM image of pin fins bundle

‘which are not to be etched during the DR(&ieep reactive ion
eeigihing process. A subsequent R{Eeactive ion etchingprocess
iS'used to remove oxide in places not protected by the resist. The
afer is then etched in a DRIE process and silicon is removed up
a depth of 10Qum forming the microchannel containing pin fin
ndles along with the pressure ports and the inlet and exit ports
the device. The DRIE process forms deep vertical trenches on
silicon wafer with a characteristic scalloped sidewall possess-
ing a peak-to-peak roughness-00.3 um. Once top side process-
ljgg is completed, the resist is stripped and the wafer is flipped for
bottom side processing. The wafer is again taken through a pho-
L . - tolithography, RIE step but the bottom mask is employed instead
and primarily available fo_r transitional and turbulent fIO\(\Re and the mask pattern is transferred on to the other side of the
>1000. Therefore, there is a strong need for conducting EXPELater. Finally, a DRIE process is used to etch the silicon and
mental studies on the pressure drop in cross flows over vario ate openin’gs for the inlet, the exit, and the pressure ports. Sub-
micro pin fin bundles to either validate the correlations availab quent wet bench processi'ng remo;/es all oxide and resist 6n the
from conventional scale studies or dispute their utility at the micr\y\),a1 er. The completed silicon wafer is anodically bonded to a 1
scale. The present study investigates pressure drops due to flow thick Pyrex wafer to seal the microchannels. The processed
water over staggered and |n-_I|ne micro pin fin bundles. M'Crgta k is finally diced to separate the devices from the parent wa-
scale results are compared with the existing large scale data and prepare them for packaging and interfacing with the ex-

the conventional scale correlations are assessed in terms of t eeirrimental setup. An SEM image of the actual device is shown in
ability to predict pressure drop characteristics in micro flows. F -

nally, a modified correlatio_n, which_ includes endwall effects, iBLgﬁdzleingnz E@%:g(s)gsrléspg:tess(e)r;t?ﬁelr(ljg\ll?c.el. displaying the fin
proposed for flows over micro pin fin bundles.
Experimental Setup Design.The experimental setup is classi-
Device Fabrication and Experimental Procedure fied into three major subsystents) The test section(b) the flow
subsystem, an¢c) the instrumentation and data acquisition sub-
MEMS Device Design.The microchannels employed in thesystem. A detailed layout of the experimental setup is provided in
present study are fabricated using techniques adapted from sefig:. 3.
conductor manufacturing. The process flow is very flexible and The test section consists of microchannels and an opposite
allows the creation of different fin geometriésircular, square, packaging module to facilitate the transit of fluids through the
diamond, eto. inside the microchannel. Positioning of the pinmicro device and to allow pressure measurements at different lo-
arrays in both staggered and in-line arrangements is achieveddayions via the ports in the device. The packaging module consists
simply incorporating these features into the masks. The fins asethree componentsta) A transparent top plateb) a bottom
arranged inside a 1500m wide microchannel of depth 100m plate with alignment pins, an@) an adapter plate.
as shown in the CAD model in Fig. 1. The bottom plate houses a number of o-ring’s for fluidic sealing
A double side polished)-type (100 single crystal silicon wafer while the alignment pins are provided to facilitate the easy posi-
is processed on both sides to create a microfluidic device, whittning of microchannels. The adapter plate compensates for any
consists of a microchannel embedded with an array of fins. Preke-saw errors and the transparent polycarbonate top plate allows
sure tapings are created at appropriate places on the déigce flow visualization during test runs. The silicon device is com-
1). At first, the top side and bottom side masks are designed ama@ssed against the gaskétsrings by the top and the bottom
fabricated. A 1um thick thermal oxide is deposited on both sideplate to forge the fluidic seals. This setup ensures hermetic sealing
of the silicon wafer to protect the bare wafer surface. The top sided offers access to the fluidic connectidimet, outlet, and pres-
mask pattern is transferred onto the silicon wafer through a phsudre portg of the micro device through the bottom block.
tolithography step. The resist pattern on the wafer protects areasThe flow subsystem includes an inlet and an exit pressure
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Experimental Setup

Pressurized
Nitrogen Tank
H Microscope Pressure
& Gange
CCD Camera

Pressure
Sensors

Exit Chamber

Computer

Fig. 3 Experimental setup

chamber capable of withstanding pressures up to 190 Psi andaaihlysis. The pressure drop caused by the flow over a bank of pin
plumbing to and from the test section. The fluidic connections fs is detected by the pressure transducers for the desired flowrate
the test section from the pressurized tanks are established throagh data is collected only after reaching steady state conditions.
appropriate stainless steel fittings. A pressure difference between
the inlet and the exit chambers causes a flow through the micro-
channel. The inlet chamber is pressurized with filtered dry nitr% . . .
gen and filtered de-ionized water is the working fluid in all exPata Reduction and Uncertainty Analysis
periments. The de-ionized water is delivered through a caIibratedDa,[a Reduction. Eriction factorf is obtained from the follow-
flow meter and a 0.zum filter is introduced before the test rig to, SN
; - . . - g expression:

depurate the fluid and avoid any clogging of the microfluidic de-
vice. Air is removed from the flow circuit by a Welch vacuum _ (Pin = Peyi) 2p¢
pump before any de-ionized water is introduced into the fexp= Ny G2 @
microchannel.

The instrumentation and data acquisition subsystem consists,fere the mass fluxG) is calculated based on the minimum
a few precision pressure transducers, which are mounted on Ess-sectional flow area using the expression
bottom plate of the packaging through appropriate fittings. Pres-
sure data is obtained at various locations in the microchannel
through the pressure ports created inside the microfluidic device Q pr
(Fig. 1). The pressure sensors deliver data to a PC based G= K 2
LABVIEW -~ data acquisition subsystem, which collects and stores "

the (ljatad for furth(ferhanalysis.. The wo(;king Ililquid dis. n?]t "®The Reynolds number and the minimum cross-sectional flow area
C":C“ ated in any of the experiments and is collected in the exite syally calculated using two different approaches depending
chamber. on the pin height-to-diameter ratio. For arrays with long fins

Experimental Procedure. The flow rate is induced by the pres-(H/D>8), referred in this paper as “tube bundle” fins, the pres-
sure difference between the inlet and exit chambers and it can as¢se drop(and heat transfgris dominated by the fin while the
be controlled by a fine adjustment ball valve located upstream @fdwall effects are secondafg9]. In this approach, the length
the test sectiorfFig. 3). Experiments are conducted over a widecale for calculating the Reynolds number is simply the fin hy-
range of inlet pressures and pressure gauges are used to mowitaulic diameter. Very short fingd/D <1/2) are commonly used
the pressure inside the inlet chambers. All experiments are pi&r-compact heat exchangers, where the characteristic pressure
formed at room temperatuf@2°C) and no heat is supplied to thedrop is severely influenced by the top and bottom walls. These fin
devices, maintaining adiabatic conditions. The exit chamber é¢enfigurations are referred as “compact heat exchanger” fins in
kept at atmospheric pressure throughout the experiments and tthie paper. This approach utilizes the hydraulic diameter of the
de-ionized water temperature is continuously monitored. The inle¢at exchanger for calculating the Reynolds number.
chamber pressure is increased in a controlled manner and pressufiéhe Reynolds number arf,,;, for the “tube bundle” approach
and flow rate data are collected from various pressure and fldar in-line and staggered fin configuration are expressed as fol-
sensors through theaBviEw® interface and stored for further lows:
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Table 1 Uncertainties in variables used in uncertainty analysis

120 4

(friction factor ) . ad + Device 1DS
= Device 2SCL
. ErrOr 100 e a Device 3SCS
4 o Device 4ICL
Uncertainty (%) 'L .
Flow rate, Q (for each reading) 1 1 A .
Experimental inlet and exit pressure 0.25 g ol - .
Tube hydraulic diameter, D 1 S ot i
Channel width, w 1 40 1=
Channel height, H 0.67 e f ™ dawl .
Density of the fluid, pr 0.5 21 o R AN RE I
G 3.8 , e ?
f 7.2 0 0.5 1 1.5 2 2‘.5 3 35 4 45
Q (ml/min)
Fig. 4 Pressure drop vs flow rate for device 1SDS through
4SCL
GD
Re=— (3)
o
for in-line configuration w
S -D Anin = §I'_l C+(ST_D) H (11)
Awin = TWH @ here
for staggered configuration {ST— D if S;-D<&-D
c=
-D +D -D ifS4-D<S-D
Ann= TPt for T2 < (5) - > obESTe
Sr 2 The friction factor for the entire fin pin configuration is ob-
tained from Eq(1). The comparison of the experimental data with
_2(&-D) S+D existing correlations is done through the mean absolute error
Anin= ——g —WH for == > 6 (MAE), which is defined as:
M
The Reynolds number for the “compact heat exchanger” approach 1 fo.—f
is given by: MAE = MZ M X 100% (12)
i=1 pred
&= o Uncertainty Analysis. The uncertainties of the measured val-
where ues are given in Table 1 and are derived from the manufacturer’s
specification sheet while the uncertainties of the derived param-
4 Ak eters are obtained using the propagation of uncertainty method
dp= A ® developed by Kline and McClintocjeq].
and , Results and Discussion
D
A=7DH Nt+2<w L- T Nt) 9) Pressure Drop. Four devices, listed in Table 2, are tested in
4 this study, for which the pressure drops between the inlet and exit
For in-line tube configuration: are shown in Fig. 4. The geometrical configurations of the se-
lected four devices provide a measiaéthough limited in extent
Avin=N H(S; - D) (10 p (mithoug )

of pin arrangementstaggered and in-lingaspect ratio, and pin

For staggered tube configuration: shape. As expected, the pressure drop is higher for the denser

Table 2 Devices dimensions

Device Sr/D | Sy/D |H/D |D clearance
(um) | (um)

1SDS(Staggered, Diamond, 45°, of 5 5 2| 50 0

Small fin hydraulic diameter)

2SCL (Staggered ,Circular, of 1.5 1.5 1| 100 0

Large fin hydraulic diameter)

3SCS (Staggered ,Circular, of 1.5 1.5 2 50 0

Small fin hydraulic diameter)

4ICL (In-line ,Circular, of Large fin 1.5 1.5 1] 100 0

hydraulic diameter)
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35 1 + Bovice {606 two devices(H/D=1 for device 2SCL, andd/D=2 for device
= wpevice2sc.  3SCS. This, to some extent, contradicts most previous studies
%01 aDeviceascs [ 12,13,16 which have found thaH/D had no effect on the fric-
mDevice4iCL tion factor. However, Short et d55] have reported that the friction
factor is dependent oH/D for laminar flows and this compares
0] & favorably with the current data. As discussed by Sparrow et al.
f ¢ [17] wall—fin interactions are confined to within one diameter of
15 the wall for Reynolds number larger than 3500, and tend to di-
4 minish at higher Reynolds numbers. At lower Reynolds number,
'::‘u the wall boundary layer thickness extends a few tube diameters
N ’ogg' . from the wall and can strongly affect the hydrodynamic figldd,
4 Gg" o . therefore, the pressure digaroughout the entire fin height. Note
. , 7 f"o"ofot o momow o that to some respect the aspect ratio effect should have been ac-
0 20 40 60 80 100 120 140 counted for by the use of the Reynolds number based on the
Re “compact heat exchanger” approach. Indeed, for a given Reynolds
number, the ratios between the friction factors of the two devices
Fig. 5 Friction factors for “tube bundle” approach reduced. However, there are still considerable discrepancies be-
tween the values of the friction factors of the two devices.

Flow through staggered configuration is more tortuous than
configurations. Because of its smaller diameter, the Reynoltiew over an in-line arrangement, and as a result, larger friction
number based on the fin hydraulic diameter corresponding to tfagtors are expected for staggered configuration. However, at low
same flow rate is smaller for device 3SCRaggered, Circular, of Reynolds numbers the ratio between the friction factor of similar
Small fin hydraulic diametgrthan for device 2SCl(Staggered, tube diameters and pitch-to-diameter ratio are larger than for
Circular, of Large fin hydraulic diameterConsequently, the fric- larger Reynolds numbers. As seen in Figs. 5 and 6, at Reynolds
tion factor is higher and the pressure drop required to maintain thembers below 40 the friction factors for device 2SCL are about
same flow rate is higher for device 3SCS. Due to the cylindet-6 times larger than for device 4ICL, while at higher Reynolds
wake interaction with increasing flow rate device 2SCL has irsumber the ratio between the friction factors approaches unity. A
creasing slope after a certa@®, while devices 3SCS and 1SDSsimilar trend was obtained by Short et @] thereby emphasizing
have decreasing slopes. As expected the flow resistance of dedfifact that aReincreases, the effects of the arrangentamtine
4ICL (In-line, Circular, of Large fin hydraulic diameleis smaller versus staggergan friction factor diminishes.
than the staggered arrangements with the same fin diarfuter ~ The friction factors of devices 1SDS and 3SCS are approxi-
vice 2SCL. At high pitch-to-diameter ratio, the flow resistancenately equal for a range of Reynolds numbers although the den-
drops(device 1SD& sity of device 1SDS having diamond shaped fins is about five

. . . . times less than device 3SCS with circular fins for the “tube

Trends in Experlmen_tal Frlctlor_w Faqtor. _Frlctlon factors vs. pundle” approach, whereas they are greater for the “compact heat
Reynolds number profiles are given in Figs. 5 and 6 for “tubgychanger” approach. This signifies the importance of the pin’s
bundle” and “compact heat exchanger” approaches. The genefghpe. It can be inferred that diamond shaped fins result in con-
trends of the experimental results are consistent with the effectsferaply larger friction factors compared to circular fins, which is
tube arrangement, and pitch ratio on friction factor for “tubgonsistent with the finding of Chyu et 4B]. This is because the
bundle” approach in conventional scale. sharp pointed regions of diamond shaped fins produce increased

Although the tube density of device 2SCL and 3SCS are thgim drag on the pins, which results in larger friction factors.
same, the friction factor is much larger for device 2SCL. For

example using the “tube bundle” approach at Re=28.0 the friction Comparison Between Experimental and Conventional Fric-
factor for device 2SCL i$=7.495, while at Re=29.30 the friction tion Factor. A large number of correlations developed for long
factor for device 3SCS i6=3.915. Using the “compact heat ex-and short tubes are used to evalu_ate the frictio_n factors_. In t_he
changer” approach at Re=25.25 the friction factor for deviddresent study, ten long tube correlations and four intermediate size
2SCL isf=2.891, while at Re=25.35 the friction factor for devicdube correlations are included, which are summarized in Table 3.
3SCS isf=2.507. The discrepancies between the friction factoAMOong the ten long tube correlations, four are specified as appli-

are attributed to the differences in the height-to-diameter of t§@ole only for laminar flow1,4,6,13, four only for turbulent flow
(2,3,5,7, and the remaining are either for all ranges, transition
range, or some combination of two or more flow regimes. The
, experimental friction factors together with the calculated ones ob-
a *Device 1SDS  tained from these correlations are presented in Tables 4 and 5. The
20 N orerecs Mean absolute errors are presented in Tables 6 and 7. The corre-
* o Device 4ICL lation that results with the overall lowest MAE value is Sparrow
25+ | and Grannig7] correlation with an average MAE of 31.9% using
. the “tube bundle” approach. Although Sparrow and Grafis
. ‘ | correlation was obtained for air and recommended for diamond
f | s . | shaped tubes, it represents the data well particularly for the stag-
N gered arrangements. This might be since it was originally devel-
0] 4 . oped for Reynolds numbers similar to the current study and was
“:, J LN based on tests from dense fin arrangements. It is also not surpris-
ﬁ” & ing that the correlation provided the best prediction for the data of
LU S P ¢ device 1SDS, which has relatively longH/D=2) diamond

o 10 2 3 4 s e 70 8 shaped fin pins. Excluding the diamond shape configurdden

25

35 -

20 {4

vice 1SDS Gunter and Shav21] and the HEDH[22] correla-
Rey tions predicted the experimental data quite well. Gunther and
Shaw [21] correlation predicted the friction factor for device
Fig. 6 Friction factors for “compact heat exchanger” 2SCL, 3SCS, and 4ICL with MAEs of 22.5%, 22.0%, and 17.1%,
approach respectively, while for device 1SDS it underpredicted the data by
Journal of Fluids Engineering MAY 2005, Vol. 127 | 423
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Table 3 Correlations for the friction factor and their mean absolute errors; Conventional scale friction factor correlations

Correlation | Referenc | Fluid | Reynolds | H/D | Configuration | Friction factor
e number
1 Chilton and Air Laminar Long Circular 106
Generaux [24] region tubes staggered f= R_e
2 Chilton and Air Turbulent Long Circular _C
Generaux [24] region tubes Staggered f=getT
inline C, =3forin line tube configuration
C, =1.32 for staggered tube configuration
3 Jacob [14] Air Turbulent Long Circular For in-line configuration:
region tubes Staggered inline (
1 032(s,/D)
f= R 0176 + ( _‘S_T_ B Jo.4§+(l.1so/sL)
D
For staggered configuration:
1 047
f=xow| e
ReOlb [&_IJIOS
D
4 Gunther and Air Laminar Long Circular 04 08
: 1 4 Db,
Shaw [21] segion tubes fin-tine P ﬂ( B 1) [ s ]
Staggered Re xD ST
bs = % for in line tube configuration
bs= S—[’; for staggered tube configuration
5 Gunther and Air Turbulent Long Circular 192 (45.S 04( g \8
Shaw [21] region tubes In-line = ‘RT'“{# = ] [S_GJ
Staggered € ” &
by is defined in the previous row
6 Bergelin et al. | Mobile Laminar Long Circular 280( 1)
[25] oil region tubes In-line ='Ra (a_)
Staggered s ?
a, = ET for in line tube configuration
and for staggered configuration
with 3, 2 1/2 Se +1
D D
ay = s—l’)’ for staggered tube configuration
for staggered configuration
with 5 < JZ 5 +1
D D
7 Damerow [12] | Air Turbulent Short Airfoils f[8.24(Sy/D) " Rep ™ ®
regime tubes
2<H/D
<4
8 Kast [26] Air Laminar and Long Circular 128 4
turbulent tubes In-line f= Re # Re™®
regime Staggered

81.6%. Using the HEDH22] correlation the MAE'’s for device reside(top and bottom walld. If endwall effects are neglected,
2SCL, 3SCS, and 4ICL are 17.4%, 25.8%, and 21.9%, respebe correlation should have resulted in higher friction factors for
tively, whereas for device 1SDS the MAE is 99.5%. The highatevice 2SCL than the experimental data, since the pin fins in
friction factors values for the diamond shape pins are in accatevice 2SCL are circular and the correlation was developed for
dance with conventional scale findingShyu et al.[8]). diamond shape pin fins. On the other hand, the correlation should
Comparison between the results for device 1SDS and devicave underpredicted the experiments results for device 1SDS
2SCL with Sparrow and Grannis correlatipn] reveals another since the pins are diamond shaped and the only discrepancy be-
important aspect of endwall effecfendwall effects account for tween the data used for correlation 12 and the current (@dter
the interaction between the pin fins and the base, on which thiaen the scaleis endwall effects. However, the opposite occurs.
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Table 3 (Continued. )
correlation | Reference | Fluid | Reynolds | H/D Configuration | Friction factor
number
9 Metzger et al. Air 1000-100000 Short tubes | Rectangular For 1000< Re<10000
[13] H/D =1 Staggered f =1268Re™"
g 5 For 10000< Re<100000
=1, Pr=2.5, _ -0318
P=1-5 f=704Re
10 HEDH [22] All fluids | All Re Long tubes | Circular
Both in-line and 133 Y
taggered =4p| =2 :
stags 7152 e}
b= by
1+ 0.14_(Re i‘
11 Gaddis and All fluids | Laminar Long tubes | Circular s :
Gnielski [6] regime Both in-line and 28 [(ELJ ‘0‘6] 075
staggered £ ot
Re (420 -x e
where
c= % for in line arrangement and a staggered
m-rungementwit.hi 2 b 2s—'+1
D 2V'D
c= %’forin line arrangement and a staggered
mngementwiths—‘ &l 2s—’+1
p 2V'D
12 Sparrow and Air 20-2200 Long tubes | Diamond For P;=0.866Pr
Grannis [7] 45° deg vertex 2127 000 P <135
90° deg vertex 4 Re TV r<
Pr=1.15-2 _88
Piml2 f=qg 070 B 2135
Staggered For P=Pr
=%+0.82 P <135
f=%+0472 P, 2135
(3
13 Moores and Water 200-10000 Short Circular o (HY(cd+HY" | .,
Joshi [23] Tubes Staggered I= 4“=(3) ( H ) e
05<HD |1 10°<Re<10”_| 10°<Re<10*
<l Prjl.3-l.36 @ 4.76 32
Frlls-118 a_| 0.742 -0.138
a; | 0.505 -0.183
a; | -0.502 -0.42
14 Shortetal. [5] | Air 175-4500 Short Circular SV (S, Y R(HY™ | o
Tubes Staggered ifrestie (3) (FJ (3) o
1.9<H/D S$=1.3-1.36 for Re < 1000
<15 51=2.0-6.4 14 0.54 0.056
o) (5] () e
D D D
for Re 21000

The correlation underpredicted the experiment results for deviage beyond the recommended range for this correlation. From all
2SCL, and overpredicted results for device 1SDS. This suggetie various studies considered here only Short d5aladdressed
that endwall effects are significant fé4/D=1, but much less endwall effects on intermediate size pins. Therefore, it was ex-
important forH/D=2, and a shift from pressure drop dominateghected that correlation 14 would agree well with the experimental
by endwall effects to pressure drop dominated by pin fin effecigsyits. However, the correlation did not predict the experimental
occurs at some value betweercH/D <2. The endwall effects yata well even for the circular pins staggered arffay device

are also apparent when comparing device 2SCL and 2SCS WB-| 4nd 3SCS. the MAE's are 71.3% and 34.7%. res "

. , . .7%, respecjively
Gunther and Sh.a“@Zl] correlgtlon. Al Reynqlds number apbove nd the prediction of the in-line array is much above the experi-
~25 the correlation overpredicted the experimental results for the

relatively long pin fins of device 3SCS, while for device 2SCL thénental d"’_‘t?(fm device .4|CL the MAES IS 99'1%. .
correlation underpredicted the results even at Re=127.7. The existing correlations best fit the data obtained from device

Moores and JosHi23] poorly predicted the experimental data3SCS(H/D=2). This might further support the hypothesis that
correlation. This is not surprising since their laminar region dagndwall effects are significant in the low Reynolds number range
also correlated poorly with their own correlation. Moreover, largedf the current experiments, especially when comparing the results
transverse and longitudinal pitches were used in their study, whichtained for device 2SC(H/D=1). Since all correlationgexcept
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1 14 o Device 1SDS
= Device 2SCL
- 121 . = & Device 35CS
- s i - . —_—20%
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Fig. 7 ar to the total friction factor ~ f[Eq. (13)] ratio versus H/D Re

ratio at Re=40

Fig. 8 Comparison between measured and calculated friction
factors [Eq. (13)] for staggered configurations

correlations 13 and J4assume long fingincluding the one that = Cs 1 ke S§ ko
was developed for the short fini is expected that their predic- 27 qu§5 1+H/D Ac

tion capabilities will deteriorate for smallét/D, where endwall . L
P gg, Cs, ki, ko, K3, k4, andks are constants, which minimize the

effects become significant. However, for device 1SDS all correl —4 h :
tions, except Sparrow and Granfi generated much lower fric- prediction error of the experimental data. Using the least-square

tion factors than experiments. This is somewhat surprising sing¢thod similar to the procedure presented by Mathgavs, the
device 1SDS hasi/D similar to device 2SCL. Moreover it has Values of these_const_ants, which best fit the experimental data, are
been tested at higher Reynolds numbérs comparison to the 'ound and are listed in Table 8. . .
other devicesand endwall effects should have diminished. How- ' N€ first(m) and second,) terms on the right hand side of
ever, as discussed in previous sections conventional scale stuifs(13) have a similar form to Gunther and Shid] correlation
strongly suggest that friction factor across diamond shape pins &f¢l account for the friction on the fin and on the top and bottom
larger than circular pins. walls,_ rt_aspectlvely. This hybrid approac_h to the representation of
Using the “compact heat exchanger” approach did not seemthg friction factor ackn_owledges that neither Re noy e.ne can
improve the prediction results. Although three correlatib@ad- fully capture the physical parameters that govern friction factors
dis and Gnielski6], Chilton and Generauj4], Bergelin et al. at intermediate tube sizes. At large tube aspect ragizanishes
[25)) provided better predictions under the “compact heat ekthe term powered bk, diminishes, and the pressure drops are
changer” approach, the predictions of the other correlations f@inly due to friction exerted on the pins. As the pins become
Tables 6 and 7 were poorer. Bergelin et[25] provided the best shorter,; diminishes(the term powered by, diminisheg, and
prediction with an average MAE of 41.7%. Chilton and Generaufe friction losses on the top and bottom walls, which are ac-
[24] produced the largest improvement with the “compact he&punted bym,, gradually dominate. This trend is demonstrated in
exchanger” approach compared to the “tube bundle” approakiy. 7 for device 3SCS at Re=40. F¢t/D=1,7; is much
(from an MAE of 68.4% to an MAE of 44.8% Since it was smaller thanm,. AsH/D becomes larger, the ratio betweepand
recommended only for the laminar regime, the effects of thbe total friction factor approaches unity. Fet/D>5,m; ac-
change in the approach were more pronounced and these effeotsnts for~90% of the friction factor.
played an improving role in the prediction of experiment data, for The correlation with the constant values of Table 8 predicted all
devices 2SCL, 3SCS, and 4IQMAEs are 28.0%, 35.6%, and friction factor data of the staggered arrangements with a MAE of
15.3%, respective)y It is difficult to draw a conclusion regarding 7.3%, while for in-line arrangement, the MAE is 2.7%. Table 9
the approach, which provides best overall approximation, sintists all MAE’s of Eq.(13). A comparison between the experimen-
the average MAEs for all correlations are relatively large for bottal data and the calculated friction factors obtained from (E@)
approaches. is given in Figs. 8 and 9, and as can be seen, almost all the data
In conclusion, the comparison of the test results with existing
correlations provided relatively large discrepancies, and only the
correlation presented by Short et ] attempted to capture all 1.4

the important physical parameters that derive the pressure dr s E’;‘?“'CL
across intermediate size fin pin banks at low Reynolds number 124 %
In the following section, the development of a more general col i a L
relation that will especially account for endwall effects is detailed '] thaae s sy A
=
Development of a New Correlation for Friction Factor. ‘{%0-8- ——————————————
Based on the experimental results a friction factor correlation fc=
flow across fin pin array was developed which accounts for enc %87
wall effect and fin density. The correlation has the following form: 04
f= T+ ) (13) 021
0 T T T T T
where 0 20 40 60 80 100
Re
K k
1= Cs ( H/D ) 2(%) : and; Fig. 9 Comparison between measured and calculated friction
Re«\H/D +1 Ac factors [Eq. (13)] for in-line configuration
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Table 4 Friction factors using the “tube bundle” approach; Friction factors using the “tube bundle” approach

Device Re Q (ml/ min) f Gaddis f?parrow fMoorm f}(a:t f Gunther f Chilton ﬁemzlin f&harl fHEDH fEanerimem
1SDS  30.29 3.924 0.07828 5.093 2.0544 2.793 0.7599 0.1136  0.02284  0.3674  0.035404 3.152
1SDS  26.83 3.476  0.08835 5.633 2.1832 2.953 0.8577 0.1282  0.02578 0.3975  0.034892 3.849
1SDS  24.12 3.125 0.09828 6.165 2.3032 3.107 0.954 0.1426  0.02868 0.426 0.03448 4.61
1SDS  21.55 2.792 0.11 6.793 2.4372 3.286 1.068 0.1596 0.0321  0.4583  0.034084 5.691
1SDS  20.07 2.6 0.1181 7.228 2.526 3.408 1.147 0.1714  0.03447  0.4801 0.03386 6.298
1SDS  18.15 2351 0.1306 7.898 2.6568 3.594 1.268 0.1895 0.03812  0.5125 0.03358 7.069
ISDS  16.75 2.171 0.1415 8.48 2.7656 3.753 1.374 0.2053  0.04129  0.5398 0.033388 7.953
1SDS 14.5 1.878 0.1635 9.661 2.974 4.072 1.588 0.2373  0.04772  0.5931 0.033116 7.898
ISDS  12.75 1.652 0.1859 10.86 3.1716 4.39 1.805 0.2697  0.05425 0.6446  0.032968 10.44
1SDS  11.06 1.433 0.2143 12.38 3.4064 4.788 2.081 0.3109 0.06254 0.7071  0.032908 12.74
1SDS  9.433 1.222 0.2513 14.36 3.69 5.299 2.44 0.3646  0.07334  0.7842 0.03298 16.18
ISDS 7418 0.961 0.3196 18.02 4.164 6.226 3.102 0.4636 0.09326  0.9167 0.0334 19.15
1SDS 6.26 0.811 0.3787 21.19 4.532 7.017 3.676 0.5494 0.1105 1.024 0.03394 21.84
1SDS  4.987 0.646 0.4754 26.37 5.08 8.295 4.615 0.6897 0.1387 1.187 0.03502 28.35
2SCL  127.7 3.846 0.701 1.894 1.6684 2.971 0.9698 0.4452 0.6148 2.582 1.0848 1.471
2SCL  120.1 3.615 0.7458 1.958 1.7208 3.06 1.032 0.4737 0.654 2.688 1.1468 1.522
2SCL 1124 3.384 0.7966 2.03 1.7788 3.16 1.102 0.506 0.6986 2.806 1.2168 1.559
2SCL  104.8 3.154 0.8549 2.112 1.8432 3.274 1.183 0.543 0.7497 2.938 1.2968 1.617
2SCL  97.08 2.923 0.9224 2.208 1.9148 3.403 1.276 0.5859 0.8089 3.086 1.3884 1.602
2SCL  89.42 2.692 1.001 2.32 1.9956 3.554 1.386 0.6361 0.8783 3.256 1.4944 1.671
2SCL  81.75 2.461 1.095 2.453 2.0872 3.73 1.515 0.6957 0.9606 3.451 1.6196 1.771
2SCL  74.09 2.231 1.209 2.614 2.1932 3.94 1.672 0.7677 1.06 3.679 1.7688 1.859
2SCL  66.42 2 1.348 2.812 2.3168 4.195 1.865 0.8563 1.182 3.95 1.9508 1.935
2SCL  58.76 1.769 1.524 3.061 2.4636 4513 2.109 0.968 1.337 4.278 2.1772 2428
2SCL  51.09 1.538 1.753 3.386 2.6428 492 2.425 1.113 1.537 4.685 2.4672 2.891
2SCL 4342 1.307 2.062 3.825 2.8676 5.464 2.853 131 1.808 5.207 2.8532 3.768
2SCL  35.76 1.077 2.504 4.452 3.1612 6.229 3.465 1.591 2.196 5.907 3.3952 5.124
2SCL  28.09 0.846 3.188 5.421 3.5684 7.394 441 2.025 2.795 6.91 4.216 7.495
3SCS  41.09 2.474 2.18 3.991 1.7628 5.668 3.015 1.384 1911 3.687 2.9984 2.291
3SCS  39.04 2.351 2.294 4.153 1.8084 5.866 3:173 1.457 2.011 3.811 3.1384 2.507
3SCS  36.05 2:171 2.484 4.423 1.8824 6.195 3.437 1.578 2.179 4.014 3.3708 2.941
3SCS  32.14 1.935 2.786 4.851 1.994 6.711 3.854 1.769 2.443 4.324 3.7356 3.39
3SCS 293 1.764 3.057 5.235 2.0892 7.172 4.229 1.941 2.681 4.593 4.06 3.915
3SCS  26.51 1.596 3.378 5.69 2.1964 7.714 4.673 2.145 2.962 4.901 4.44 4.607
3SCS 23.8 1.433 3.763 6.236 2.3188 8.362 5.206 2.39 33 5.257 4.892 5.511
3SCS  21.16 1.274 4.233 6.902 2.46 9.147 5.856 2.688 3.712 5.675 5.436 6.703
3SCS 18.73 1.128 4.78 7.679 2.6148 10.06 6.614 3.036 4.192 6.142 6.068 8.08
3SCS  16.63 1.002 5.384 8.535 2.7756 11.06 7.449 3.42 4.721 6.636 6.752 9.412
3SCS  14.68 0.884 6.1 9.551 2.9552 12.23 8.439 3.874 5.349 7.197 7.56 11.19
3SCS 12.9 0.7765 6.944 10.75 3.154 13.62 9.607 4.41 6.09 7.829 85 13.39
3SCS  11.24 0.677 7.965 12.2 3.3788 15.28 11.02 5.059 6.985 8.56 9.628 16.41
3SCS 9.74 0.5865 9.194 13.94 3.6312 17.28 12.72 5.839 8.063 9.396 8.229 20.62
3SCsS 7.54 0.454 11.88 17.74 4.128 21.61 16.43 7.543 10.42 11.1 13.86 32.93
41CL 94.9 2.857 0.9437 2.238 1.9368 3.444 1.306 0.5994 0.8276 3.132 1.4168 1.041
4ICL  86.36 2.6 1.037 2371 2.0308 3.62 1.435 0.6586 0.9094 333 1.542 1.25
4ICL  78.09 2.351 1.147 2.526 2.136 3.825 1.587 0.7284 1.006 3.556 1.6876 1.251
4ICL  70.12 2.111 1.277 2.711 2.2544 4.066 1.767 0.8112 1.12 3.813 1.8584 1.498
4ICL  62.38 1.878 1.436 2.936 2.3908 4354 1.986 09118 1.259 4.115 2.0636 1.756
4ICL  54.87 1.652 1.632 3214 2.55 4.706 2.258 1.037 1.431 4.472 23144 1.949
4ICL 47.6 1.433 1.881 3.568 2.7384 5.147 2.603 1.195 1.65 4.905 2.6284 243
4ICL  40.59 1.222 2.206 4.029 2.9664 5.714 3.052 1.401 1.935 5.44 3.0312 3.044
4ICL  34.61 1.042 2.587 4.569 3.2136 6.372 3.58 1.643 2.269 6.034 3.496 3.815
4ICL  29.36 0.884 3.05 5.225 3.49 7.16 4.22 1.937 2.675 6.715 4.052 4.741
4ICL  24.65 0.742 3.633 6.053 3.8108 8.145 5.027 2.308 3.186 7.524 4.74 6.176
4ICL 2043 0.615 4.384 T117 4.188 9.399 6.065 2.784 3.844 8.501 5.612 8.519
4ICL  16.74 0.504 5.349 8.486 4.628 11 7.401 3.398 4.691 9.675 6.716 11.53

fall within £20% of the correlation. All the data for the in-line conventional scale systems could not fully predict the pressure

device was within £10% of the correlation, whereas about 75% dfops obtained at the micro scale. A new correlation has been

the data for the devices in staggered configuration fall withiproposed to account for the fin density and the endwall effects at

+10%. the micro scale. The main conclusions drawn from this investiga-
tion are presented below:

Conclusions

In this study, friction factor measurements are obtained for mi- (1) EXisting conventional scale correlations are not able to pre-
cro scale flows across a variety of 126n long pin fins of 50 and dict the pressure drops accurately. A mean absolute error of
100 #m hydraulic diameter in both in-line and staggered configu- ~ More than 30% has been observed for all correlations ex-

rations having two different transverse and horizontal pitch ratios ~ amined in this study.

(1.5 and 5 over Reynolds number ranging from 5 to 128. Both the (2) From the large number of conventional scale correlations
“tube bundle” and “compact heat exchanger” approaches have only very few provide the correct ground for comparison.

been employed to evaluate the friction factors and the pressure  This is because pin fins are relatively short in micro scale
drops. Experimental results showed that correlations available for  systems and the flow is predominantly laminar. Surpris-
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Table 5 Friction factors using the “compact heat exchanger” approach

Device Re Q (MI/ min) f Gaddis f.;'paﬂow fMaare: fKas.' f Gunther fbhilmn ﬁwelin f.‘?hoﬂ fHEDH fExperimem
ISDS  78.01 3.924 0.03039 2.528 1.2776 1.829 0.295 0.04409 0.008869 0.1986  0.039004 3.152
ISDS  69.11 3.476 0.0343 2.738 1.358 1.898 0.333  0.04977 0.01001 0.2149  0.038308 3.849
ISDS 62.13 3.125 0.03816 2.944 1.4324 1.963 0.3704  0.05536 0.01114 0.2303  0.037684 4.61
ISDS  55.51 2792 0.04271 3.188 1.5156 2.038 0.4146  0.06196 0.01246  0.2478 0.03702 5.691
I1SDS  51.69 2.6 0.04586 3.357 1.5708 2.088 0.4452  0.06654 0.01338  0.2595  0.036604 6.298
I1SDS  46.74 2351 0.05072 3.617 1.6524 2.163 0.4924  0.07359 0.0148 0.2771  0.036024 7.069
ISDS  43.15 2.171  0.05494 3.843 1.72 2227 0.5333  0.07971 0.01603  0.2919  0.035576 7.953
1SDS  37.34 1.878  0.06349 4.301 1.8496 2.352 0.6164  0.09212 0.01853  0.3207  0.034788 7.898
1SDS  32.84 1.652 0.07218 4.767 1.9728 2475 0.7007 0.1047 0.02106  0.3485  0.034132 10.44
1SDS  28.49 1.433  0.08321 5.358 2.1184 2.627 0.8078 0.1207 0.02428  0.3823 0.03346 12.74
1SDS 243 1.222  0.09758 6.127 2.2948 2.817 0.9472 0.1416 0.02848 0.424  0.032788 16.18
1SDS  19.11 0.961 0.1241 7.547 2.5892 3.156 1.204 0.18 0.03621 0.4956  0.031964 19:15
1SDS  16.12 0.811 0.147 8.776 2.8192 3.44 1.427 0.2133 0.04291 0.5535 0.031532 21.84
1SDS  12.84 0.646 0.1846 10.79 3.1604 3.89 1.792 0.2678 0.05386 0.6416  0.031176 28.35
2SCL  63.14 3.846 1.418 2911 2.3764 4322 1.962 0.9009 1.244 4.082 2.0412 1.471
2SCL  59.35 3.615 1.509 3.04 2.4516 4.486 2.088 0.9584 1.323 4.25 2.1576 1.522
2SCL  55.56 3.384 1.612 3.186 2.534 4.67 223 1.024 1.413 4.436 2.2888 1.559
2SCL  51.77 3.154 1.73 3.353 2.6252 4.88 2.393 1.099 1.517 4.645 2.438 1.617
2SCL 4798 2.923 1.866 3.547 2.7276 5.121 2.582 1.185 1.637 4.88 2.6096 1.602
2SCL  44.19 2.692 2.026 3.774 2.8424 5.401 2.803 1.287 1.777 5.148 2.8088 1.671
2SCL 4041 2.461 2.216 4.043 2.9732 5.732 3.066 1.408 1.944 5.456 3.0436 1.771
2SCL  36.62 2231 2.446 4.368 3.124 6.128 3.384 1.553 2.145 5.817 3.324 1.859
2SCL  32.83 2 2.728 4.769 3.3 6.612 3.774 1.733 2392 6.245 3.6656 1.935
2SCL  29.04 1.769 3.084 5273 3.5096 7.218 4.266 1.959 2.704 6.763 4.092 2.428
2SCL  25.25 1.538 3.546 5.93 3.7648 7.999 4.907 2253 3.11 7.407 4.64 2.891
2SCL  21.46 1.307 4.173 6.817 4.084 9.047 5.773 2.65 3.659 8.232 5.368 3.768
2SCL  17.67 1.077 5.067 8.086 4.504 10.53 7.01 3.218 4.444 9.34 6.396 5.124
2SCL  13.88 0.8458 6.45 10.05 5.084 12.81 8.923 4.096 5.656 10.93 7.952 7.495
3SCS  26.67 2.474 3.357 5.661 2.19 7.681 4.645 2.132 2.944 4.882 4416 2.291
3SCS 2535 2.351 3.533 5.911 2.2468 7.976 4.888 2.244 3.098 5.046 4.624 2.507
3SCS 234 2171 3.827 6.327 2.3384 8.469 5.295 2431 3.356 5.315 4.968 2.941
3SCS  20.87 1.935 4.292 6.986 2.4772 9.245 5.937 2.726 3.764 5.726 5.504 3.39
3SCS  19.02 1.764 4.709 7.578 2.5952 9.939 6.515 2.991 4.129 6.082 5.984 3915
38CS  17.21 1.596 5.203 8.279 2.7284 10.76 7.198 3.305 4.563 6.49 6.548 4.607
3SCS 1545 1.433 5.796 9.12 2.8804 11:73 8.02 3.682 5.083 6.962 7.22 5.511
3SCS 13.74 1.274 6.52 10.15 3.0556 12.92 9.02 4.141 5.718 7.515 8.028 6.703
3SCS 12.16 1.128 7.364 11.34 3.2484 14.3 10.19 4.677 6.458 8.134 8.968 8.08
3SCS 10.8 1.002 8.294 12.66 3.448 15.82 11.47 5.268 7.273 8.788 9.988 9.412
3SCS 9.53 0.884 9.396 14.23 3.6712 17.61 13 5.968 8.24 9.53 11.192 11.19
3SCS 8372 0.7765 10.7 16.07 3918 19.71 14.8 6.794 9.381 10.37 12.596 13.39
3SCS  7.299 0.677 12.27 18.3 4.196 22.25 16.98 7.793 10.76 11.34 14.28 16.41
3SCS  6.323 0.5865 14.16 20.98 4.512 25.29 19.59 8.995 12.42 12.44 16.288 20.62
3SCS  4.895 0.454 18.29 26.85 5.128 31.91 25.31 11.62 16.04 14.7 20.624 32.93
4ICL 46.9 2.857 1.909 3.608 2.7588 5.196 2.642 1.213 1.674 4.952 2.6632 1.041
4ICL  42.68 2.6 2.098 3.875 2.8924 5.526 2.903 1.333 1.84 5.265 2.8976 1.25
4ICL  38.59 2351 232 4.191 3.0424 5912 321 1.474 2.035 5.622 3.1712 1.251
4ICL  34.65 2.111 2.584 4.565 3.2116 6.366 3.575 1.641 2.266 6.029 3.492 1.498
4ICL  30.83 1.878 2.905 5.019 3.4056 6.914 4.019 1.845 2.547 6.505 3.878 1.756
4ICL  27.12 1.652 3.302 5.583 3.632 7.587 4.569 2.097 2.896 7.071 4.352 1.949
4ICL  23.52 1.433 3.807 6.299 3.9008 8.436 5.267 2418 3.338 7.756 4.944 2.43
4ICL  20.06 1.222 4.464 7.231 4.224 9.532 6.176 2.835 3.915 8.601 5.704 3.044
4ICL  17.11 1.042 5.235 8.324 4.576 10.81 7.243 3.325 4.591 9.54 6.584 3.815
4ICL 1451 0.884 6.171 9.652 4972 12.35 8.538 3919 5.412 10.62 7.64 4.741
4ICL  12.18 0.742 7.352 11.33 5.428 14.28 10.17 4.669 6.447 11.9 8.952 6.176
4ICL 10.1 0.615 8.87 13.48 5.964 16.75 12.27 5.634 7.779 13.44 10.62 8.519
4ICL  8.274 0.504 10.82 16.25 6.592 19.91 14.97 6.874 9.492 15.3 12.732 11.53

Table 6 MAE's (%) of the correlations for each device using the “tube bundle” approach

Device Gaddis Sparrow  Moores Kast Gunther  Chilton Bergelin Shortet HEDH
and and and Joshi  [26] and and etal. al. [5]  [22]
Gnielski ~ Grannis [23] Shaw Generaux [25]
[6] [17] [21] [24]
1SDS 98.1 17.9 63.9 50.0 81.6 97.3 99.4 93.0 99.5
25CL 44.0 28.9 19.6 85.5 325 64.4 50.7 71.3 17.4
38CS 34.1 30.6 59.0 56.0 22.0 58.2 422 34.7 25.8
4ICL 26.6 51.8 41.8 111.6 17.1 53.4 35.6 99.1 21.9
Overall 50.8 31.9 46.4 74.5 35.9 68.4 57.1 73.4 41.2
428 [ Vol. 127, MAY 2005 Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.154. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Table 7 MAE's (%) of the correlations for each device using the “compact heat exchanger” approach

Device Gaddis Sparrow  Moores Kast Gunther  Chilton Bergelin Short HEDH
and and and Joshi  [26] and and etal. etal. [22]
Gnielski ~ Grannis [23] Shaw Generaux [25] [5]
[6] [17] [21] [24]
1SDS 99.3 48.4 204 704 92.9 98.9 99.8 96.2 98.0
28CL 16.1 104.4 51.6 187.0 56.8 28.0 1.5 169.0 53.7
38CS 229 63.2 491 107.9 44.1 35.6 22.0 44.6 36.6
4ICL 49.5 151.5 72.6  240.5 105.6 15.3 344 210.8 94.1
Overall 46.5 90.3 50.3  149.1 73.8 44.8 41.7 1272 69.6

ingly very few correlations are available for such pin fin

configurations and flow regime. The correlations, which atdomenclature

applicable, provided large deviations from experimental re-
sults. At this point it is not clear whether this discrepancy is

A = total area,
A. = cross section area of a single tube m

due to the limited data obtained in conventional scale, constant
which is applicable to micro scale configuration and flowy p, b, bs,
conditions or whether the differences arise from inherent b,,bg = constants
scale effects. _ _ ¢,C,C3,C4,Ce= constants
(3) Pin fin height to diameter ratio has a significant effect on d, = hydraulic diameter of compact heat exchanger,
the friction factor. The device with loweH/D ratio pro- m
duces higher friction factors at the same tubes densities and D = tube hydraulic diameter diameter, m
Reynolds number. Theél/D ratio effect reduces with in- f = friction factor
creasing Reynolds number. A similar trend was observed by G = mass flux based on minimum flow area
Short et al[5]. kg/mPs '
(4) A new correlation accounting for the fin density and end- H = fin height, m
wall effects has been developed for in-line circular, stag; 1k Ky, k= constants,
gered circular, and staggered diamond shaped pin fin ar 2"’ Lb; channel length, m
rangements. The proposed correlation predicted the _ : R -
experimental data with MAEs of 2.7%, 7.4%, and 7.2% for ,\T ; ﬁﬁprﬁ)g]eernéf'%:tfusc;%ststype friction factor
in-line circular, staggered circular, and staggered diamond MAE = mean absolute eprror
shaped pin fins arrangements, respectively. For lat{e N = number of fins per column
ratios (H/D > 8), the correlation converges to a long tube n = constant
type correlation while smalH/D ratios transform it to Ny, = Nnumber of tubes per row
short tube correlations. N = number of total tubes
(5) Staggered tube configuration results in higher friction fac- A vt ressure drop. kPa
tors than the in-line configuration. This trend has also been P B pressu p'k
observed in conventional scale studies. The difference be- Pexit B exit pressure, kPa
tween the friction factors obtained from different arrange- Pin B inlet pressure, kPa
ments diminishes with the increase in the Reynolds num- % B %ﬁgﬁﬂs:ngrcpﬁt’cw m
ber. B S
(6) The diamond shaped tubes produce higher friction factors Sr = transverse pitch, m
when compared with the circular tubes. This is consistent Q = volumetric flowrate, /s o
with the results obtained by Chyu et E8] in their conven- Re = Iﬁ{ce)é?;ri?;;rugge[i based on the pin fin hydrau-
tional scale experiments. Re; = Reynolds number based on the hydraulic diam-
eter of the channel, Gdu
w = channel thickness, m
Table 8 Constant values for Eq. (13) that best fits experimen- Greek
tal results ag, a1, 0,03 = constants
staggered staggered in-line 'L; - \(;Srf(s)i?;/tyﬁk/gs/ ms
arFangement ar@ngement SEAT ZRaEnt m; = first term of the right hand side in E¢L3)
(circular fin (diamond
pins) shaped fin
C; 1739 pins) 1126 7259 Table 9 MAE’s of the new correlation for each device
Cy 345 6.6 54 Device MAE (%)
k; 1.7 1.1 1.7 1SDS 7.9
k> 1.1 1.5 1.9 2SCL ’
ks -03 -0.4 -0.4 115
ke 2.0 1.7 2.0 35CS 3.5
ks 1.0 0.7 0.7 4ICL 2.7
ks -0.3 -1.0 -0.7
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m, = second term of the right hand side in E{3) [12] Damerow, W. P., Murtaugh, J. C., and Burgraf, F., 197xgerimental and
Analytical Investigation of the Coolant Flow Characteristics in Cooled Tur-

Subscripts bine Airfoils” NASA, CR-120883.
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s Heat Transfer Through Multiple Rows of Short Pin Findgurnal of Heat
exp = experimental Transfer Vol. 3, edited by U. Grigull et al., Hemisphere, Washington, pp.
f = frictional 137-142.
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Two-Dimensional Pipe Model for
Laminar Flow

M. C. P. Brunelli The one-dimensional Zielke model of the energy loss in laminar pipe flow is exact but

e-mail: marco.brunelli@siemens.com gives no information about the velocity profile. Here a two-dimensional pipe model is
Siemens VDO Automotive AG, Siemensstrasse presented which gives the two-dimensional velocity profile in the time domain for an
12, D-93055 Regensburg, Germany unstationary pipe flow of a compressible fluid that follows an equation of state. The

continuity and the motion equations are projected over two sets of functions accounting
for the radial and the axial dependence. A set of ordinary differential equations for the

time-dependent coefficients is obtained, which is numerically integrated according to the
boundary conditions at the pipe ends needed in practical applications. The model repro-
duces the experimental results of a water hammer and the analytical transfer functions
over a wide range of frequenciefDOI: 10.1115/1.1905645

1 Introduction tions, one in the axial and the other in the radial direction, are the
sis over which the pressure and the velocity field are expanded.
m the equations of continuity and of motion, a set of first-order
inary differential equations are obtained for the time-dependent

efficients of the expansion, which can be numerically inte-

The modeling of the laminar unstationary energy loss of a qu%‘?
in a pipe has great relevance for its technological applications, an
is a well known and understood problem. The special symmetryg

the problem makes it possible to simplify the full Navier—Stoke, rated, taking into account the boundary conditions by introduc-

equations by considering the pressure and the component of S Lagrange multipliers. The method has been tested on the ex-

velocity perpendicular to the pipe cross section as the only repies;inenta| results of the water hammer presented in the Zielke
sentative dynamic variables of the fluid motion. The thre

; . . . . . “Harticle, and on the calculation of transfer functions.
dimensional problem—which is reduced to a two-dimensional

problem where the independent spatial variables are the position
along the pipe axis and the distance from the pipe center—can be
further simplified since the radial dependence is fictitious. PeP- Basic Equations

forming the Laplace transform of the equations of motion, it can Here the basic differential equations for the laminar motion of a

be shown that the shape of the velocity profile in the pipe is NBlid in a pipe following D’'Souza and Oldenburger are reported

domain even for ransients i fern of Bessel fnetions of o6 . T pressure and the velociy field of a fuid n 2 pipe wit
nelastic walls can be described using cylinder coordingtes

kind modulated by the transform of the pressure gradjéht . . o . S
Moreover, Zielke showed that the shear stress at the wall is‘g'aThe coordinate gives the position in the pipe’s axial direction,

function of the instantaneous mean velocity and of the Weighté s_tr|1e dlsltance frgmhthe_plpe center, amdc;]unts the C|r(|:umfer-
ast velocity change$2], and he could write a set of one-entla angle around the pipe axis. Due fo the rotational symmetry
P i . G of the pipe, the pressure and the velocity are assumed to be inde-
dimensional equations involving only the pressure and the mean o L ) )
ndent ofg. The velocity field describing the laminar motion of

. . . ! . e
velocity. The one-dimensional equations of the Zielke model a - i L
accurate, since they reproduce the experimental results of a w ﬂu'% tt?]en ?has ‘|W.° cpn:rp])ont_ents. Onealontg thesfmal _;jlrec-b
hammer where frequency dependent friction causes distortion ‘Gf» @1¢ the otheu lying In the pipe Cross section. SInce It can be
own that the value af is always much less than the pressure

the traveling wave; and they are easy to implement in a simulati i :
program, since the information of the velocity profile is implicitlyé.) can be assur_ned to be a functlonMnly._Wl_th these assump-
jons the equations of motion and of continuity are

contained in the expression of the fluid friction experienced by th
mean velocity. The only problem, however, is represented by the

computational cost of the calculation of the weighted past velocity v JP Pv 1o _

changes, which tends to increase unbounded for longer simulation Pt P\t )T 0 (1)
times. Suzuki et al[3] overcame this problem and developed a

method which significantly reduces the computational cost of the

calculation of the frequency dependent friction and gives the same 1P v du u

results as the Zielke model. Ka " xtatr T 0 )

The shape of the velocity profile, which is implicitly contained

in the Zielke model, is known in the Laplace domain but it igyhere » is the kinematic fluid viscosity, which is assumed to be

generally unknown in the time domain. Only if the boundary consonstant for a fluid at constant temperature, Krid the fluid bulk
ditions of the pressure and of the mean velocity at the pipe engi$,quius given by the equation of state for liquids

are set to sinusoidal functions is it possible to have an expression

of the velocity shape also in the time domain. The goal of this

work is to numerically solve in the time domain the full two- @:@

dimensional equations of motion for a compressible fluid that fol- p K’

lows an equation of state. Two sets of complete orthogonal func'lntegrating Eqgs.(1) and (2) over the pipe cross section the
dependence on disappears
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1P oV Since the shape of velocity profile overall in the pipe is given
c—+—=0 (4) by Eq.(11), it is not possible to prescribe a general shape of the

Kat ox ! ) .

. . . ) velocity profile at one of the pipe ends, where only the value of
anczl th;e velocity component is substituted by its mean valué the mean velocity can be imposed, whose Laplace transtoisn
=V(x,t '

R . /s
ve—i| 2mr0d (®) F ZJl(' \/jR)
=— rodr. —
), V| ———— L2 1], (12)
S| . [s S
Equation(3), which still contains a trace of the velocity profile ! ;RJO ! ,_/R
in the shear stressat the wall . .
In order to get a numerical solution to Eq4) and (2) we
(x) = 2pv v expand the velocity profile and the pressure over two independent
"R o (=R basis of functions, one for the length and one for the radius. For

the length coordinate we use the Chebyshev polynomials
which are a complete set of orthogonal functions in the domain
[-1,1] with respect to the weight functiofl—x?)~Y2 For the

turns out to be fully one-dimensional since Zie(lZd showed that
7 can be expressed as a weight of the past velocity changes

4pv 200 [tV radial coordinate we choose in the set of the Jacobi polynomials
T=?V(t) *R E(U)W(t—u)du (6) those polynomialsZ,, which are a complete set of orthogonal
0 functions in the domai0, 1] with respect to the weight function
whereW is a function which can represented as a series. x (see Appendixes A and)B

The only reason that it is possible to end up with a set of 1he equations of continuity and of motion mapped on the or-
one-dimensional equations from the full two-dimensional equilogonality domain of th&, andZ, polynomials with the change
tions [Egs. (1) and (2)], is that the shape of the velocity profile©f variables

solution of Eq.(1) is not free, but it is given a form which can be r £
easily computed by performing the Laplace transform of the equa- &=r/R ¢e[0,1] [O0,R]—[0,1]
tion of motion. Following Zielke, the Laplace transform of i)

iS X €

. e=2x/IL-lee[-1,1] [OL]—[-1,1]
dv 1dv s_ 1—

a2 e T (@) vead
o 2 9P #o 1ab
where 24 ___12<_l;+__>=0 (13)
w gt Lpde R\o& §E0€
v(x,r,s)zf v(x,r,t)estdt A .
0 19P 24V
——4+=—=p (14)
. 40P Kat L de
Fix9= [ ——edt whered, V, andP are functions of the variabl d of ti
s 0, V, unctions of the variables £, and of time

t.

The ve_Ic_)city fieldv _solution of Eq.(2) must sa_tisfy two b_OU”d‘ The expansion of the functioi and P in series of Jacobi and
ary conditions, one imposed by physics, which prescribes zef¢epyshev polynomials is

fluid velocity at the pipe walls
0= vkm(t)Zd(E) Tin(e)

v(X,Rt)=0 (8 km=0,1,... (15)
and the other which guarantees the existence of the time deriva- P =pu()Tn(e)
tive of the velocity profile at the center of the pipe where the convention of summation over repeated indices is as-
£ sumed. Since the definition of the mean velo&nwontains the
o (x,r.)}=0=0. (9)  scalar product of the polynomid with the polynomial of order

From the general solution of E7) zero, the expansion of contains only the elementsg

. A 1 1
v(x,r,s) = ClJO(i \/Er) + CzNo(i \/Er) - E (10 V= Zf vEdE= 2Uk’mef Lot €= vomTm:
v v S 0 0

whereJ, andN, are, respectively, the Bessel functions of first and Inserting the expansion of the pressure and of the velocity in
second kind and of order zero, the solutions that fulfill the bound€ equation of motion and continuity E¢fd.3) and(14) we ob-

ary conditions Eqs(8) and(9) are found by imposing tain
C,=0 _ 2 4T, v| #Z, 19z, _
B 2 UkmZTm + L—p&—:pm—g[a—éz‘?a—é Takm=0 (16)
Cr= 13 <|\/g R)

1= /Yo - 1. 24T,
S v Emem"' Ea_mvo,m: 0 (17

and read €

and, under the hypothesis that the pressure fluctuations are not
J <i \/jr) large enough to account for a change in the bulk modKluge
_ 0 can project Egs(16) and (17) over the Jacobi and Chebyshev

v(xr.8) =" s\ 1 (1D polynomials of orderi and j, respectively, so as to obtain the
J0<i —R) equations of motion for the singtg ; andp; components
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1. 2 During the dynamics, the constraints E¢&2) and(23) can be
Rpﬁ[Aj,ka,k:O fulfilled by introducing two Lagrange multiplierd,, and vy,
which correct the time derivativg, , of the velocity components
from Eq. (18

. 2 2v
+—A p-—B =0 .
Vo,j Lp j,iPi R2 0,kUk,j Ve = Miem + Am + S k=1,... . (24)
2 The multipliers\,, and v,,, can be easily found by inserting Eq.
Vi EBi,kUk,j =0 i=1,... . (18)  (24) into the time derivative of the constraints E¢®2) and(23).
It must be noted that the Lagrange multipliars and &, do not

The matrix elementsy, involve the scalar product of the de-correct the components, of mean velocity. In fact, the mean
rivatives of the Chebyshev polynomi@j with the polynomialT; ~ Velocity and the pressure, which are really the only two indepen-

and they have a simple expression dent variables of the fluid motion, determine the energy of the
) fluid in the pipe, whose energy is dissipated only through pipe

1 [t at dé 0 k=i friction. Correcting the value of the mean velocity would result in

A= _f _'<-|-i — = 0 i-keven (199 a dyrjamic with an artificial corjtr_ibutior] to pipe energy, eveqtually
6)_, 9 N1-& ¢ causing unpredictable dynamic instabilities. The idea here is to do

k- T-kodd exactly what is done in the Laplace domain: Given a distribution
where of the mean velocity through the coefficiany,,, the shape of the
velocity profile is sought which fulfills the boundary conditions

m =0 but does not change the value wf,
§=\1 1 Two additional boundary conditions must be imposed on the
2 = solutions of Eqs(13) and(14). In practical applications the mean

) . _velocity V and the pressurB are prescribed at the pipe ends by
The matrix element8;  have a more complicated expressionhe interaction with other hydraulic components of the system. A
[ 27 102 pipe can bt_a_ considered as a four-terminal network, where the
B =(i+ 1)J [—2" + ——k}zig dé (200 mean velocities/,, Vy, and the pressure’,, Py, at the open ends
’ o L& &€ are inputs or outputs of the pipe model. Stenning and Shééfer
. demonstrated that it is impossible through external means to pre-
and they can be numerically computed. scribe the value of the mean velocity and of the pressure indepen-

3 In g.‘e (jlerivat?olrl (r’]f E%(ls) th;r;or;\n of tge Chsbysger andgently at the same end. Therefore, only two of the four variables
acobi polynomials has been usgde Appendixes A and) '+ Vb, Pa, Py, Which are not at the same end can be independent
In Eqg. (18) we can clearly recognize the underlying structure g

. . . . ; nd can be considered as inputs to the model, the other two are the
a one-dimensional model. If we had no viscosity, or if we woul

. . ) utputs.
assume a given velocity pr(_)flle, only the components of the p.reS'T%us in practical applications a pipe model must be able to
sure and of the mean velocity would be involved in the dynamic§, | with three kinds of boundary conditions

resulting in a fully one-dimensional model. With the viscosity, the
two dimensional nature of the velocity field affects the dynamics

of the mean velocity and of the pressure through the term Pressure-Velocity boundary condition

In the pressure—velocity boundary condition, a pressure
2v P_(t) is prescribed at the left end of the pipe, and a mean
T = EBO,kUk,j (21 velocity V.(t) is imposed at the right end. Sindg,(-1)=
(=1)™andT,,(1)=1, during the dynamics the pressure com-
which is thej component of the expansion of the wall shear stress  ponents and the velocity components must satisfy the fol-
over the Chebyshev polynomials, and it depends on the full two-  |owing constraint
dimensional velocity profile.

2mvo,m = V.(1)

— m, -
3 Boundary Conditions (= 1) = P-y(1). (29
As stated before, the velocity field must satisfy the two bound- The time derivativeu,, and y, of the mean velocity and
ary conditions, Eqs(8) and (9), which can be realized by impos- pressure components from Hd8) can be corrected by two

ing a constraint on the coefficients of the expansion of the pres- ~Lagrange multipliers. and »
sure and of the velocity.

The velocity is zero at the pipe wall if the following equation Vom= Mm* A
holds ]
Pm= Ym+ (- nm (26)
Ukm(DZ(1) Tr(€) =0 : . . . . .
o ) which can be easily found by inserting Eg6) into the time
which is equivalent to derivative of Eq.(25).
» Pressure—Pressure boundary condition
2 vkm=0, (22 In the pressure—pressure boundary condition the value of
K the pressurd®_(t) at the left and at the right enl,(t) are
sinceZ,(1)=1. prescribed, resulting in the following condition for the pres-

The velocity profile attains a maximum or a minimum at the sure components
pipe center if

3 Pm = PL(b).
e =4 =0 (23
gg £k Ok (= 1"p = PV (27)
where the derivativéy of Z, at zero can be analytically computed The time derivativey,, of the pressure components from Eq.
[see Eq(B3)]. (18) can be corrected by two Lagrange multipliarand v
Journal of Fluids Engineering MAY 2005, Vol. 127 / 433
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15 I
* Zielke measurement
2D model
Reservoir o 15
_________ Plpe >°
B . e 05
I 'I k<]
-------- £ 5 .
T Quick closing valve S 0
Pressure transducers = £
Y
Fig. 1 Setup of the water hammer experiment as in the article ’
of Zielke [2]
-1 . .
1] 5 10 15

Adimensional time in units of /L

r — m
Pm= ym* A+ v(=1) (28) Fig. 2 Pressure at the pipe downstream end. The Chebyshev
which can be easily found, once again, by inserting(28§  and Jacobi polynomials have been expanded, respectively, up
into the time derivative of Eq(27). to the order m=0,1,...,15 and k=0,1,...,20.
« Velocity—Velocity boundary condition
In the velocity—velocity boundary conditions the mean
velocity is prescribed at both ends, where it must be equdipns at the pipe ends are set to sinusoidal functions of frequency
respectively, to/_(t) andV,(t). The constraint on the veloc- w, and, since the system is linear, at equilibrium the pressure and
ity components in this case is identically realized as for tHi&e velocity in the pipe oscillate around an equilibrium value with
case pressure—pressure boundary condition. the frequency of the external excitation. The amplitude of the
fluctuations is a function of the frequency itself, the so-called
transfer function, and it can be calculated analytically at any po-
4 Validation of the Model sition in the pipe. The calculation is simplified if one considers
only the pipe ends, where the amplitudes of the oscillations of the
4.1 Comparison With the Zielke Model. In his original pa- mean velocity and of the pressuvg and P, at the beginning of
per Zielke presented a comparison of the numerical results frafe line (x=0), and at the endv, P, (x=L), are linked by a
his model with measurements of a water hammer in a pipe ®fur-pole equatiori1]
lengthL=36 m and diametdd=25.4 mm, connected upstream to
a reservoir kept at constant pressure, and downstream to a fast- V.=V COS(%) -P 1 sin(%)
closing valve(see Fig. L When the valve closes, the pressure is b~ Ta ®Bcp
measured at the downstream end and at the midpoint of the tube.
In order to enhance the dissipation effect due to the two- . [sBL spL
dimensional nature of the damping, a fluid was chosen with a P =VafpC S'”(T) *Pa °°<T>
viscosity of aboutr=39 cS, almost fourty times the viscosity of

water. The comparison of the numerical results from the Zielke S=iw (29
model is presented in the original artic|®] and it is ver . . . .
accurate. P ¢ el y wherec=(K/p)¥2is the speed of sound in the fluid apds given
In order to test the pipe model presented in this article the watdy
hammer in the Zielke article has been simulated using a fourth- 1 2 J[iIREWYY
order Runge—Kutta integrator, and an expansion of the Chebyshev —= iR(5/9) 2 3iR(5) 7] -
and Jacobi polynomials from Ed15), respectively, up to the B RSy ol v
orderm=0,1,...,15 ank=0,1,...,20. As pointed out, only three boundary conditions are of practical

When the valve is open, the velocity in the pipge, £,1) is not  importance, and therefore, we only consider three transfer func-

time and position dependent, and has the usual parabolic formtions. All the calculations have been performed for the pipe and
fluid properties of the measurements of the Zielke experiment, and

o(€,&1) = Vo(Zo(€) — 4I5Z,(§) — 1/5Z,(8)) the Chebyshev and Jacobi polynomials have been expanded to the

resulting in a constant mean fluid veloci. The closing phase orderm=0,1,...,15 ank=0,1, ...,20respectively. The trans-

of the valve has been modeled by decreasing the value of figé function has been calculated up to the frequency where dis-

mean velocity at one pipe end to zero. crepancies with the analytical transfer function have been ob-
We present in Fig. 2 the downstream pressure fluctuatibn served.

around the mean value in units p¥/yc, wherec is the sound

velocity in the fluid. A comparison is made with numerical results

from the two-dimensional pipe model, represented by the solid

curve, with the original measurements reported in the Zielke ar-

ticle, illustrated by the dotted curve. The agreement between the

simulation and the measurements is satisfactory. In Fig. 3, the

velocity profile is represented in three dimensions over the pipe

length and the pipe cross sectiontatl4c/L. The pressure reser-

voir is located at the beginning of the life=0 in Fig. 3, and the

valve at the endx=1). The number of expansion of the Jacobi

polynomials has been set ic=0,1,...,20, aghis value repro-

duces the transfer function very wéflee next section

o
o N

T
i

Velocity

i
-2 {02

1
o
b

0.5
Pipe section 1o Pipe length

4.2 Calculation of the Transfer Functions.One of the meth-
ods which can be used to theoretically verify the validity of a pipgig. 3 Velocity profile over the pipe length and pipe cross sec-
model is the calculation of a transfer function. The underlyingon at t=14 c/L. The units in the figure are: 1/ L for the pipe
idea of the transfer function is quite simple. The boundary condength, 1/ R for the pipe section, and 1/ V, for the velocity.
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— Analytical — Analytical
5o - Simulation 12 + Simulation
g_ =210
s g ®
T 5 &
c z
£ e 4
<
a 2
0
% 1 2 3 4 0 1 2 3
oL -inunits of ¢ oL - in units of ¢
Fig. 4 Transfer function P, for a pipe with velocity—velocity Fig. 7 Transfer function V), for a pipe with pressure-velocity
boundary condition boundary condition
» Velocity—velocity transfer function guencyw and with an amplituddﬁq. In Figs. 8 and 9.the
Here we consider a pipe with velocity—velocity boundary comparison of the velocity oscillation4, andVi, at the pipe
conditions. The velocity/, at one pipe end is zero and the ends with the analytical transfer function is presented.

other Vj, oscillates with a frequency and with an ampli- e nymber of Jacobi polynomials needed to correctly repro-

tude Vo. We show in Figs. 4 and 5, the comparison of they,ce the pipe damping over the frequency range of interest de-
pressure oscillation®, {ind P, at the pipe ends with the pends qualitatively on the dissipation numiisy
analytical transfer function.

* Pressure—velocity transfer function D. = L
The transfer function with pressure—velocity boundary "TeRS
condionsnas been Cacuated oSG & 610 Y0AY The fomulaton of & general il iving the east number of
with a frequencyw and with an amplitud®,. The compari- Jacobi polynomials ne_eded to attain th_e rlght damplng for a given
son of the pressure oscillatioiy and of the velocityv, at Dy deserves a numerical analysis which is outside the scope of
the pipe ends with the analytical transfer function is pret_hls article. In Fig. 10, an example illustrates the influence of the
sented in Figs. 6 and 7. The dotted curve represents %mper O.f Jacqb| polynomials f(_)r the pressure—velocity transfer
analytical transfer function, and the solid the computefyction. in particular for the oscillation of the pressitgat the
transfer function. pipe end whgre there is no volume ro_w. The analysis is restricted
. Pressure—pressure transfer function only to the flrst_three elgenfre_que_nmes. Hor0,1,...,10, the
For the calculation of the transfer function with pressured@mping of the first frequency is still close to the correct one, but
pressure boundary conditions, the pressRgeat one pipe the higher frequencies undergo a higher damping than the analyti-

end is kept constant and the othey oscillates with a fre- cal one. Wherk=0,1, ...,5, the daping of all eigenfrequencies
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Fig. 5 Transfer function P, for a pipe with velocity—velocity Fig. 8 Transfer function V, for a pipe with pressure—pressure
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Fig. 6 Transfer function P, for a pipe with pressure—velocity Fig. 9 Transfer function V), for a pipe with pressure—pressure
boundary condition boundary condition
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e Zy(x) =PPY(2x- 1)
3 . k= . . . .
5o 10 . L;g which are orthogonal in the interv@D, 1] with respect to the
g 8 > g weighting functionx. From Eg.(B1) the scalar product of two
“g ; > > polynomialsZ,, andZ,, is
2 .k tnzd= [ zaz xd O M gy
£ o > Z)= X)Z,(X)x dx=
N mee 1/(2m+2) m=n.
o2
The derivatives, of Z,(x) in x=0 can be derived, after some
% 0.5 1 1.5 algebra, from the following equatiorisee Ref[5], pp. 777, 774,
® L. = in units of ¢
783
Fig. 10 Transfer function P, for a pipe with pressure—velocity POI(-1)=(-1)"PO(1)

boundary condition for three different expansion orders of the

Sl ial 1,001\ —
Jacobi polynomials Pﬁl (1)=n+1

_ _ @0+ )PP 1) =P (= 1) +n(n+ DPPY(- 1)
becomes too small. In this case, the number of Jacobi polynomlgﬁd reads
is not enough to resolve the gradient of the velocity at the wall.

B (?Zk B (_ 1)k+1
k_ _— —_
5 Conclusions 3¢ | =0 4

A model is presented which gives the two-dimensional velocity
profile in the time domain for an unstationary pipe flow. The ) )
model has been tested on the experimental results of a water h&fpendix C: Calculation of A;
mer presented in the original Zielke article. The agreement of theThe Chebyshev polynomial§,(x) satisfy the two following
simulation with the experiment is satisfactory. For a proper Cho“é%uations(see Ref[5], p. 782
of the number of the Jacobi polynomials used in the expansion o '
the pressure and of the velocity field, the simulated transfer func- (1 _XZ)'Tn =—nxT,+nTh;
tions reproduce the analytical transfer functions over a wide range

of frequencies. 2T T =Thm*+ Tp-m N=mM
which are needed for the calculation Af.
Appendix A: The Chebyshev Polynomials The first equation can be written as

The Chebyshev polynomidl, of ordern is defined in terms of 3(To- T)T,=-nT,T,+ 0T,y
trigonometric functions

k(k+1)(k+2). (B3)

and combining it with the second equation gives
T,(x) = cogn arcco$x)) .
— = — =
and the Chebyshev polynomials form a complete orthogonal setof =~ (To=T2)Tn=n(Tn-y .T””) n=1.
functions in the interval-1,1] with respect to the weighting Multiplying by Ty, and performing some algebra, we end up
function 1/1-x?)2. The scalar product of the two polynomialsWith the following expression

T, andT,, is defined as Tm+2Tn + Tm—zTn _ 2Tan = 2n(= Ty Tyt Ty )

1 dx 0 m#n from which we obtain a recurrence relation for the elementa of
<Tm:Tn> = f Tm(X)Tn(X)W =\ 7 m=n=0 on
1 v @2 m=n=1,2,3... Agrant Agn— 2Agian =" 6_(<Tn—1:Tq+2> - <Tn+1:Tq+2>)
q
(AD) where
T q=0
Appendix B: The Jacobi Polynomials =17 L
The Jacobi ponnomiaI@L“"B)(x) form a complete orthogonal 2 97

set of functions in the intervd-1, 1] with respect to the weight-  The elements\,,, are zero ifm=n, since the derivative of the
ing function(1-x)*(1+x)? if «>-1 andB>-1 (see Ref[5], p. polynomial of degre@ cannot have any component on the poly-
7795. The scalar product of the two ponnomidR‘h‘]”'B)(x) and nomials of higher order. Therefore, we readily know the following
P*A(x) is defined agsee Ref[5], p. 774 elements
1 g=n-1A_1,=n7mle
(PleB) plah)y = f PLA (x)PEP(x)(1 = x)*(L +x)F dx
-1 q:n—ZAn_ZVHZO

0 m#n q=n-3 A, 3,=Nmle€ 3
= 27F T(n+a+DI(n+B+1) :
m=n q=n-4A,4,=0
2n+a+pB+1 nl'(n+a+pB+1) . . !
(B1) and since ifg<n-4
From the Jacobi polynomials it is possible to build the set of Agran® Aqn ™ 2Aqi2n =0
polynomialsZ,(x) it follows immediately that
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Controlling Turbulence in a
e et | REATWard-Facing Step Combustor
oo §-Jging Gountercurrent Shear

Paul J. Strykowski

The present work describes the application of countercurrent shear flow control to the

Mechanical Engineering Department nonreacting flow in a novel step combustor. The countercurrent shear control employs a
University of Minnesota, suction based approach, which induces counterflow through a gap at the sudden expan-

111 Church St. SE sion plane. Peak turbulent fluctuation levels, cross-stream averaged turbulent kinetic

Minneapolis, MN 55455 energy, and cross-stream momentum diffusion increased with applied suction. The control

downstream of the step operates via two mechanisms: enhanced global recirculation and
near field control of the separated shear layer. The use of counterflow also enhances three
dimensionality, a feature that is expected to be beneficial under burning
conditions.[DOI: 10.1115/1.1899170

1 Introduction flow observed by Humphrey and Li0] was not effective at
S omoting turbulent mixing, possibly due to the lack of nominally
The objective of the present work was to study the control arallel flow. Hence it was expected that confinement may have a

the isothermal turbulent flow within a rearward-facing step comy_, - . .
bustor using countercurrent shear. The work was motivated by %tlrlmental effect on enhancing turbulence with counterflow con

interest in exploiting the features of countercurrent shear ina -
combustion device. The step geometry is relevant to dump com-1.1 Rearward-Facing Step Flow.There has been a vast
bustors found in rocket and missile propulsion systems and h@siount of research done on the rearward-facing step. Studies have
similar features to bluff-body stabilized flames found in jet engineften focused on static pressure distributions, turbulence charac-
afterburners. The nonreacting study was done to examine the tefistics, and shear layer reattachmjeirit—17. Much of this work
fects of counterflow on the turbulent velocity and length scalegas motivated by the drag characteristics of the separated bound-
without the added complexity of heat release. Although no corary layer. Other investigations were of dump combustors under
bustion is occurring in the present work, the results will be an@othermal flow conditions to document the base flow.
lyzed in the context of understanding how turbulent combustion The turbulence levels typically found in rearward-facing step
may benefit from the countercurrent shear flow environment. Pigzometries are high when compared to the shear layer formed
and Daily[1] and Gabruk and Rde] showed that the presence ofbetween a jet and ambient fluid, commonly referred to as the
heat release does impact the flowfield in the combustor, but thiggle-stream shear layer. Studies often find turbulence levels on
qualitative features of the flow are similar in both reacting anghe order of 15-17% percent of the primary stream velocity for
nonreacting scenarios. Present stu@idsare ongoing for the step the single-stream shear lay@r.g., Mehtg[18]). Peak turbulence
combustor with counterflow control in the reacting flow situationevels for the rearward-facing step/sudden expansion geometry
and it appears that burning rates are augmented in a manner gaiige from 15% to 25% of the velocity upstream of the expansion
sistent with expectations based on the cold flow measuremenggine, with dependence on the step geometry, boundary layer
Additionally, the cold flow experiments are relevant to the fundastate, and operating conditiof1,19,2Q. A thorough review of
mental understanding of flow control in a sudden expansion. the experimental findings of the rearward-facing step flows can be
Why use counterflow in a turbulent combustor? Previous stufbund in Eaton and Johnst§@1]. Clearly this flow is complicated
ies of counterflow applied to free jets and shear layers suggest tivgthat there are a number of important parameters, both geometri-
dramatic effects can be realized with modest levels of counterflayl and operational. Eaton and Johnston conclude that the region
[4]. Counterflow has been shown to produce high turbulence levear the dump plane behaves very similar to a free shear layer.
els and large turbulent structures, features that can be exploited iPitz and Daily [1] addressed the difference between the
a turbulent combustor to generate highly convoluted flaffe.  rearward-facing step flows and free shear layers. It was conjec-
Thus it is expected that the proper implementation of counterfloyred that the increased spreading rate they observed for the sepa-
in a turbulent combustor would create intense burning rates, fated shear layer in the step geometry was due to the fact that
cilitating the design of compact and lightweight systems. In addikere was reverse flow generated in the separation region. Thus
tion to the increase in turbulent energy and length scales, countigie appropriate shear layer for comparison is not a single-stream
flow has been shown to produce highly three-dimensionghear layer, but a counterflowing shear layer. In the present study,
structureq 7], a feature that should also enhance combustion. suction will be used to augment the natural recirculation caused
Counterflow control has been applied successfully for sheiy separation and reattachment in order to control the turbulence
layers[8] and free jetd4,9], two flows that are predominantly produced downstream of the step.
unconfined. Flows which are confined will have different dynam-

ics, and may be more susceptible to global stagnation problems ad-2 Flow Control. Many different flow control strategies
Bave been applied to the rearward-facing step flow. A natural ex-

the reattaching flow contains a stagnation point. The stagnati > d - ! !
tension of using acoustic forcing, which has been found to be
successful in altering mixing in free jef22], has been used in the
Current address: Department of Mechanical and Aerospace Engineering, St@@rward-facing step geometf#3,24]. Other methods have been
University of New York at Buffalo, Buffalo, NY. employed using vibrating trailing edg€25] and transversely os-

Contribution by the Fluids Engineering Division for publication in tio@rRNAL oF HNati Fr ; f
FLuibs ENGINEERING. Manuscript received by the Fluids Engineering Divisioncma’tmg airfoils located in the separated flow reglﬁﬁﬁ]. These

February 24, 2004; revised manuscript received November 24, 2004. Associate EGChNiques tend to produce strong spanwise coherent structures
tor: Sivaram Gogenini. that enhance mixing and accelerate reattachment. The spanwise
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attachment streamline

a) Conventional rearward-facing step geometry

“local” countercurrent shear layer
splitter plate | @

suction cavity

|

. N
suction flow “global” enhanced recirculation

b) Countercurrent rearward-facing step geometry

Fig. 1 Conventional and countercurrent rearward-facing step geometries

coherent structures may be detrimental in the combustion appli¢a- Facility and Experimental Methods
tion as they can strengthéor induce thermo-acoustic instabili-
ties which are driven by coherent structul&y]. To alleviate

spanwise coherence, additional measures such as streamwise
tex generators can be used to encourage the formation of fl
three dimensionality28]. In this regard, counterflow has potential

This section will describe the experimental facility and the
rpg[a_\surement techniques u_sed to study tht_a control of tht_a rear\_/vard-
I)%mg step flow. A description of the detailed flow configuration
s well as the important geometrical parameters for the counter-

benefits over other approaches as it tends to be a broadband 8%[(3”'[ rearward-facing step will also be discussed. The compli-

plifier, thus increasing mixing without strong spanwise coheren gted features expected for the rearvx{ard-fa_c_lng step including re-
[4] vérse flow and large local turbulence intensities has led to the use

of particle image velocimetry in the present study. The approach
1.3 Countercurrent Shear Control. Huerre and Monkewitz used for generating counterflow is suction based, which has been
[29] conducted a linear stability analysis of the hyperbolic tangefdund to be more successf{#,9] than counterflow, which is
velocity profile for a shear layer with arbitrary velocity ratio, andiriven by interacting momentum streafri®,32.
found that a transition from convective to absolute instability oc- The conventional and countercurrent step geometries are shown
curred when the reverse velocity had a magnitude larger themFigs. Xa) andXb), respectively. For the conventional step flow,
approximately 13.5% of the forward velocity. In spatially develthere is a streamwise region downstream of the step having natu-
oping flows this stability transition can lead to self-excitatj@h ral counterflow caused by separation and reattachment. The region
This result gives motivation for the study of countercurrent sheaear the dump plane behaves similar to a single-stream shear
layers that does not suffer from the stagnation flow observed tayer, since the recirculation zone is relatively stagnant in this
Humphrey and L{10]. region[21]. Farther downstream, towards the middle region of the
An experiment using a round jet with annular counterflow wacirculation bubble, the reverse velocities approach a maximum,
conducted by Strykowski and Wilcoxd#d]. The counterflow was and the velocity profile gradually approaches the no-slip condition
induced using a suction based system. Significant enhancemenatofthe lower wall. The velocity profile is wall bounded in this
mixing was observed for the jet with counterflow, which was supegion, and flow behavior is expected to differ from a free shear
ported by the increased turbulence levels and reduced potenfigler. The attachment streamline shows the global extent of the
core lengths. Strong levels of counterflow essentially set uprecirculation bubble, but it is worth repeating that the upstream
global oscillation, which is expected to occur when a significamegion of this flow is expected to be similar to a free shear layer
spatial region of the flow becomes absolutely unstf®®. Coun- [21].
terflow was found to be a robust control technique, as its effect onThe suction driven countercurrent step design used a vacuum
the flow was found to be independent of the state of the boundagurce to lower the pressure in the suction cavity, causing flow to
layer at the exit of the nozzle. pass from the test section into the cavity. One can expect that the
The effect of counterflow on the organization of the jet shearse of suction will cause a movement of the attachment point in
layer structures has been addressed by Strykowski and Nicctim upstream direction. Note that the attachment streamline for the
[7,30]. It has been found from flow visualization that the turbulentountercurrent step geometry originates in the primary stream
structures are much more disorganized in the presence of countehnile it is anchored to the trailing edge for the conventional step.
flow. The presence of streamwise vorticity was also observethe suction flow creates a “local” region near the dump plane that
which plays an important role in the breakdown of organizeid expected to behave like a countercurrent shear layer. Reverse
structures into three-dimensional turbulence. velocities are large in this region due to the proximity and narrow
The long term goal of the present research program is to invdwight (relative to the step heighof the suction gap. The wall
tigate the benefits of using countercurrent shear for the controllmdunded region is again representative of a recirculation bubble,
combustion. A rearward-facing step has been chosen as a promithough the strength of the reverse flow is expected to be larger
ing combustor design, which has been modified to include couwith suction.
terflow driven by a suction system. The rearward-facing step ge-With reference to the combustion application, the suction flow
ometry has been the subject of previous studies on combusti@presents an energy loss. The present work employs a relatively
performance and stabilifyl,31]. This will be helpful in evaluating large suction flow up to approximately 10% of the primary flow.
the performance of counterflow compared to other control stratereliminary burning experimenf8] show that lower suction mass
gies. flow rates(~6%) have a significant impact on the burning rates,
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, y o, H=20mm The primary flow was driven by a Fugi model VFC804A-7W
- o L =20 mm 10 hp ring compressor. A fraction of the total mass flow through
F x T=1 mm the pump was diverted to a throttled bleed-off line allowing for

G=3,5,7 mm control of the primary flow rate. The flow rate was metered
Spanwise depth Zg=8H

through the measurement of the pressure drop across a fine mesh
screen located upstream of the combustor.

To accommodate the PIV measurements, tracer particles were
added to the flow. Compressed air was passed through a Laskin
nozzle filled with olive oil, producing droplets predominantly in
the submicron rangg33]. The air seeded with olive oil droplets
exited the Laskin nozzle and was mixed with the primary flow.

Fig. 2 Countercurrent rearward-facing step geometry _The droplet laden air was piped to the facility, consisting of a
parameters diffuser, flow conditioning section, nozzle, and rearward-facing
step test section. The diffuser converts the cross section from a
circular shape to the rectangular shape with dimensions of 160
on the order of a 100% increase with potential for further imx 120 mm. The flow conditioning consists of a perforated plate,
provement upon optimization of the combustor geometry. Afollowed by a short section of honeycomb, and two fine mesh
though for the current approach the suction flow is a penalty to teereens. The nozzle is constructed from sectors of a large radius
system, one could conceive of designs where the combustigipe, and has an area ratio of 6:1. Pitot probe surveys showed that
gases are recombined with the remaining combustor flow at sof& setup produced a uniform top-hat velocity distribution across
downstream location. the area of the nozzle exisee Forliti{34] for additional details

The test section in the vicinity of the expansion plane is showrhe exit of the test section is connected to a large diameter pipe
in Fig. 2. There are a number of important length scales for thghich exhausts to the outside environment.
countercurrent step geometiy.is the height of the channel up-  The counterflow was induced using a suction based system
stream of the expansion plane, and was fixed at 20 hiis.the  jmplementing an air ejector. The ejector system was connected to
height of the step, which was also fixed for this study at 20 migae facility using seven hoses fastened to the suction cavity
The suction gajgs plays an important role, as the reverse Ve|OC'tthough evenly spaced spanwise ports. The suction hoses were
in the vicinity of the dump plane will scale with this dimension foryanifolded together, and the flow passed through a Venturi meter
a fixed suction mass flow. In a practical sense, it is desirable {9 measure the suction mass flow rate. The suction flow eventually
minimize the suction mass flow rate because it requires MoRiered the ejector where it was mixed with the compressed air

work input. . . . . . being used as the ejector primary flow. The combined flow was
The spanwise dimensiodg of the rearward-facing step is aNihan ducted to the atmosphere.

important parameter, as shown by the work of Berbee and EllzeyThe laser and camera were controlled by a TSI Model 610032

[19]. In the present study,s/H was equal to 8, a value represen's&ggnchronizer, with input from a personal computer through TSI

Eﬁgvl?te?;&trheerTrk?:r;Atlré:arggi\i\(/:ilsng lztneﬁf%?&g?ggfg&ﬁiﬁt#gﬁihe ight software version 2.0. The laser is a Continuum Surelite
' 9 =10, which is capable of laser pulses of 200 mJ with a pulse

step to the outlet was 20 Studies on reward-facing step flows . : .
[12p15 21 show that attachment lengths should be gxpec?ted to gratlon of approximately 9 ns. The laser power and time separa-
app‘rox‘imately 6—8H for high Reynolds number operating con ion between the two laser pulses was software controlled. A TSI

tions, which is shorter than the streamwise length of the test s (_)dell ?30046dch|§1|r\g/]e (;](.)Uhpl.ed (;jevut:e camera aIIovx;s for (:lr(ifss-
tion, guaranteeing shear layer attachment within the test sectfgy{re'ation mode » Which IS advantageous over autocorreiation

itself. In order to conduct particle image velocimetBiV), opti- mo_de in_that there is no direc_tional ambiguity_ _and the sigr_lal-to-
b J (BIV), op gjse ratios are larger. An earlier study by Forliti, Strykowski, and

cal access is required. The lower plate of the test section is inf) bai hat for thi h ) f
with a large silica window as were the sidewalls allowing for botl?€Patin[35] suggests that for this system, the Gaussian curve-fit
algorithm is the most accurate approach for determining the dis-

side and spanwise plane PIV measurements to be made. . )
placement measurements to good subpixel accuracy. The interro-
gation region in the digital image domain was>332 pixels, and

LS—r—r——71Tr——T T t_he image was spatially sampled with 50% overlapping interroga-
1 tion regions.
Yy T B The PIV diagnostic was used for the present work to study the
N ™ Standard deviation I 1 g P y

flow in a two-dimensional plane in both the side and spanwise
planes. The laser was positioned below the rearward-facing step
. assembly, with the laser beam aligned parallel to the test section
. streamwise axis. Light sheet forming optics mount onto an optical
1 support downstream of the laser output aperture. The light sheet
optics consisted of a cylindrical and spherical lens of focal lengths
] -50 and 1000 mm, respectively.

. For the side view PIV experiments, the light sheet was posi-
. tioned along the midspan plane of the test section. Because of the
highly inhomogeneous nature of the step flow, a large spatial do-
main must be studied with PIV in order to examine how the suc-
tion based counterflow impacts the global flowfield. The study of

. the global flowfield was done using three different streamwise
. camera locations that were patched together. The camera was

Statistic (pixels)

05 0 mounted on a rail, allowing for movement of the camera along an
N (Samples) axis parallel to the facility streamwise axis.
Spanwise PIV measurements were also taken to explore the
Fig. 3 The effect of sample size on the convergence of first effects of counterflow on the turbulence in the spanwise plane. For
and second order velocity statistics these measurements, the test section assembly was rotated 90 deg
440 / Vol. 127, MAY 2005 Transactions of the ASME
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core was less than 1% of the potential core mean velocity. Al-
though the global features of the rearward-facing step flow are
strongly affected by the initial conditions, the counterflow control
in free jets has been shown to produce results that are nominally
independent of initial conditionist].

3.1 Effects of Suction.The basic effects of suction driven
counterflow on the flowfield were studied using a fixed test sec-
tion geometry with a suction ga@/H equal to 0.25. The Rey-
nolds number Rgwas 13 600. The base line study at zero suction
mass flow was achieved by removing the suction hoses from the
facility and sealing the taps.

Figure 5 shows instantaneous velocity-vector fields for the zero
and maximum suction mass flo{&0.7% cases. Figures(&) and
5(b) show instantaneous flowfields over the entire measurement
domain for these two cases. The data are actually divided into
three overlapping streamwise segments that were taken at differ-
ent times, but are presented together to give a qualitative view of
the effect of suction. The case without suction shown in Fig) 5
illustrates that the high velocity stream persists for a large stream-
vector fields for  (a), (c) the base line case and (b), (d) the 10.7%  WIS€ _dlstan(_:e. The flow is seen to _be d'f.fus'.ng although a Iower
suction mass flow case velocity region near the lower wall is maintained over the entire

measurement domain. The case with high suction in Fig) 5
shows enhanced mixing between the high-speed stream and the
irculation region. The primary flow interacts with the lower

about the streamwise axis, such that the light sheet was coincid@?ﬁ

with the spanwise plane containing the splitter plate trailing edg®@/l much earlier and the flow in the downstream region is be-

Mean and turbulent flow statistics were computed from o/pOMing increasingly homogeneous in the cross-stream direction.

sembles of PIV realizations. Figure 3 presents the convergen é:iguresf 5(:_) an_d 3d) shc_)vy high-resolution measurements of
trend for displacements measured with PIV for a point in th e velocity field in the vicinity of the sudden expansion for the

highly turbulent region of the recirculation bubble. Both the mea%o and high-suction mass flow levels. The zero suction case
rf

Fig. 5 Global and high-resolution instantaneous velocity-

and standard deviation of the streamwise displacement converg@Ws the presence of nominally stagnant flow in the recirculation
for a sample set size of approximately 500 measurements. Erfpgion- Although some turbulent structure is present, the velocity
bars presented in Fig. 3 represent the precision error of the m@4ference available for turbulent energy production is limited in
surement. Instantaneous velocity measurements have bias er |%reg|on. In contrast, the case with high suction shown in Fig.
on the order of 2% of the inlet velocity. The bias error estimat d) shows a relatively strong reverse flow and increased presence

include peak locking and window bias errors as described in F&}L VOrtex structures. The presence of a larger domain containing
liti et al. [35]. A minimum of 500 velocity fields were used to Velocity gradients will enhance flame wrinkling processes during

compute the statistics, resulting in precision errors in the meé‘ﬁ?;ting flbc?w operation. na PIV allow for th oration of
and fluctuating velocities of nominally 2% of the inlet velocity, n?fem efmeas_uremen;s using g OWb olrt e ﬁXp oration o
(see Forliti[34] for a complete uncertainty analysis the effect of suction on the mean and turbulent characteristics.

Figures 6a)—6(c) show the streamlines for the mean velocity
. . fields for three different suction mass flow levels. These stream-
3 Results and Discussion lines were calculated using the streamline function of the Te®plot
The specific objectives of the experiments were to obtain pesoftware package, thus are not stream function contours. The
formance measures of the controlled rearward-facing step flosteamlines are calculated through trajectories which are parallel
determine the important control parameters, and explore sensitiv-
ity of the flow control to minor changes in geometry. The study
was divided into a series of data sets, each one having unique L N LN B B B S B
motivations. The first series of tests were conducted to establish
the effects of applying suction on the rearward-facing step flow-
field for a fixed geometry. A subsequent study was undertaken to
explore the effects of suction gap heightH. Spanwise measure-
ments were also taken to establish the effect of suction on the
turbulence intensities in the spanwise plane.
The initial conditions at the expansion plane play an important
role in the flow development downstream of the step. In general, 06
the initial conditions are characterized by cross-stream profiles of

the meanU and rms fluctuating/u’?=u;,. velocities. For the
present work, the internal surfaces of the plenum and test section” 04

are rough and the boundary layers are expected to be turbulent.

The cross-stream profiles of the mean velodityand velocity
fluctuationu,,,s slightly upstream of the splitterglate trailing edge

are shown in Fig. 4. The characteristic velocity is the maxi-
mum value in the mean velocity profile. The mean velocity has a
top-hat shape with thin boundary layers. The rms of the velocity
fluctuation near the channel walls suggests the boundary layers
are turbulent or experiencing transition. The velocity in the center
core of the flow is approximately 12.5 m/s, which was held corrig. 4 Test section initial conditions upstream of expansion
stant for all experiments. The fluctuation level within the potentigliane
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Fig. 6 Streamlines for the mean velocity fields for the countercurrent step flow at various
suction mass flow levels
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Fig. 7 Mean streamwise velocity profiles for a variety of suction mass flows at

x/H=1.0, (c) x/H=2.0, and (d) x/H=8.0
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shear layer tion tends to increase the strength of the naturally occurring recir-
control «— enhanced recirculation culation bubble. The relative roles of the countercurrent shear
)

I LR RS RS IS RS RN AN R layer and the enhanced recirculation were explored through suc-
F h,/m, tion gap changes and will be addressed later.
osk | O 0% The final cross-stream profiles shown in Figd)7indicate the
C <A> 1% influence of suction on the flow downstream of the attachment
C o 6.5% location. The case with zero suction shows a strong nonuniformity
04f- X 93% in the velocity profile suggesting momentum mixing is incom-
— — + 10.7% plete. The velocity becomes increasingly uniform as suction is
TACN LI increased, an indication of enhanced mixing in the upstream re-
0 |

gion. For engineering applications, uniformity in velocity and
temperature distributions across the exit of the combustor directly
impact performance and efficiency.

From the standpoint of stability theory of shear layers, separa-
tion bubbles, or any nominally parallel flow, the velocity ratio

UZIUl is an important parameter. For eaciH location, the ve-

locity ratio can be calculated wheté andU, are the local maxi-

4 mum and minimum streamwise velocity values along ytiél
x/H axis. For the present flows, the velocity ratio is a strong function
of the streamwise coordinated H; the streamwise velocity ratio
distributions for various suction levels are shown on Fig. 8. An
error propagation calculation suggests the velocity ratios are ac-
curate to £0.0334]. The base line case has a velocity ratio of zero
near the trailing edge, then increases with downstream distance,
to the local velocity vectors. Because the data have nonzero erfeaches a peak magnitude of 0.22x&H ~ 3.6, then decreases
recirculation regions do not have closing streamlines, but slightlyith downstream distance, until attachment.

spiral inwards or outwards. Nonetheless, the streamlines are useAs previously described, the application of suction alters the
ful in understanding the basic features of the mean flowfield. size and strength of the recirculation region. As seen in Fig. 8, the

Figure Ga) shows the streamlines for the base line cés® peak velocity ratio for the recirculation bubbi&/H>0.5) in-
suction. As can be seen, there is a large recirculation bubbigeases with suction and moves upstream. The peak bubble re-
which is present over most of the streamwise domain of studyerse velocity nearly doubles for the highest suction level. Be-
The stagnation streamline begins at the trailing edge and impagéise the bubble location is far downstream compared to the size
the wall at approximatelx/H of 7.2, in general agreement with of the sink sourcdi.e., the suction gap heigi®), it is expected
Adams and Johnstdi12]; the stagnation streamline is the streamthat the recirculation strength is predominantly determined by the
line that separates the primary flow and recirculation regioguction mass flow rate. In other words, it is expected that modest
There is a secondary recirculation region near the trailing edgganges in the suction gap will have a minimal impact on the
which also has been observed by other researchers in rearwaggirculation region structure for a fixed suction mass flow rate.
facing step flowg36]. Downstream of the reattachment point, therhis is not the case for the unconfined suction configurations that
primary flow streamlines are nearly parallel across the entire crag$ not contain a recirculation bubblee., attachment that are
section as the flow begins to approach a turbulent channel flowgoverned predominantly by the velocity rafi®,37.

The most noticeable change in the streamline patterns with in-The initial region of the domain ranging from/H of 0-0.5
Creasing suction level is the reduction in the streamwise eXtentﬁfOWS that the use of suction increases the ve|ocity ratio consid-
the recirculation bubble. This trend is indeed predictable and ha@gbly in this range; this is the region that behaves similar to a free
been shown to occur with other control strategies in rearwarghear layer. This is an important region of the flow, because the
facing step geometrig24-26. Because of the confined nature ofmean velocity gradients are large and the potential for turbulent
the present flow, the suction mass flow will originate in the prienergy production is greater than for regions further downstream.
mary stream. This is different than the free Jet Conflguratlon Stuq-the shear |ayer dynamics near the trai"ng edge p|ay arole in the
ied by Strykowski and Wilcoxop4] where the suction flow origi- overall flow development, it is expected that the control in this
nated from ambient air. This is an important difference, since thegion is sensitive to velocity ratio and not suction mass flow rate.
confined case by definition must have an internal stagnation iggain, this reinforces the concept that the suction flow causes
gion, having features similar to the global saddle-point flow olxhanges in the flow through two mechanisms: enhanced recircu-
served by Humphrey and [1LO]. ) ] lation that is predominantly a function of mass flow raiig/m;,

Cross-stream profiles of the mean streamwise velocity for vaging |ocal shear layer control near the trailing edge dominated by

ous levels of suction are shown in Figga)~7(d) for four differ- ) L, .
ent streamwise locations. The profile%xaHzo.l shown in Fig. velocity ratio (-U,/U,) effects near the trailing edge. These two

7(a) illustrate the effect of suction near the dump plane. The ca§gdions of influence are shown in Fig. 8. Because the shear layer
without suction shows a nominally stagnant fluid below the higr2d recirculation zones are expected to have different dependen-
speed primary stream. The application of suction shows an {fi€S: choices in suction gap and suction mass flow rate,/m
crease in reverse flow over a narrow thickness that represents ffN@W for separate control of these two mechanisms. _
accelerating towards the suction gap. The suction causes an in! "€ analysis of the mean flow was insightful in understanding
crease in the velocity difference available for production of turb 20w suction impacts the flowfield. In order to evaluate the perfor-
lence. The location of the suction gap high on the expansion plaf@nce of countercurrent shear flow control in a rearward-facing
near the trailing edge is important in creating a local countercyFteP flow in the context of a combustion device, turbulence quan-
rent shear layer. tities must be used because th_ey directly impact combustor per-
The velocity profiles shown in Figs.(5 and 7c) show that formance[6]. Cross-stream profiles of streamwise turbulent fluc-
suction increases the reverse velocity magnitude in the upstrearations u;, /Uy are presented in Fig. 9 for a variety of
portion of the recirculation bubble. At these locations the peakreamwise locations. It is observed that the peak turbulence level
reverse velocity is located near the wall. The effect of control @icreases at the three upstream locations. The farthest downstream
this location is more representative of enhanced recirculation; syefiles show similar levels in the recirculation region; the de-

ool Lo b o Lo a o b e

2 3

Fig. 8 Streamwise velocity ratio distributions for the counter-
current step flow at various suction mass flow levels
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Fig. 9 Rms streamwise velocity fluctuation profiles for a variety of suction mass flows at (a) x/H

=1.0, (b) x/H=2.0, (c) x/H=3.0, and (d) x/H=5.0

layed production of turbulence for the base line case has neasken in the velocity ratio distributions of Fig. 8. It is interesting to
caught up to the maximum suction case that has already reachete that the peak turbulent energy is generally one or two step
peak levels and has begun to decay. Not only are the peak turBdightsH downstream of the peak velocity ratio in the recircula-

lence levels increased with suction but higher turbulence level§, zone at all suction mass flow levels. This is evidence that the
are distributed over a larger cross-stream distance, a feature %ﬁrculation zone plays an important role in generating

will be beneficial for combustion since higher turbulence levels

distributed over a larger volume will have enhanced flame Wr"]iL_eruIence.
kling potential[6]. The turbulent energy near the downstream end of the measure-

Because of the importance of the spatial distribution of enéfent domain is approximately the same for all suction levels. This
getic turbulence which exists across the test section, in the contéigigests that the cases with suction undergo higher levels of dis-
of combustion control, the cross-stream averaged turbulent kinegipation of turbulent kinetic energy into thermal energy, which is
energy has been calculated, normalized by the cross-stream aegpected since the fluctuation levels are very high in the upstream

aged mean kinetic energy into the test section region. For all cases, the downstream flow is approaching the
1 turbulent channel flow, with the suction cases being further devel-
E U?2+v'?d oped as seen from the uniform mean velocity profiles in the down-

1 — 1 ymH=-1 stream regiorisee Fig. 7d)].

—_— U’2+v’2dAE :y— (l) g 'i g -( )]

In order to explore the mechanism behind the flow control
achieved with suction, length scale measurements were made as a
whereA is the cross sectional area amg, is equal to the number fynction of streamwise coordinate. The integral length scale is a
of measurement nodes in the vertical direction across the entif@asure of the large scales present in the flow. Often the integral
cross section. This mean turbulent energy is a function/éf, ongih scale is calculated through an integration of the spatial

and is presented in Fig. 10. As the suction mass flow is increased, o100 function along the streamwise coordinate. For the
the maximum cross-stream averaged turbulent energy increaSes

monotonically. The suction generates high levels of turbulent eRreSENt Work, the interest is focused on the cross-stream dimen-
ergy in a shorter streamwise distance from the dump plane. THEN of the turbulent structures, therefore a vertical integration was
peak turbulent energy for the high suction case is approximatéiged to quantify the integral length scale. For eatH location,
70% higher than the peak for the base line case. The peak alde integral scale was calculated using the numerical approxima-
moves upstream with increasing suction, a trend that was alkson to the integration

AU% A U% Ny
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Fig. 10 Cross-stream averaged turbulent energy distributions for the countercurrent step flow
at various suction mass flow levels

y=+H ture[5]. Although the strain rate effects are often attributed to the
€o(%o) :J R11(X0,Yo + Y; Xa, Yo)dy (2) smallest turbulent scales, recent evidence suggests that the scales
y=-H most relevant for quenching have a length scale on the order of

the flame thicknes$39]. The present studyunder nonreacting
conditions was able to resolve scales of this size with PIV, and it
as found that the strain rates were nominally constant with or
ithout counterflow control34]. Hence the turbulence levels and

The intearal lenath scale distributions for the base line and tIength scales increase in a manner such that the strain rates of the
9 9 ir%portant scales are nominally constant. This should allow for

g}%ﬂ?%ﬁesﬁﬁég&cﬁse; a‘:;']ee Sirrlltoewraln}eilgt.hl:sléaﬁg?:;ﬁ: ﬁgﬁgggﬁ{&reasing the turbulent flame wrinkling without the detrimental
y 9 9 dfect of high strain rates.

+0.04 H[34]. As can be seen, the rate of growth of large struc-
tures in the upstream region is much larger for the high suction3.2 Effects of Suction Gap HeightThe geometry of the suc-
case. Farther downstream, the growth of the structures is impedieth gap will play a role in the dynamics of the controlled
by the walls, as the growing shear layer begins to interact anehrward-facing step flow. As described earlier, the use of suction
attach to the lower wall. The lines shown on the figure are a linends to have two effects: enhanced shear layer growth near the
fit to the data located in the upstream near field region, which haxailing edge caused by local intense counterflow, and global en-
a nearly linear growth trend. The near field growth rate of strugtancement of the naturally occurring recirculation region. It is
tures is approximately 70% greater for the high suction case, a@xpected that for small changes in the suction gap, the recircula-
persists approximately halfway to the reattachment point. Thus the
downstream half of the recirculation bubble is a region where
confinement effects begin to impact the growth of turbulent struc- 0.8
tures. Even in the wall affected region, where the rate of growth of
the structures is nominally the same for the two cases, the high
counterflow case maintains larger structure over the entire mea-
surement domain. 0.6
The ability to generate larger length scales in conjunction with
higher turbulence levels is relevant to combustion. Larger scales
will enhance flame wrinkling processes resulting in increased
volumetric heat release rates. The seminal work of Abdel-Gayed,] /H 04
Bradley, and Lawef5] indicates the interaction between turbulent °
burning velocities, turbulence levél’/S , whereS is the lami-
nar flame speedand turbulent Reynolds number. In the absence
of quenching, it is clear that an increase in the integral scale and 0.2

with the vertical reference poiyt/H coincident with the point of
maximum turbulence level for eastiH location; R 4(X,Y,Xg,Yo)

is the spatial correlation function using the streamwise veIoci\M
fluctuations.

LN R e R L N B B B NN B BN M A N 72 L B B

C 0%

turbulence level will result in an increase in turbulent burning ©10.7%

velocities. Near the quenching boundary, increases in turbulence

level may lead to local or global quenching that can actually re-

duce the burning rates or lead to blowout. Increasing the length Y S S S ]
scale is beneficial in both minimizing quenching and increasing x/H

turbulent burning velocitief6,38].

The quenching observed for highly turbulent burning condiig. 11 Cross-stream integral length scales for the 0% and
tions is attributed to strain rate effects on the internal flame strus.7% suction mass flow cases
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Fig. 12 Streamwise velocity ratio distributions for gap heights
G/ H of 0.15, 0.25, and 0.35 for 9.3% suction mass flow

creasing suction gap. It is expected that the shear layer growth rate
near the trailing edge will be larger for the smaller gaps, because

fe velocity ratio(-U,/U,) is higher. The increased near field
rowth rate will result in a thickened shear layer in the down-
tream region, even though the growth rate in the downstream

governed as hypothesized, then the selection of the gap Héighfegion may be nomjnally the same for all gaps. The slightly thic!<-
and the suction mass flow should allow for some control of tHe'€d shear layer will have a tendency to attach to the wall earlier,
relative roles of the near field separated countercurrent shear la aCh IS “kely to be responsible for the .S“ght. upstream movement
and the global recirculation region. the recirculation zone. The velocity dlﬁereqce across the
A series of tests was conducted to study the effect of the vel&g_?ﬁle can betseen to be 'nd%pfn%e?t Otf tkhe ?_UCIIOI’I gap r&'ﬁht
ity ratio near the trailing edge on the global flowfield. The resuILF € cross-stream avera%e urbulent KIN€Uc energy 1S shown
of two new gap heights will be presente®/H of 0.15 and 0.35, or the three gaps_for a 9.3_/0 suction mass flow in F!g. 13. Ther_e
with the previously presented tests having&H of 0.25. Only appears to be an increase in the turbulent energy with decreasing

D . gap dimension. Thus at this suction mass flow rate, there is a
the upstream camera locatigfl<x/H<3.3 was .USEd for this benefit for using a small gap, which appears to be caused by the
study, as the focus was on the effects of suction over a ran

; . s . . sitivity of the near field separated shear layer to changes in the
|_nclutc)1||r:)gb|the trailing edge and upstream portion of the recwcul%cal velocity ratio. It is seen that the turbulence levels in the
tion bubble.

In order to study the effect of the various gap heights on tdownstream region shown in Fig. 1Be., forx/H=3) are com-
y ; Ous gap heig arable to one another, where the global recirculation is likely to
mean and turbulent field, the velocity ratio and cross-stream

’ . overn the flow development. Although there is an increase in
erage_d trbulent energy is plotted asa function of the streamwish jlence level in the upstream region with the smaller gap, the
coordinatex/H, as was done previously for the base line ga '

Figure 12 shows the streamwise velocity ratio distribution for ain is moderate near in the dov_vnstream region, hence it is sug-

th ; 9 30 " H Th in effect sted that the primary mechanism for turbulent energy produc-
ree gaps for a 9.5% suction mass flow. 1he main eftec n in this region is the enhanced recirculation.

changing the suction gap is a change in the velocity ratio near the

trailing edge, as can be seen in the figure ¥6H<0.2. The 3.3 Spanwise PIV MeasurementsThe importance of span-

recirculation bubble appears to move slightly upstream with dedse coherence, as well as understanding how counterflow affects

tion should be generally controlled by the suction mass flow, sin
it is responding to a sink located sufficiently far upstream. Th
we would predict that the recirculation region will depend ver‘g
weakly on the suction ga@. If these two mechanisms are in fac
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Fig. 14 Spanwise averaged (a) streamwise and (b) spanwise velocity fluctuation levels for 0%,
6.5% and 9.3% suction mass flows
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the development of three-dimensional turbulence, gives motivides, no noticeable stability transitions were observed over the

tion for using PIV in the spanwise plane. For these experimentange of conditions examined. The fact that high levels of coun-

the test section was rotated 90 deg, and positioned such that térdlow are observed in the base line step geometry suggests that

light sheet was parallel and coincident with the trailing edgiae flow may already be experiencing globally unstable behavior.

plane. The image capture region was just downstream of the trdihis is a vital question which will require additional study.

ing edge, and centered on the midspan with a spanwise @ftdje  The ability for the countercurrent shear flow control to work so

of —0.75-0.75. universally in a confined geometry is surprising, since other stud-
Turbulent initial conditions probably play an important role inies[10] have shown that it is difficult to establish confined coun-

the observed lack of coherence in the structures downstreamtexfcurrent shear layers that are not dominated by a global stagna-

the step. The mere presence of the suction gap may also plagoa flow.

role in effecting the spanwise coherence, since there is the allow-

ance for unsteady flow to enter and exit the suction cavity. ARcknowledgments
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Boundary-Layer Transition
Affected by Surface Roughness
and Free-Stream Turbulence

This paper presents experimental results documenting the effects of surface roughness
and free-stream turbulence on boundary-layer transition. The experiments were con-
ducted on a flat surface, upon which a pressure distribution similar to those prevailing on
the suction side of low-pressure turbine blades was imposed. The test matrix consists of
five variations in the roughness conditions, at each of three free-stream turbulence inten-
sities (approximately 0.5%, 2.5%, and 4.5%), and two flow Reynolds numbers of 350,000
and 470,000. The ranges of these parameters considered in the study, which are typical of
low-pressure turbines, resulted in both attached-flow and separation-bubble transition.
The focus of the paper is on separation-bubble transition, but the few attached-flow test
cases that occurred under high roughness and free-stream turbulence conditions are also
presented for completeness of the test matrix. Based on the experimental results, the
effects of surface roughness on the location of transition onset and the rate of transition
are quantified, and the sensitivity of these effects to free-stream turbulence is established.
The Tollmien—Schlichting instability mechanism is shown to be responsible for transition
in each of the test cases presented. The root-mean-square height of the surface roughness
elements, their planform size and spacing, and the skewness (bias towards depression or
protrusion roughness) of the roughness distribution are shown to be relevant to quanti-
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fying the effects of roughness on the transition process. [DOI: 10.1115/1.1906266]

Introduction

Surface imperfections that gradually develop on the blades of
gas-turbine engines can result in substantial reductions in stage
aerodynamic efficiency, and in thermal damage to the blades due
to changes in the surface heat transfer rates. On turbine blades, the
source of surface imperfections is typically hydrocarbon deposits
and/or pitting and spalling damage caused by the impact of small
particles. Bons et al. [1] compiled extensive measurements of
roughness statistics for a wide range of in-service gas-turbine
blades.

One important mechanism by which surface roughness affects
the aerodynamic characteristics and thermal loads of turbine
blades is through alteration of the boundary-layer transition pro-
cess. In gas turbines, the prediction of transition is further com-
plicated by the nonuniform distribution of surface roughness on
the blade surfaces, as documented by Bons et al. [1] and Taylor
[2]. These studies have noted significant variations in surface
roughness in both the streamwise and spanwise directions, with
the largest roughness heights typically occurring near the leading
edges of blades. It is well known that the natural transition pro-
cess, for which the growth of Tollmien—Schlichting (TS) waves is
a precursor, is bypassed in the presence of sufficiently large levels
of surface roughness. In such instances, transition inception typi-
cally occurs shortly downstream of the beginning of the rough
surface, and the rate of transition tends to be notably higher than
that encountered in natural transition (e.g., Kerho and Bragg [3],
Gibbings et al. [4-6]). According to the database compiled by
Bons et al. [1], in the midspan/midchord region of the suction side
of in-service low-pressure turbine blades, the root-mean-square
(rms) roughness height varies between approximately 2 and
9 um. For the range of flow Reynolds numbers and streamwise
pressure gradients typical of these blades, this level of surface
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roughness tends to be insufficient to cause bypass transition. It is,
however, expected that the disturbances created by the roughness
elements would tend to accelerate the natural transition process.
This may occur through earlier transition inception, a higher rate
of transition, or possibly a combination of both.

Many published studies have examined the effects of isolated
surface disturbances on the transition process (e.g., Wiirz et al.
[7], Kachanov [8], and Lang et al. [9]). These studies have docu-
mented increased receptivity of the boundary layer to disturbances
in the presence of surface roughness, and increased amplification
rates of TS waves. These trends were noted to be applicable to
attached- [7,8] as well as separated-flow transition [9]. However,
these studies do not reproduce the conditions of nonuniform
streamwise pressure gradients, elevated free-stream turbulence
and periodic unsteadiness that are typical in turbomachinery blade
passages. Thus, while such studies offer considerable insight into
the flow physics of boundary-layer transition over rough surfaces,
they are not of direct use to designers of turbomachinery. Several
studies (e.g., Kerho and Bragg [3], Cummings and Bragg [10])
have examined the effects of large scale leading-edge roughness
on boundary-layer transition over aircraft airfoils. However, the
intent of such studies was to simulate the effects of leading-edge
icing on aircraft wings, and the tested roughness patterns make
them less applicable to turbomachinery applications.

Based on the measured roughness distributions documented in
the studies of Bons et al. [1] and Taylor [2], Pinson and Wang [11]
examined the effects of streamwise variation in roughness condi-
tions in order to better simulate the roughness patterns typical of
gas-turbine blades. They concluded that the abrupt change in
roughness height between the leading edge and the remainder of
the surface is more influential on attached-flow transition than the
downstream roughness level. The combined influence of surface
roughness and free-stream turbulence has been studied recently by
Wang and Rice [12]. This study demonstrated that the process of
attached-flow boundary-layer transition remains sensitive to sur-
face roughness at elevated levels of free-stream turbulence.

The effects of streamwise pressure gradient, free-stream turbu-
lence, periodic-unsteady free-stream velocity, and the interactions
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Fig. 1 Schematic of the wind tunnel test section

between these parameters as they affect transition on turboma-
chinery blades are reasonably well understood, as is evident by
the large number of studies dedicated to this subject (e.g.,
[13-24]). Such studies have formed the basis for models that pre-
dict transition in attached flows (Abu-Ghannam and Shaw [16],
Johnson [17,25], Narasimha [26], Solomon et al. [27]), and in
separation bubbles (e.g., Yaras [22], Hatman and Wang [28], Hor-
ton [29]). However, to the authors’ knowledge, no models are yet
available in the open literature that account for the effects of sur-
face roughness on boundary-layer transition. The current study
has been undertaken to supplement the limited data available on
attached-flow transition affected by surface roughness, and to es-
tablish the effect of surface roughness on separated-flow transi-
tion. The study covers a range of distributed roughness and free-
stream turbulence levels. These parameters and the streamwise
pressure distribution have been chosen to be typical of those
present on low-pressure turbine blades of in-service gas-turbine
engines.

Experimental Setup

The experiments are performed in a closed-circuit wind tunnel
on a flat test surface upon which streamwise pressure gradients are
imposed using a contoured wall forming the ceiling of the test
section (Fig. 1). In the context of boundary-layer transition stud-
ies, the use of such a testing arrangement is well established (e.g.,
[24,30,31]). The boundary layer developing over the
1220-mm-long test surface is measured using a hot-wire anemom-
eter with a single tungsten sensor of 5 um diameter and 1.3 mm
length. The flow field, from the leading edge to the reattached
turbulent boundary layer, is resolved by 20 cross-stream traverses.
The number of measurement locations across the boundary layer
varies between 25 near the test plate leading edge and about 80
just downstream of the transition zone. The streamwise spacing of
boundary layer traverses is chosen as 25 mm near and inside the
separation bubble, and 50 mm elsewhere. In the test cases where a
separation bubble is present, flow separation occurs approximately
500 mm downstream of the leading edge, and the distance be-
tween the time-averaged separation and reattachment locations
varies between 50 and 125 mm. Thus, the separation bubbles in
the current study are resolved by 2-5 cross-stream traverses. In
addition to the cross-stream traverses, the boundary layer is tra-
versed in the streamwise direction in 2.0 mm increments, at a
distance of 1.25 mm from the test surface, providing streamwise
intermittency distributions and growth rates of instabilities with
high resolution.

Control of the level of free-stream turbulence in the test section
is achieved by placing a perforated plate in the flow path at the
inlet to the test section. Each of the plates, made of
3.175-mm-thick aluminum, is designed to cover the entire cross
section of the flow path, and the openings in the plate consist of
nonstaggered, square holes. Based on single-sensor hot-wire
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Table 1 Turbulence-generating grid specifications

No plate | Perforated Plate No.

installed 1 2
Square hole size (mm) - 12.7 254
Hole spacing (mm) - 15.9 31.8
Open-area ratio - 0.64 0.64
Range of Tu. (%) 0409 | 2226 | 34-48
Range of TF (%) 0.6-2.0 5.3-65 | 8.4-11.9

traverses 10 mm upstream of the test plate leading edge, extend-
ing from the level of the test plate to the ceiling of the test section,
these turbulence-generator locations have been found to be ad-
equate to produce uniform mean-flow and turbulence distributions
at the leading edge of the test surface. The specifics of the perfo-
rated plates are summarized in Table 1, along with the ranges of
turbulence intensity and Taylor’s [32] turbulence factor measured
10 mm upstream of the leading edge. This turbulence factor (TF
=Tu(L/\,)*?) is the parameter preferred by the authors for de-
veloping transition models, since it contains information about the
integral length scale (\,) as well as the intensity of free-stream
turbulence.

The analog output of the hot-wire anemometer is sampled at
8 kHz over 20 measurement cycles, with each containing 8192
samples. The signal is low-pass filtered with a cutoff frequency of
3.8 kHz prior to digitization.

Test Surfaces. The smoothest surface (k,,=0.7 um) of the
present study is a 25-mm-thick CHART-MIC-6 aluminum plate
used in earlier phases of this research project [e.g., [22,23]], with
an elliptic leading edge of 15.9 and 3.2 mm axis dimensions. The
remaining test plates were constructed by bonding materials of
desired roughness patterns onto a 25.4-mm-thick medium density
fiber board. These roughness layers (see Fig. 2) consist of coun-
tertop laminate (k=31 wm), tar paper (k=53 wum), fine as-
phalt shingle (k=107 um), and coarse asphalt shingle (kg
=185 um) surfaces. The leading edge of these rough-surface test
plates consists of a 50.8-mm-long aluminum section with a
smooth surface, mounted onto the test plates such that its top
surface is aligned with the peaks of the roughness elements. The
tip geometry of this leading-edge attachment is elliptic with the
same major and minor axis dimensions as for the smooth test
plate.

The roughness geometries were measured through laser trian-
gulation scans. The statistical roughness parameters deemed to
have the strongest influence on the flow are summarized in Table

mi&\ :

b
YR

Y,

0

Fig. 2 Topography of the rough surfaces—(a) k;ns=31 um; (b)
kims=53 um; (¢) Kms=107 pum; (d) Kns=185 um
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Table 2 Surface roughness parameters

Surface Laminate{ Tar Fine | Coarse
Paper |Shingle| Shingle
Scan Area(mm?®) | 10x10 | 8x8 [ 8x8 | 12x12
Ax (um) 40 20 25 40
Foms (um £7%) 31 53 | 107 185
W (mm £0.1) 2,72 0.49 0.54 1.61
Ssk 0.42 042 | -0.05 -0.60

2. The height of the roughness elements is quantified by the root-
mean-square (rms) of the roughness height distribution, computed

as
[1 N
_ _E _ 2
krms_ Ni=1 (yi ,lL) (1)

where u=2y;/N is the mean surface elevation and N is the num-
ber of samples included in the surface scan.
The average spacing of roughness elements is quantified by

2NAx
wW=""

n

2

where Ax is the scanning resolution, and » is the number of times
the roughness distribution crosses the mean surface elevation.

The effects of protrusions and depressions on the boundary
layer development are expected to be different. The tendency of
the roughness pattern toward protrusions or depressions is identi-
fied by the skewness of the roughness height distribution

N
1
Sx="73— =)’ 3

" kgmsNg 0= ) 3)
For positive values of S, the peaks of the roughness elements lie
on average further from the mean elevation compared to the
depths of the indentations, and negative values indicate the
inverse.

The chosen range of roughness conditions is consistent with the
roughness patterns typically observed on low-pressure turbine
blades of in-service gas-turbine engines. This is based on com-
parison with the values of k., documented by Bons et al. [1]
ranging between 2.4 and 8.8 um for the midspan/midchord region
of such turbine blades. Assuming that typical chord lengths for
low-pressure turbines ranging between 3 and 15 cm are equivalent
to the length of the test surface in the current study, the range of
kens/ ¢ between 25X 1076 and 250 X 107 based on the measure-
ments of Bons et al. [1] compares favorably to the present values
of kyys/ L ranging from 25X 107 to 150X 107°. The correspond-
ing range of skewness measured by Bons et al. is —0.11 <Sy <
+0.72, and the range of spacing is estimated from their data to be
40 <W/k;ns<150. These also compare reasonably well with the
ranges of the present study of —-0.6<Sy3<+0.42, and 9
< W/ ks <90.

Test Matrix. Each roughness configuration was tested for three
levels of free-stream turbulence intensity, which were about 0.5%,
2.5%, and 4.5% (Table 1). All measurements were performed for
flow Reynolds numbers of 350,000 and 470,000, based on the
plate length of L=1.22 m and reference velocity values of about
4.5 and 6.0 m/s (measured at x=25 mm, y=25 mm). During the
experiments, the flow Reynolds number was kept constant to
within +5%.

The pressure distribution imposed upon the test surface is simi-
lar to the suction-surface pressure distributions of typical turbine
blades. Variations in the flow Reynolds number and surface
roughness are expected to cause changes in the growth rate of the
boundary layer on the test surface. For the same geometric setting,
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Fig. 3 Streamwise distribution of the free-stream acceleration
parameter

this would affect the effective free-stream flow area and its
streamwise variation in the test section, hence yield variations in
the pressure distribution imposed upon the test-surface boundary
layer. The extent of these variations is found to be small, as is
evident from the trends in the acceleration parameter (7

=(v/U?)dU,/dx) up to about x=0.4 m, shown in Fig. 3.

Intermittency Distributions. Streamwise and cross-stream in-
termittency distributions were determined by conditional sampling
of the digitized velocity time traces obtained with the single-wire
probe, using the algorithm described by Volino et al. [33]. In this
algorithm, the first and second temporal derivatives of the fluctu-
ating streamwise velocity («') are computed. If either derivative
exceeds a preset threshold value, the flow is declared to be turbu-
lent at that instant, and the flow state parameter, 3, is set to 1. If
both derivatives are below their respective thresholds, the flow is
declared to be nonturbulent, and S is set to zero. The resulting
distribution of B is then low-pass filtered to reduce the number of
artificial dropouts, and verified visually against the velocity traces.

Wavelet Analysis. To overcome certain limitations of Fourier
analysis, the wavelet transform is used in a growing number of
studies of intermittent flow phenomena (e.g., Schobeiri et al. [34],
Volino [35]). Summarizing briefly, wavelet analysis consists of the
convolution of an input signal with a test function, or wavelet,
which is chosen such that it approximates the input signal over a
short duration. The convolution is repeated for different durations,
or frequencies, of this test function, to produce a matrix of coef-
ficients representing the level of correlation between the input
signal and the wavelet at different frequencies and instances in
time. These coefficients can then be selectively averaged in time
to obtain a frequency spectrum of the signal during a particular
event, or series of events.

In the present study, the input signals of the analysis are time
traces of the hot-wire signal, and the test function is the Marr, or
“Mexican hat,” wavelet. The wavelet transform is computed at 60
discrete frequencies, ranging from 4 Hz to 4 kHz, equally spaced
on a logarithmic scale. The wavelet coefficients are averaged
based on the temporal distribution of the flow state parameter, 3,
allowing the frequency content of the turbulent and nonturbulent
phases of an intermittent signal to be examined separately. Hence,
frequencies that may dominate during events of short duration,
such as the passage of turbulent spots, are not concealed or attenu-
ated by the time averaging inherent in the Fourier transform.

Results and Discussion

Streamwise Variation of Integral Boundary-Layer
Parameters. Streamwise distributions of boundary-layer displace-
ment thickness (&) and shape factor (H) are presented in Figs. 4
and 5, respectively. In measurements over rough surfaces, an ef-
fective location for y=0 needs to be established for use in the
computation of & and H. For the present study, y=0 is taken as
the mean surface elevation, u, averaged over the test surface area.
This choice is based on the qualitative argument that flow regions
below this effective y=0 location are likely to be of very low
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Fig. 4 Distributions of boundary-layer displacement thickness.

Re,; =470,000

momentum, hence are unlikely to participate significantly in the
dynamics of the boundary layer. The uncertainty in the position of
the hot-wire sensor at the beginning of each boundary-layer
traverse with respect to the peaks of the roughness elements is
+0.15 mm. The resulting uncertainty in the displacement thick-
ness is thus conservatively estimated to be £0.15 mm. Uncertainty
in probe positioning has a lesser effect on the calculation of mo-
mentum thickness (+0.05 mm) than on &". With the present values
of 8" and 6 in the laminar boundary layer of approximately 0.5
and 0.25 mm, respectively, the resulting uncertainty in the shape
factor is +0.2. As the boundary layer thickness increases with
streamwise distance, the relative uncertainties in 8° and @ are
diminished. The shape factors at the location of separation, and in
the turbulent boundary layer, are considered accurate within +0.1
and +0.05, respectively.

In the laminar boundary layer, from x=0 to approximately x
=0.5 m, the distributions of §" and H are seen to be substantially
unaffected by the flow Reynolds number and surface roughness,
within the noted uncertainties of & and H. Thus, the observed
variations in the transition onset and completion locations are di-
rect results of changes in the transition process as the flow Rey-
nolds number, surface roughness and free-stream turbulence inten-
sity are varied.

The rapid growth and subsequent decrease in 8" and H seen
between about x=0.5 m and x=0.6 m in many of the test cases is
indicative of the presence of a separation bubble. This trend is
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most prominent in the distributions of H in Fig. 5. The peaks in
these integral parameters near x=0.55 m coincide with the loca-
tions of maximum separation-bubble thickness, with the magni-
tudes of these peaks giving an indication of the relative thickness
of the bubble.

Through examination of the velocity profiles in the region of
the separation bubble, the bubble thickness has been observed to
reduce with increasing surface roughness. This trend is reflected
in the peak values of the integral parameters in Figs. 4 and 5. In
the case of the lowest turbulence level (Tu,;=0.4-0.9%), the
effect of an increase in the rms roughness height from
0.7 to 185 um, or roughly 20% of the boundary layer displace-
ment thickness at separation, on the size of the separation bubble
is seen to be similar to that of an increase in free-stream turbu-
lence intensity from about 0.5-4.8% over the smooth plate. Sur-
face roughness and free-stream turbulence are therefore equally
important to the transition process for ranges of these parameters
typical of low-pressure turbine blades.

The trends for Tu,;=2.2-2.6% in Figs. 4(e) and 5(e) suggest
the presence of a small separation bubble for k=185 um and
kms=107 um, but not for k=53 um. The average spacing of
the roughness elements is very similar for the surfaces with k¢
=107 pm (W=0.54 mm) and k=53 um (W=0.49 mm), while
there is a bias towards protrusions for the latter surface as is
evident from the value of the skewness parameter (Sg = +0.42 for
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Fig. 5 Distributions of boundary-layer shape factor. (a-c): Re; =350,000; (d-f): Re,=470,000

kums=53 um, compared to —0.05 for k=107 wm). Thus, surface  resolved within +4 mm in most cases. In instances of elevated
roughness with a bias towards protrusions and a rms height of free-stream turbulence and surface roughness, distinguishing tur-
53 wm appears to have been more effective in suppressing the  bulent spots from velocity fluctuations caused by the perturbations
separation bubble than a rms roughness height of 107 um with a  of free-stream turbulence eddies and roughness elements becomes
very small bias towards depressions. more difficult, hence the uncertainty in x is judged to be closer to
+6 mm. In the test cases where the flow remains attached, the
uncertainty in x, is dictated by the streamwise spacing of the
measurements (25—50 mm).

At the lowest free-stream turbulence level, transition inception
is noted to occur further upstream on each of the rough surfaces,
compared to the smooth surface. However, within the uncertainty
in x, the transition inception locations are substantially the same

Transition Inception. The location of transition inception, X,
identified as the first streamwise position at which turbulent spots
are clearly identifiable by visual inspection of the velocity signals,
is presented for Re; =350,000 and Re; =470,000 in Tables 3 and
4, respectively. In the test cases with a separation bubble, this
location falls into the range where the boundary layer was tra-
versed with high resolution in the streamwise direction, hence is

Table 3 Streamwise location of transition inception (mm) Table 4 Streamwise location of transition inception (mm)

Re,;=350,000 Re,=470,000
Fpms \ Titrer 0.4-0.9% 2.2-2.6% 3.4-4.8% Kpms \ Tper 0.4-0.9% 2.2-2.6% 3.4-4.8%
0.7 um 567 569 537 0.7 pm 567 558 539
31 ym 559 551 529 31 ym 555 545 450*
53 pm 561 541 523 53 um 555 450" 450*
107 pm 545 539 521* 107 pm 535 525" 509"
185 pm 537 529 499~ 185 pm 521 505* 450*
* test case with attached-flow transition * test case with attached-flow transition
Journal of Fluids Engineering MAY 2005, Vol. 127 / 453
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Fig. 6 Sensitivity of the transition inception location in sepa-
ration bubbles to surface roughness and free-stream
turbulence

for the surfaces with k=31 wm and k=53 um at both Re;
=350,000 (x=559 mm for k=31 wm versus 561 mm for k,p,,
=53 um) and Re;=470,000 (x,,=555 mm for both surfaces). This
similarity in the value of x, despite the difference of approxi-
mately 70% in the rms roughness height suggests that some aspect
of the roughness geometry other than &, is also influencing the
transition process. Evidence of this is also present in the stream-
wise distributions of the boundary layer shape factor H given in
Figs. 5(a) and 5(d). The relative magnitudes of the peaks in H for
the two surfaces in question are inconsistent with the remaining
surfaces if they are characterized based on k,,; alone. The rough-
ness geometries of the two surfaces in question differ most nota-
bly in the average spacing of the roughness elements, which are
much larger for the surface with k=31 wm (W=2.72 mm) than
for the surface with k=53 um (W=0.49 mm). It appears that
the larger spacing of the roughness elements of the k=31 um
surface are more effective at initiating the transition process than
the more densely packed elements of the k,,,=53 um surface.
This is not particularly surprising, since with increased density of
the roughness elements, the wake region and effective frontal area
of each element are reduced. Of course, this trend would eventu-
ally reverse as the density of roughness elements is reduced fur-
ther, since in the limit a smooth surface condition would be
reached.

The tabulated data also demonstrate that the transition inception
location in the separation bubble remains sensitive to surface
roughness as the free-stream turbulence intensity is increased.
This observation is consistent for all turbulence and roughness
levels tested, as illustrated in Fig. 6. From the trends in this figure,
the sensitivity of the transition inception location to roughness
height is noted to be essentially constant up to the intermediate
turbulence level of Tu;=2.2—2.6%, but this sensitivity is notably
increased for Tu,;=3.4—4.8%. This trend is intuitive, since with
increased free-stream turbulence, the transition inception location
moves upstream in the separated shear layer, and therefore closer
to the surface. Thus, with high free-stream turbulence, the sepa-
rated shear layer is expected to respond more readily to changes in
the surface conditions.

In the attached-flow-transition cases, because of their limited
number and the coarser resolution of the location of transition
inception, the variation of x, with surface roughness and free-
stream turbulence cannot be identified with the same precision
and generality as for the separation-bubble cases. Nonetheless,
transition inception is noted to occur further upstream for the
kime=53 pm  surface (x=450 mm), compared to the kuy
=107 um and k=185 um surfaces at Tu=2.2—-2.6%, Re;
=470,000, (x,=525 and 505 mm) and also compared to the K
=107 um surface at Tu=3.4-4.8%, Re;=470,000 (x4
=509 mm). This result is consistent with the observations in some
of the other test cases with separation bubbles involving these
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surfaces, as was discussed in the previous section, and provides
further support for the relevance of the skewness of the roughness
distribution to transition onset.

Spectral Analysis. The noted trends in the location of transition
inception are the result of surface roughness and free-stream tur-
bulence affecting the initial amplitude and/or streamwise rate of
growth of the instability waves in the boundary layer. Wavelet-
averaged power spectra of u’ /U, in the laminar boundary layer
and at various streamwise locations within the transition region,
are shown in Fig. 7 for one low disturbance case (Tu=0.4% and
kems=0.7 um) in which the transition takes place in a separation
bubble, and one case with high disturbance levels (Tu,;=4.5%
and k=185 um) with attached-flow transition. In the transi-
tional boundary layer, the wavelet spectra are averaged during the
times at which turbulent spots are present in the flow. Distinct
peaks are observed in the spectra of both test cases. In the case of
elevated free-stream turbulence and surface roughness, the peak in
the u'/ U, spectrum is clearly visible in the laminar boundary
layer well upstream of the transition inception location [labeled
“1” in Fig. 7(b)]. This peak is much fainter, however, in the case
with low free-stream turbulence and surface roughness; it is only
visible shortly prior to transition inception [inset in Fig. 7(a)], and
is typically not observed in the attached laminar boundary layer.
In both test cases, the velocity fluctuations near these frequencies
increase in amplitude in the transition region (labeled “2” and “3”)
through to transition completion (labeled “4”).

While it may be suggested that the peaks in these spectra for the
separation-bubble case are caused by periodic ejection of fluid
from the bubble, the fact that they have also been observed in
each of the attached-flow transition test cases at similar frequen-
cies suggests that they more likely represent pretransitional
Tollmien—Schlichting (TS) instability waves. The frequencies of

Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.154. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



the peaks in the spectra shown in Fig. 7 are also in good agree-
ment with the frequency of maximum amplification rate of TS
waves as predicted using the correlation of Walker [36] [Eq. (4)],
which is based on attached-flow transition data published by
Obremski et al. [37], and is shown by a dashed vertical line in Fig.
7.

3.202

=— (4)
MA 27y Reig

In cases of attached flow, the Reynolds number based on displace-
ment thickness, Reg, appearing in Eq. (4) is evaluated at the
nearest measurement station upstream of the transition inception
location. Since this expression was developed from an analysis of
attached boundary layers, in cases of separation-bubble transition,
Reg is evaluated just prior to the separation point. The agreement
between the observed peaks in the wavelet spectra and the predic-
tions of Eq. (4) are similar in cases of attached-flow and
separation-bubble transition. In the majority of experiments in-
cluded in the current study (25 out of the 30 test cases), the agree-
ment is also within the level of scatter noted by Walker while
developing this correlation (+30%). This suggests the dominant
mechanism leading to transition in the separation bubbles of the
current study to be the growth of TollmienSchlichting waves, as in
attached-flow transition. Additionally, the good agreement be-
tween the measured and predicted values of fya for kg
=0.7 pm and k, ;=185 um, combined with the similarity of Re s
just upstream of separation in these two cases, indicates that fya
is insensitive to the range of surface roughness considered in this
study.

Transition Length. Streamwise distributions of intermittency
are presented for the separation-bubble and attached-flow test
cases in Figs. 8 and 9, respectively. For the separation-bubble test
cases, a notable effect of surface roughness on the transition
length is not evident in the majority of test cases, within the un-
certainty of intermittency values extracted from the velocity-time
traces. This suggests that the rate of production of turbulent spots,
and their subsequent lateral and streamwise spreading rates, are
not affected by surface roughness. The lack of change in the spot
propagation characteristics with surface roughness in these test
cases is consistent with the portion of the free shear layer in which
transition takes place being located above the peaks of the rough-
ness elements.

Comparison of parts (a), (b), and (c) of Fig. 8 reveals an effect
of turbulence intensity on the rate of transition in the separation
bubble, with increased turbulence levels resulting in a slightly
longer transition length. This somewhat counterintuitive trend is
consistent with the observed variations in spot production rates
with free-stream turbulence in attached boundary layers (e.g., So-
lomon et al. [27]). It was recently shown by the present authors
that the production rate of turbulent spots increases with the
boundary layer shape factor at the transition inception location,
H, [38]. Buffeting of the boundary layer by the free-stream tur-
bulence results in increased momentum exchange near the sur-
face, which is observed as a decrease in the shape factor in the
laminar boundary layer [38]. This in turn decreases the turbulent
spot production rate. Nonetheless, the variation in transition
length with free-stream turbulence observed in the current
separation-bubble test cases is too small to be captured within the
precision of current prediction models.

As was noted earlier, a very small separation bubble appears to
be present in both the k=107 um and k,,,=185 um test cases
shown in Fig. 9(a), although these test cases have been catego-
rized as attached-flow transition in Table 4. It is noted that the
transition rate in these two instances is similar to those of the
separation-bubble test cases at the same turbulence level and Rey-
nolds number, shown in the bottom half of Fig. 8(b). Thus, while
the separation and reattachment locations in these two cases can-
not be reliably identified with the present spatial resolution of the
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measurements, clearly the presence of even a very short and shal-
low separated region (relative to the local thickness of the bound-
ary layer) is able to affect the transition rate. The different transi-
tion rates for the test cases shown in Fig. 9(a) are consistent with
the variations in H, between these three test cases (H=1.9, 4.0,
and 2.5 for the k=53, 107, and 185 um surfaces in Fig. 9(a),
respectively).

For the attached-flow transition cases in Fig. 9, the rates of
transition are observed to be lower for the k=31 um and k.
=53 um surfaces than for the surfaces with k,,,=107 um and
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k=185 um. At the lower turbulence intensity [Tus
=2.2-2.6% in Fig. 9(a)], this is at least partly due to the differ-
ences in H,, since the locations of transition inception are differ-
ent for these surfaces. However, the values of H, are similar at
Tu;=3.4-4.8% for the ki, =31 um, k., =53 wm, and Kk
=185 um surfaces in Fig. 9(b) (H=2.0, 2.0, and 2.1, respec-
tively). Thus, an increase in rms roughness height from
53 to 185 um appears to affect the rate of spot production, the
spot spreading rate, or both. Based on comparisons with the mea-
surements of Chong and Zhong [39], the roughness elements of
the surface with k=185 wm are expected to protrude into the
regions of the boundary layer that are most active in turbulence
production, at least during the earlier phases of the transition pro-
cess. It is therefore plausible that the roughness elements directly
affect the rate of production or the structure of turbulent spots.
This hypothesis is supported by the visible differences in the
cross-stream intermittency distributions between test cases. This is
shown in Fig. 10 for the k,;;=53 wm and k=185 um surfaces,
at two stages in the transition process where the peak intermitten-
cies are similar (7, =0.2, and ¥,,,,=0.8). A more concentrated
cross-stream intermittency profile for the k=185 um surface is
evident, particularly at the earlier stage of transition (.=~ 0.2).

Conclusions

This paper has documented the results of an experimental study
on the effects of uniformly distributed surface roughness on
boundary-layer transition under low and elevated free-stream tur-
bulence conditions, for a range of roughness conditions typical of
the suction side of low-pressure turbine blades in-service gas tur-
bines. The following are the main findings of the study:

6
| Ky =53Um (K, /0,=0.14)
| — Kims = 185 (K ,/0,=0.57)
v 3
NI
................... Yo =08
0 i '
0 0.25 0.5 0.75 1

Fig. 10 Cross-stream distributions of intermittency for ks
=53 um and k,,s=185 um (Tu,,=3.4—4.8% ; Re; =470,000)
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* For the conditions typical of in-service gas-turbine blades,
surface roughness and free-stream turbulence are found to
have comparable effects on the location of transition incep-
tion in separation bubbles.

* The root-mean-square height of the roughness elements,
their spacing, and the skewness (bias towards depression or
protrusion roughness) of the roughness distribution are
shown to be relevant in quantifying the effects of roughness
on the transition process.

* The rate of upstream movement of the transition inception
location in the separation bubble with increasing surface
roughness is found to be sensitive to the level of free-stream
turbulence, for part of the tested turbulence range.

* For most of the range of surface roughness heights consid-
ered, the roughness elements remained below the transition-
ing shear layer of the bubble, resulting in absence of a direct
effect of roughness on the rate of transition. Free-stream
turbulence is observed to yield a slight decrease in the rate
of transition.

e The frequency of maximum amplification rate of Tollmien—
Schlichting waves is shown to closely correlate with Res
just upstream of the point of separation, and the correlation
is found to be the same as that for attached-flow transition,
with Res evaluated locally.
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Nomenclature
A = surface area
f = frequency (Hz)
H = boundary layer shape factor

kims = tms roughness height [Eq. (1)]
L = length of the test plate=1.220 m
N = number of surface measurement samples
n = number of times the roughness distribution
crosses the mean elevation (w)
PSD = power spectral density of u’/ U,

Re; = reference Reynolds number based on L and
Uref

Re; s = Reynolds number based on (x;—x,) and U,
Rey = Reynolds number based on 6 and U,
Sg = skewness of the roughness height distribution

[Eq. 3)]

TF = Taylor’s turbulence factor=Tu.(L/\,)*?
Tu,s = reference turbulence intensity (%), measured
10 mm upstream of the test surface leading
edge
time (s)
local free-stream velocity
Ut = reference streamwise velocity measured at x

=25 mm, y=25 mm, z=382 mm

u' = streamwise component of fluctuating velocity
(m/s)
W = average spacing of roughness protrusions [Eq.
@]
x,y,z = streamwise, normal to the test surface, and

spanwise spatial coordinates
B = flow state parameter
5" = boundary layer displacement thickness
surface scan lateral resolution
vy = boundary layer intermittency
= acceleration parameter=(v/Ue?)dU,/dx
= integral length scale of free-stream turbulence
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= mean elevation of the roughness distribution
boundary layer momentum thickness
kinematic viscosity

)
0
v

Subscripts
MA = maximum amplification rate of TS waves
s = separation
ts = start of transition
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Department of Mechanical Engineering, Axial flow in a rectangular channel containing a cylindrical rod has been simulated
University of Ottawa, numerically by solving the unsteady Reynolds-averaged Navier—Stokes equations with a
Ottawa, Ontario K1N 6N5, Canada Reynolds stress model. The time- and phase-averaged mean velocity and turbulent

stresses are in fair agreement with previous experimental results in a similar configura-
tion. The study further documents the formation of quasi-periodic coherent structures in
the form of vortex pairs and the important role that they play in transporting fluid across

the gap region[DOI: 10.1115/1.1900140

1 Introduction ment with experiments and have relied on empirical adjustments

Axial flows in complex channels with narrow gap regions caF‘Pr the_|r |mpr_ovement, as, for examplf_e, the use of r_10n|sotrop|c
be found in a wide variety of industrial, biological, and environ€ddy viscosities whose values were adjusted to experimental ones.

mental systems. Common examples are rod bundle flows Frly attempts to simulate rod bundle flows include the work of
nuclear reactors, annular flows in heat exchangers, blood flowsMeyder[17], who employed an anisotropic eddy diffusivity, and
arteries containing catheters or stents, and inundated river flowshe work of Seal¢18], who also examined the effect of secondary
channels composed of a deep main channel and shallow flotmivs. Even relatively recent simulations have generally used con-
plains. The turbulence characteristics in such flows are very difentional turbulence models to solve the Reynolds-averaged
ferent from those in pipe flows and cannot be predicted by coRrvier—Stokes equationéRANS), although some preliminary
ventional turbulence models, such as gradient transport modglgge eddy simulationé_ES) have also been attempted. \WLO]

Of particular interest to the present research is the phenomenor&g ducted a numerical simulation of flow in a rod bundle con-

strong momentum, heat anq Mass ansfer across narrow 988%ed in a trapezoidal channel employing an algebraic stress
formed between fuel-containing rods or between such a rod an )
el along with thek—¢ turbulence model. He found that the

the surrounding pressure tube in nuclear reactor cores. It has b ; o ) ) .
long established that flow in the gap region is dominated by quaBfedicted variations of the axial mean velocity and the normalized
periodic, large-scale, flow pulsations across the [gdpThe ori- turbulent kinetic energy were in good agreement with measure-
gin of these pulsations has generated considerable debate amoggts by Wu and Trupf@], but acknowledged the limited capa-
researchers. Early speculations attributing them to secondéilities of conventional gradient-type turbulence models. To over-
flows generated by Reynolds stress anisotropy were contradicteane that limitation, he introduced an anisotropy factor based on
by direct measuremen{2-7]. It is now accepted that the flow the experimental results. Biemller et g20] performed a large
pulsations near the gap regions are associated with coherent steifgy simulation of flow in a channel consisting of two rectangular
tursrsﬁon the documented effects of cross-aan flow pulsations | subchannel_s conpgcted by a narrow passage. Their predicti_ons of
reductiog in the azimuthal variation of botg tﬁe skir? friction CoﬁLﬁbuIence intensities were in qualitative agresment with their ex-
efficient and the heat transfer coefficient on the rod surfé¢d. periment and.they noted the presence of a pair of counter-rotgting
Moreover, flow pulsations generate large axial and azimuthal u)/ls_?rtlces rotating in opposite directions, which were compatible
a model proposed by Meyer and Rehfié]. Lee and Jang

bulence intensities as well as large turbulent shear stress in ther%é h . i }
region[5,7—13. The characteristic frequency of these pulsatio | performed numerical simulations of rod bundle flows using a

was found to depend on the gap size and the Reynolds numpeplineark—e model and were unable to predict large-scale flow
[8,9,13-16. The most detailed relevant experimental studies aflsation across the gap, in contrast with the experimental results
by Guellouz and Tavoulari€GT) [12], hereafter to be referred to of Hooper[5].

as GT, who identified the formation of large-scale coherent struc-The present work is focused on the application of the unsteady
tures in the gap region between a cylindrical rod and the wall ofRANS (URANS) approach to simulate rod-bundle-like flows by
rectangular channel using conditional sampling and phase averggpturing coherent structure effects. For simplicity, we use the
ing. GT concluded that the coherent structures formed a streetsgfne idealized geometry as that in the GT experiments. Some
pairs of counter-rotating vortices with axes alternating on eith‘f)‘}eliminary results in the same geometry have been presented by

side of the gap. .
Most previous numerical simulations of turbulent flows in ro Tavoularis et al[22] and Chang and Tavoularj@3]. A thorough

bundle-like geometries have utilized conventional turbulené&det?tandl'ng _OT these ﬁghﬁrentfsguctl;_res andfthelr roIT n |ntefr-
models and have presented their results as time-averaged statichannel mixing would be of benefit to safety analyses o

tics. Such simulations have generally shown a very limited agre@clear reactors and to the design of future, improved rod bundles.
An essential objective of the present simulations is to accurately
- predict the unsteady evolution of the large-scale structures and to
1 H . . .
Corresponding author. o o provide a thorough understanding of the influence of coherent
Contributed by the Fluids Engineering Division for publication in tberNAL oF truct fl h teristi - d-bundle-lik fi
FLuips ENGINEERING. Manuscript received by the Fluids Engineering Divisions_ ruc Ul’(?'.“S on tiow ¢ arqc eristcs in a I’Q -bundie-like conmngura-
November 11, 2004; revised February 3, 2005. Associate Editor: Ugo Piomelli. tion, which may lead to improved modeling of such processes.
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Fig. 2 Variation of the time-averaged streamwise velocity at
z/D=1, x/ D=10, near the bottom wall (H: case 1; — case 2, ¢:
case 3, A: case 4)

! ot spectively, 2 D, 3 D, andl=20 D. The gap between the rod wall
: and the adjacent plane wall was setat0.1 D and the equidistant

plane was defined by=35.

The computations were carried out using a specified mass flow
rate and a periodic boundary condition in the streamwise direc-
1 mul L LA tion, by which the velocity field on the outlet plane was inserted

e back on the inlet plane. The use of this periodic boundary condi-

tion permitted the attainment of fully developed conditions in a
relatively short flow domain, thus reducing the computational re-
e’.i jﬂ
Na=gN
S~ <
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T
T

)

wn 4 )

quirements. The length of the domain was sufficiently large to
permit complete spatial decorrelation of turbulent statistics avail-
able from the GT experiments. No-slip conditions were applied at
the walls of the rectangular channel and the cylindrical rod, while
compressibility and body forces were neglected. The Reynolds
number, based on the bulk velocity, and the hydraulic diameter
D,=1.59 D, was 108,000, nearly matching the available experi-
mental value. Hexahedral and quadrilateral elements were used
(b) for volume and face grid elements, respectively. To permit appli-
cation of the periodic boundary condition, the meshes at the inlet
Fig. 1 Sketches of (a) the computational geometry and  (b) the  and outlet were matched by linking both faces. To resolve the
computational mesh on the y-z plane, also showing details in steep velocity gradient in the near wall region without using wall
the gap region and near the bottom wall functions, five grid elements were placed in the region with
<10, with the first grid element located gt=1. The transverse
and spanwise grid spacings were maintained below the roughly
. . estimated Taylor microscale, equal to 0.049522], while the
2 Computational Procedures and Conditions streamwise grid spacing was uniform and equal to 2.5 times the
The commercial software packageUENT, version 6.1.22 Taylor microscale. Grid independence studies were conducted us-
based on the finite volume method, has been used for these simmg- 404X 160X 160, 202< 80X 80, and 10X 40X 40 elements
lations. Computations were conducted in the SunFire cluster (see Table 1, cases 1=-3As an example of the effect of grid
HPCVL (High Performance Computing Virtual Laboratory, a conehoice on our computations, Figure 2 shows computed velocity
sortium of four Universities in Eastern Ontari@onfigured with profiles at a representative location. It can be seen that the velocity
24X 1.05 GHz UltraSPARC-III processors and 96 Gb of RAMvariation predicted by the 20280% 80 grid was in good agree-
memory. The SunGrid Engine in the SunFire cluster was usetent with the universal law of the wall within the viscous and
with 10 nodes. logarithmic sublayers and was fairly close to the one predicted by
The computational domain consisted of a rectangular chanrieé 404x 160X 160 grid, while the 10X 40X 40 grid predictions
containing a rod with a diametdd, as shown in Fig. 1. The displayed significant discrepancies. The 200X 80 element
height, width and length of the computational section were, rexid was, therefore, adopted for further computations, as the use

Table 1 Cases studied

Grid element size Number of Total Time
Case grid number of step
x/D y/D z/D elements elements size
1 0.05 0.015 0.02 404X 160X 160 10,217,362 1.9X 10°3T,
2 0.1 0.03 0.04 202x 80% 80 1,278,054 1.9x 10°3T,
3 0.2 0.06 0.08 101X 40X 40 281,588 1.9X 10°3T,
4 0.1 0.03 0.04 202x 80% 80 1,278,054 1.9x 10°2T,
Journal of Fluids Engineering MAY 2005, Vol. 127 |/ 459
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of finer grids required excessive computational times. Time steather than using a wall function. Consequently, the low Reynolds
dependence was tested by repeating the computations with tawmber version of RSM was used, following the suggestion of
time stepsAt, equal to 1.%< 10T, and 1.9< 10°T,, whereT, Launder and Shimg33].
=L/U, is the average flow turn-over time, namely the average It was verified that this model was successful in resolving the
time that it takes for the fluid to pass through the computationtUrbulence anisotropy and the secondary flows near the corners of
domain. As shown in Fig. 2 by a representative example, ti#erectangular duct. However, to avoid possible divergence, the
time-averaged velocity variations were essentially the same fepmputations were initiated using the more stable R{R&nor-
these two time steps. Both time steps also resolved fairly well tivealization Group k—& model[34]. These preliminary computa-
coherent structures over some time, however, the larger time stigms extended over a time equal to B,7/which was sufficient to
led to distorted patterns for longer computatid2g]. Further- allow full development of the flow. The velocity field at the end of
more, it turned out that computations with the smaller time stépe preliminary computations was used as starting condition for
were faster than those with the larger one, because the forntle@ main simulations with the RSM.
required far fewer iterations for the solution at each time step to The output of URANS/RSM solutions includes time dependent
converge. For the larger time stépase 4 the CPU time was Velocity components), V, andW and pressur®, resolved at the
about 4 min per time step and the real computing time &4 per time step and grid element size resolutions, as well as time depen-
time step, while for the smaller on@ase 2 these times were, dent local turbulent stresses, which are solutions of the modeled
respectively, 5.6 s and 12.6 min. This means that flow computgeynolds stress equations. In order to compare the results of the
tion over one turn-over time took 11 days for the larger time stapesent computations with experimental, time-averaged turbu-
but only 4.6 days for the smaller one. Thus, the smaller time stdpnce statistics, one needs to consider both the modeled turbulent
equal to(1/526T,, was adopted for the main computations. stress_es and the fluctuations of the re_sol\_/ed velo_city. The latter
For high accuracy, the second-order upwind scheme with a ligonstitute the coherent structure contributions, while the former
ear reconstruction procedure, similar to that of Barth and Jesp@fé noncoherent contributions. Both contributions have to be time-
son [24], was chosen for deriving the face values of differer@veragedto be indicated by overbarsver a time interval that is
variables for space discretization. Those values were used to cciifficiently long to capture a significant number of coherent struc-
pute the convective fluxes. The Rhie—~Chow sché@® was se- tures. For example, the time-averaged, total turbulent kinetic en-
lected to interpolate pressure at the control volume face and&tgy Per unit mass would H@3]
satisfy the mass conservation without pressure oscillaticimeck- K=k +E (1)
erboarding. The SIMPLEC(Semi-Implicit Pressure Linked Equa- ~ e T Feoh

tions - Consistentalgorithm [26] was used for the treatment of wherek,, is the time-averaged local turbulent kinetic energy pro-
pressure-velocity coupling for stability. Time discretization wagided by the solution of the Reynolds stress equatioescoher-
achieved by a second-order |mpl|(_:|t m_e;h@zdacond-order back- ent parj andk..p,is based on the mean squared instantaneous local
ward Euler schemd 27]. Although implicit methods are not re- “mean” velocity fluctuationgcoherent palt as
stricted by the CFL(Courant—Friedrichs—Lewy numbetimit y P '
CFL=Uma,At/Ax<1, it may be noted that the time step size may Keon= Hu- U2+ (V= V)2+ (W-W)2 )
affect the accuracy of solutions because of truncation error in- o ] ) )
crease. For the smaller time step césase 2, CFL was equal to Time averaging in the present simulations was ovel 3.®&hich
0.456, which is deemed to be sufficiently low. is equal to 2000 time steps, following full development of the flow
Because time-dependent flow patterns cannot be resolved $icture inside the channel. The full development of the flow
conventional RANS (Reynolds-averaged Navier—Stokes equatfucture was checked by examining the spanwise velocity fluc-
tions) procedures, we used the URAN®nsteady Reynolds- tuation patterns on the equidistant plane, on which the effects of
averaged Navier—Stokes equatiprapproach. Unlike RANS, coherent_ structures are most appa@ﬁ]. The_convergence of
which solve for time-averaged velocities, URANS retain the urfbe solution was verified by comparing the time averaged local
steady terms in the mean momentum equations, although utilizikglocity and time averaged kinetic energy across the gap region at
turbulence models for the turbulent stresses. The time step usefiterent time steps. It was found that the differences between the
sufficiently fine to resolve time-dependent large-scale motion&lues of these parameters at 1000 and 1500 time steps were 0.2%
but not nearly as fine as that used in direct numerical simulatioA8d 8-6%, respectively, while the differences between the values
(DNS), which fully resolve even the finest turbulence motionsO! the same parameters at 1500 and 2000 time steps were 0.2%
Moreover, mesh density requirements of URANS are significantfd 0-6%, respectively.
less stringent than those of both DNS, which require the resolu- -
tion of the finest turbulence motiorisomparable in scale to the 3 Coherent Structure Identification
Kolmogorov microscalg and LES, which require the resolution  Although there is no consensus on the definition of coherent
of motions with scales within the inertial subrange. structures(CS), the following definitions would help one under-
The Reynolds stress mod@SM) was used for the majority of stand the general concept. Hussg®a] referred to CS as “con-
the present simulations. Unlike one- and two-equation modelsected turbulent mass with instantaneous phase-correlated vortic-
RSM accounts for the effect of flow history due to terms repréty over its spatial extent.” Robinsdi36] defined CS as “a three-
senting the convection and diffusion of the shear stress tensdimensional region of the flow over which at least one
[28]. RSM also has modeled terms, which are derived from fandamental flow variable exhibits significant correlation with it-
combination of theoretical assumptions and empirical results. Ogelf or with another variable over a range of space and/or time that
of the modeled terms in the RSM is the pressure-strain teris, significantly larger than the smallest local scales of the flow.”
which plays an important role in determining the structure of tudeong and Hussa|837] defined CS as “spatially coherent, tempo-
bulent flows, re-partitioning turbulent energy among the Reynoldally evolving vortical structures.” Vortices are among the most
stress components and accounting for flow anisotropy. The lineammon types of coherent structures in turbulent flows, as they
model for the pressure-strain teffi29,30] was chosen, with the tend to persist in the absence of instabilities. HusE2ih empha-
values of the constants taken equal to those suggested by Laursized that coherent vorticity is the primary identifier of coherent
[30]. To maintain solution stability, the turbulent diffusion termstructures, which have distinct boundaries and independent terri-
was modeled using a scalar diffusivity rather than a diffusivitjories.
tensor[31]. Due to the highly three-dimensional and unsteady It has been known from experiments employing conditional
nature of the flow in the gap region, the two-layer model of Chesampling that coherent structures in turbulent shear flows account
and Patel[32] was employed to resolve the viscous sublayefor a significant fraction of the turbulent kinetic energy and of the
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Reynolds stresses and fluxes. Identification of CS in highly turb
lent shear flows is subject to considerable difficulties, as they ¢
be easily confused with noncoherent turbulence and mean vori
ity patterns. Such identification can only be based on an una
biguous quantitative criterion. Early criteria were rather intuitive
and identified coherent structures as minimum pressure regio
iso-vorticity surfaces or circular streamlines. More recently, tw
quantitative criteria for coherent structure identification were pre
posed. They are known as tQecriterion, proposed by Hunt et al.
[38], and the\, criterion, proposed by Jeong and Hussgs].
Both methods are based on analysis of properties of the veloc
gradient tensowU;/dx;. The present study will focus on th@
criterion, which has been used more widely than Xheriterion,
because of its simplicity and applicability. The paramegeis
defined as

19U;U; _ 1
=——— =-=(§;S; + Qi Qs 3
Q 2 (9Xj ‘9Xi 2(3]%| ij ]I) ( )
where the strain rate tensor and rotation rate tensor are, resy
tively, defined as

1/9U; dU; 1(9U; U,
Sj=5(—'+—l), Qu=-(—'——l) @

X I 2\ 9% 9%
The latter can be expressed in terms of the vorticity veaipas
Qij =- %eijkwk, (5)

where g is the Eddington alternating tens6rl, if i,j,k is a
cyclic permutation of 1,2,3:-1, if i,j,k is a cyclic permutation of
2,1,3; 0, otherwise

Thus, Q can be obtained in terms of the vorticity modulws
and the strain moduluS=(S;S;)*/? as

Q=3(0?-29) (6)

thus distinguishing vortical activity from high-strain activity. Un-

like iso-vorticity surfaces, which cannot identify CS near a wa (b)

where the magnitudes of vorticity and strain are almost the same,

Q can, because it is not influenced by near-wall vorticity. Thus,f9- 3 (a Isocontours of the time-averaged dimensionless
criterion for identifying a vortical coherent structure is to deteraxial velocity U/U, in the GT experiments [12] (left) and the
mine a surface on whick) maintains a constant positive value present simulations  (right) (b) vector plots of the time-
called the threshold. Experimentation with different values of tr@veraged velocity component  (left) and projected streamlines
threshold led us to use the val@=1.0 as appropriate for the (right ) on a cross-sectional plane in the present simulations
present coherent structure identification purposes.

. . velocity location on the type of turbulence model used, on the grid
4 Results and Discussion size and on the type of boundary condition employed. Further-
The present simulations were partially validated by a compariore, part of the difference can be attributed to differences in flow
son with available measurements by @I2]. Figure 3a) com- development: Unlike the present computations which represent
pares the simulated and experimental time-averaged streamwidly developed flow, the experimental results correspond to a
velocity variations on a cross plane, while computed timdlow in which the turbulence structure was still evolving, albeit
averaged streamline projections and velocity vectors on the sashawly.
plane are shown in Fig.(B). When comparing the values of the Figure 4 compares the predicted rms turbulent velocity compo-
velocity at corresponding locations, it becomes evident that tinents and the turbulent kinetic energy with the corresponding ex-
two “core” regions in which the velocity maintains relatively largegperimental values, with all values normalized by the bulk velocity.
values are larger in the experimental case than in the simulatioRsirly good qualitative agreement can be observed in all cases,
In other words, the wall regions appear to be somewhat thickerwhile the quantitative agreement may also be considered as at
the simulations than in the experiments. Although the simulatiofisast fair, in view of the differences in the numerical and experi-
reproduced quite well the bulging of the experimental velocitynental conditions and the uncertainties involved in both. The
contours in the gap region and in the corners of a duct, they alawial rms turbulent velocity reached minimum values in the core
presented a notable difference from the experiments in that tregion above the rod and maximum values in the gap region. The
predicted maximum velocity was on the symmetry plane abowpanwise rms turbulent velocity had a distribution that was com-
the rod, while in the experiments two maxima were observed parable to that of the axial one, while the transverse rms-turbulent
the two open subchannels, half way between the symmetry plaredocity was maximum on the sides of the rod. All these trends
and the side walls. This difference is associated with secondaxgn be observed both in the experimental and the numerical re-
flows near the corners of the duct, but is not very disconcertingults. The variations of the three turbulent shear stresses and the
because the velocity variation in the core region was only of tlerresponding correlation coefficients in the simulations are com-
order of a small percent in both the simulations and the expepared to the experimental ones in Fig. 5. Once more, the qualita-
ments. We have performed a number of additional simulatiort/e agreement is reasonably good and the corresponding magni-
not discussed here, showing some sensitivity of the maximuindes of the local stresses are, in most cases, not too far from each
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To assess the importance of the coherent components on the
turbulent activity, we have plotted, in Fig. 6, the ratios of the
coherent and total values of the three normal rms turbulent veloci-
ties and the turbulent kinetic energy. This figure clearly demon-
strates that the coherent contributions to the streamwise and span-
wise components are very significant, and indeed dominant, in the
gap region, where they account for up to 70% and 80%, respec-
tively, of the total activity. The coherent contribution to the trans-
verse stress is insignificant in the gap region and takes a maxi-
mum value of 20% on the sides of the rod, indicating that the flow
pulsations follow the rod contour. About 60% of the total turbu-
lent kinetic energy in the gap region is due to the coherent activity,
while such activity is negligible away from the gap.

GT have provided some rough estimates of the contributions of
the coherent stresses on the total turbulent activity along the span-
wise direction on the equidistant plane. Their results are compared
to the present simulations in Fig. 7. Although agreement is not
perfect, it may be considered as remarkably good, both qualita-
tively and, in most cases, quantitatively, considering the differ-
ences in flow conditions and the uncertainties of both experiment
and simulations. The experimental trends and the orders of mag-
nitude of the different stresses are captured realistically by the
simulations. Both experiments and simulations show that the
maximum coherent streamwise stress occurs at an intermediate
position between the gap and the side wall of the channel, while
the maximum coherent spanwise stress occurs on the symmetry
plane and the transverse coherent stress is negligible on the entire
equidistant plane.

From the above discussion, it is evident that the resolved ve-
locity fields are strongly time-dependent. This time dependence is
intimately associated with the convection of large-scale, quasi-
periodic, vortical coherent structures, which appear in pairs on
either side of the gap between the rod and the channel plane wall.
Such structures, captured using tQeriterion, are shown in Fig.

8. Their appearance is consistent with the heuristic model pre-
sented by GT.

To illustrate the influence of the coherent structure location on
the instantaneous pressure and velocity fields, Fig. 9 shows isoc-
ontours of the instantaneous resolved static pressure and spanwise
velocity as well as instantaneous surface streamlines constructed
from the velocity vector projections on the equidistant plane using
the graphics package Tecpldtmtec Engineering, Ing. The main
structures coincide with low static pressure regions. This confirms
their vortical character, demonstrated by cores with high vorticity
and low pressure. The spanwise velocity at the gap alternates in
direction with streamwise location and seems to be an excellent
indicator of coherent structure passage near the gap, in conformity
with experimental observationd?2]. The instantaneous stream-
Fig. 4 Isocontours of time-averaged, nondimensionalized GT lines clearly show the presence of pairs of counter-rotating vorti-
measurements [12] (left) and present simulations (right): (a) ces with axes alternating on either side of the gap and transporting
axial rms velocity fluctuation — u'/U,,; (b) transverse rms velocity fluid far across the gap. The sense of rotation of the vortices is the
fluctuation v’/ Up; (¢) spanwise rms velocity fluctuation ~ w'/Up;  same as the sense of rotation of coherent structures in mixing
and (d) turbulent kinetic energy  k/U? layers, if one considers the subchannel core to be the high-speed

stream and the gap region to be the low-speed stream. It is also

clear that these vortices transport fluid across the gap and deeply
other, considering the differences in the two sets of conditions aifdo the opposite subchannel. This fact is further illustrated in Fig.
the main objective of the present study, which is to identify th&0, which shows surface streamlines on the equidistant plane for
effect of coherent structures. A general observation that can beth the experimental and the numerical studies. Besides the strik-
made by comparing the magnitudes of turbulent stresses with ihg agreement between the two sets of streamlines, one may ob-
corresponding local mean velocity gradients is that gradient trargsrve without doubt that the coherent structures are counter-
port seems to describe approximately the time-averaged turlsatating vortices causing large-scale transport of fluid across the
lence structure in much of the cross section but fails to do so ¢g@&p. The spanwise spacing of the axes of vortices obtained by the
the core region. In the gap region, the time-averaged mean velocimerical study was comparable to that in the experimental study,
ity reaches a minimum and gradient transport would imply thatithin the expected uncertainty due to differences in the imposed
turbulence activity should be minimum there as well. On the cogeonditions and cycle-to-cycle variations.
trary, the axial and spanwise turbulent stresses as well as the turfo characterize the coherent structures, we have determined
bulent kinetic energy reach their maxima in the center of the gahgeir frequency, streamwise spacifwavelength and convection
which are trends observed in both the experimental and the rapeed. There was substantial variability from one structure to the
merical results. next and the averages reported below were based on statistical
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Fig. 5 Isocontours of time-averaged, nondimensionalized GT measurements
[12] (left) and present simulations  (right ): (a) Transverse turbulent shear stress
uvl Ufj; and (b) dimensionless spanwise turbulent shear stress aw/ U,ZJ; (c) di-
mensionless axial turbulent shear stress W/Uf,; (d) dimensionless transverse
turbulent shear stress coefficient  Tv/u'v’; (e) dimensionless spanwise turbu-
lent shear stress coefficient Tw/u’'w’; (f) dimensionless axial turbulent shear
stress coefficient vw/v'w’

populations which, although quite small, are considered to be suésults show that velocity fluctuations in the gap region are of
ficient for the present purposes. Figurddlshows representative sufficiently large wavelength and low frequency for local condi-
time histories of the spanwise velocity in the centre of the gap tions to potentially prevail in wall heating and possible phase
the experimental and numerical studies. Both time histories shalvange.

a quasi-periodic character, with a zero average and a nearly con-

stant amplitude of about 0.7, which demonstrates the signifi-5 Conclusion

cant strength of flow pulsations across the gap. The average comppg present simulations have clearly documented the signifi-
puted period of the pulsations, based on 9 cycles, wasT@.8th  ance of coherent vortical structures in turbulent flow near a rod-
a standard deviation of 0.09 and extreme values 0.5¢and \a)| gap region. The use of the criterion has identified the
0.23T.. The corresponding Strouhal numigéiis the frequency of qrmation of such coherent structures, with features comparable to

pulsations was those found experimentalfy2]. The time-averaged mean veloci-
Dy, ties and turbulent stresses in the simulations were also in fair
St:U—:0-23i0-06 (7)  agreement with their experimental counterparts. It is, therefore,
b concluded that the present approach is sufficiently accurate for the

The Strouhal number computed from the peak frequency of thenduction of parametric studies of the effects of gap size, geom-
power spectrum of the simulated velocity, shown in Fighlwas etry and Reynolds number on the variation of flow and heat trans-
about 0.27. In view of the relatively large uncertainty of thes&er characteristics in rod bundles.

estimates, the simulation values are deemed to be compatible witht is also observed that the coherent components were very
the experimentally found value of 0.172]. The dimensionless significant in the gap region, where they accounted for 60% of the
spacing between pairs of structures, based on four structure paiogal kinetic energy. The coherent contribution to the transverse
was\/D=4.9+1.2, also compatible with the experimental valustress was much lower than the coherent contributions to the span-
of 4.2. Finally, the dimensionless convection speed of the strugise and streamwise stresses. It is evident that the time dependent
tures, averaged over eight structures and measured from animateldcity fields in the gap region are mainly associated with the
sequences of images similar to Fig. 8, iagU,~0.62, which is convection of large-scale, quasi-periodic, vortical coherent struc-
not too far from the experimental value of 0.78. Overall, the abovares, which appear in pairs of counter-rotating vortices with axes
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coherent
structures

Fig. 8 Coherent structures identified by the Q criterion; the
section shown is 20 D long
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Nomenclature
D = rod diameter
Dy, = hydraulic diameter
f = frequency of flow pulsations

(©

Fig. 6 Predicted isocontours of the percent ratio of the coher- k.keonkne = time-averaged total, coherent, and noncoherent
ent components to the totals:  (a) Streamwise rms velocity ratio parts of turbulent kinetic energy per unit mass,
UgonU'; (b) transverse rms velocity ratio  vg,/v'; (€) spanwise respectively

rms velocity ratio  we,,/w’; and (d) turbulent kinetic energy ra- L = streamwise length of the duct

tio Keonlk

alternating on either side of the gap and transporting fluid far
across the gap. Velocity fluctuations in the gap region are of suf-
ficiently large wavelength and low frequency for local conditions

to potentially prevail in wall heating and possible phase change.

zID
Fig. 7 Comparison of present simulations  (open symbols ) Fig. 9 Predicted isocontours on the equidistant plane of: (@)
with experimental results [12] (solid symbols ) for total aver- The dimensionless instantaneous static pressure PI(112pU3);
ages ([J, W) and coherent (A, A) parts on the equidistant plane: (b) the dimensionless instantaneous spanwise velocity Wi U,,;
(a) Streamwise normal stress; (b) transverse normal stress; (c¢) and (c) instantaneous streamlines; coherent structures identi-
spanwise normal stress; the simulation results have been con- fied by the Q criterion are also shown in all plots; all plots are
nected by solid lines as an aid to the eye. 7.2 D long and 3 D high
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uv, Uw, vW =
Xy, z=

%,i1=1,2,3 =
+

y:

Greek symbols

7 Y,

Fig. 10 Experimental
ity fields as seen by an observer moving with the average convective speed of
the coherent structures

pressure
Reynolds numbepU,Dy/ u

strain modulus

Strouhal numberfD;,/U,,

strain rate tensor

average flow turn-over time

time

time dependent velocity components
tiine—averaged velocity nondimensionalized by
u

bulk velocity

convective velocity of coherent structure
velocity vector in Cartesian tensor notation
friction velocity, \7,/p

time-averaged turbulent shear stresses
streamwise, transverse and spanwise coordi-
nates, respectively

coordinates in Cartesian tensor notation
dimensionless distance from the wall)"y/ u

difference in the values of a quantity at two
times or two locations

gap between the rod wall and the adjacent
plane wall

Eddington alternating tensor

spacing between pairs of coherent structures
dynamic viscosity

density

10°

10°
10?2
10*

10°

(b)

0.01

0.1 1.0 10.0

St

Fig. 11 (a) Representative time histories of the spanwise ve-

locity in the centre of the gap: present simulations
experimental results

(—) and
(----); (b) the power spectrum, in arbitrary

logarithmic scale, of the time history of the simulated spanwise
velocity in the center of the gap

Journal of Fluids Engineering

(left) and simulated (right ) surface streamlines of veloc-

7w = wall shear stress
Q) = rotation tensor

o = vorticity modulus
wy = vorticity vector
Subscripts
b = bulk quantity
coh = coherent component
max = maximum value in the channel
nc = noncoherent component

Superscripts

+ = guantity nondimensionalized by wall scales
() = time-averaged value
()" = fluctuation value
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Three-Dimensional Numerical
Simulation and Performance
Study of an Industrial Helical
Static Mixer

In many branches of processing industries, viscous liquids need to be homogenized in
continuous operations. Consequently, fluid mixing plays a critical role in the success or
failure of these processes. Static mixers have been utilized over a wide range of appli-
cations such as continuous mixing, blending, heat and mass transfer processes, chemical
reactions, etc. This paper describes how static mixing processes of single-phase viscous
liquids can be simulated numerically, presents the flow pattern through a helical static
mixer, and provides useful information that can be extracted from the simulation results.
The three-dimensional finite volume computational fluid dynamics code used here solves
the Navier-Stokes equations for both laminar and turbulent flow cases. The turbulent flow
cases were solved usingikkmodel and Reynolds stress model (RSM). The flow properties
are calculated and the static mixer performance for different Reynolds numbers (from
creeping flows to turbulent flows) is studied. A new parameter is introduced to measure
the degree of mixing quantitatively. Furthermore, the results obtained-dyakd RSM

turbulence models and various numerical details of each model are compared. The cal-
culated pressure drop is in good agreement with existing experimental data.
[DOI: 10.1115/1.1899166

ing process. In fact, while complex, three-dimensional geometries

Introduction
typical of most industrial mixers make analytic determinations of

Mixing is an esseqtlal compor\ent of nearl_y allindustrial Chemﬁle velocity field in such equipment impractical, a high quality
cal processes, ranging from simple blending to complex mulj-

) ) . . umerical solution of the velocity field can provide a suitable
phase reaction systems for which the reaction rate, the yield, rting point to characterize mixing performance
the selectivity are h_|gh|y depen_d_ent upon the mixing perfo_rmance.ln recent years, significant progress has been made in the char-
Consequences of improper mixing include nonreproducible Proe y

” diti d] d q i lting i terization of fluid-mechanical mixing using Lagrangian tracking
cessing conditions and lowered product quality, resulting in the nniques and tools from dynamical systems theory, particularly

need for more elaborate downstream purification processes e related to chaos. Early efforts at CFD modeling of the flow
increased waste disposal costs. N _within static mixers were reported in the 1980s. Shintre and Ul-
The static mixerhas increased in popularity within the Chem"brecht[4] developed a Navier-Stokes-based model for the flow
cal industry over recent years. The mixing elements, which aj&ihin two sheets of a Koch-Sulzer SMX mixer for R@® and 1.
called segmentsas one could imagine, appear to have been Cihjntre[5] also extended the model to pseudo-plastic fluids.
from a long periodic structure. Several of these segments are iNgqr helical static mixers, several groups of research@d 1]
serted in-line at various locations, and housed in a pipe thgled to simplify the mathematics of the governing equations
squeezes the liquid through the resulting mixing element. Becaygvier-Stokes equationdy the usage of the natural helical ge-
of a very broad range of applications for static mixers, a variety @fnetry of the mixer. Each study reports transforming reduced
segment designs is availafjle-3]. The helical static mixercon-  forms of the Navier-Stokes equations into nonorthogonal, helical
sists of left- and right-twisting helical elements at right angles tgoordinates, and emphasizes that the previous one made a mistake
each other. Each element twists through an angle of 180°. Tigethe coordinate transformation, which shows the difficulty of
complete mixer consists of a series of elements of alternatifigis approach. Despite the differences between each these re-
clockwise and counterclockwise twist arranged axially within gearches, all of them were limited to creeping fldRe~ 0) or in
pipe so that the leading edge of an element is at right angles 10 {h@ case of Dackson and Naunia} to Re< 10 and to assuming
trailing edge of the previous element. Figure 1 shows a sifglly developed flow within the mixer. The application of such
element helical static mixer. The leading and the trailing edges @iculations is restricted to mixer geometries with sufficiently
the second mixing element are shown in Fig. 1. long mixing segments and also small influence of the segments
Despite widespread usage, the way these mixers work is sfilhctions. The paper by Arimond and Erwfi6, 7] is notable be-
not fully understood. The design and optimization of mixers argause even though their flow solution was based on the fully de-
traditionally performed by trial and error, with much depending ogeloped assumption, they recognized the importance of the end
previous experience and wide safety margin. For a given appliagffects and attempted to account for them.
tion, besides experimentation, the modern approach is to use powThe majority of the previous work has focused on model flows
erful computational fluid dynamic&CFD) tools to study the mix- that are two-dimensional and time periodic, not three-
dimensional, spatially periodic flows. Furthermore, each of the
_ ) o o studies, mentioned above, focused on fully developed flow within
Contributed by the Fluids E_nglneerl_ng Division for qullcatlon_ in tb_eRNAL_o_F_ one mixer element. Naume[nz] demonstrated that this assump-
FLuips ENGINEERING. Manuscript received by the Fluids Engineering Division . . . L .
November 16, 2003. Final manuscript received January 4, 2005, Associate EdiféPN 1S seriously flawed because it violates the conservation of
Malcolm Andrews. mass; residence time distributions computed from these flowfields
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Bulk low direction Table 1 Mixer geometrical parameters

Mixer
Leading edge  Trailing edge
Diameter(d) 4.80 mm
Segmentelement length 4.06 mm
Thickness 0.89 mm
Entrance length 9.60 mm
Exit length 9.60 mm

o
=]
£
2
o
@
=

27 element
3 element
4th element
5t element
6% element

Navier-Stoke§RANS) equations, closed with the w turbulence

model, using a second-order finite volume method. The model is
applied to a two-element helical static mixer. The Reynolds num-
ber is 100,000 and the working fluid is water. What distinguished
this study from the work done by Hobb8] and Byrdeg[20,21] is

have an infinite mean. Moreover, recent experiments by Kustat they considered high Reynolds number flows in helical static
and Ottino[13] suggest that flow in this idealized mixer is highlymixer. However, the geometry considered in this case is relatively
three-dimensional and dominated by entrance and exit effects.a simple one and only two mixing elements were considered. In

The most extensive and significant studies in recent years wé@dition, they did not investigate the effects of different turbu-
performed by Byrde[14], Hobbs [15] and Jones[16] using lence models on the prediction of the CFD code.
commercial/academic CFD packages on very powerful multipro- To obtain accurate numerical results, the computational grid
cessor machines. An investigation by Rauline et[&V] of the must be sufficiently refined. A coarse mesh can lead the solver to
mixing performance of five different static mixers using a comeonverge to a misleading result; however, over-refinement of the
mercial CFD code is in this category. computational grid can lead to unneeded computational expenses.

The primary objective of the Byrde study was to develop &herefore, itis necessary to study grid refinement to determine the
computational technique to compute mixing and flowfields usirgppropriate grid size. Moreover, computational grid type and grid
massively parallel supercomputers. A large portion of this studyuality have a significant impact on the quality of numerical re-
focused on the details of the computational efficiency distributirglts and computational expenses needed to obtain these results.
the computational workload over many processors, i.e., 256 pio-this study a novel technique is used that leads to a very high
cessors. Byrde used the Eulerian approach to solve the flowfighgsh quality and accelerates the flow solver convergence rate; it
on a block-structured mesh. A Lagrangian approach was usedatéo makes the particle trajectory calculations easier and much
examine the mixing proce$44]. faster.

Hobbs[15] studied the mixing performance of a static mixer In the present paper, Lagrangian technigues are applied on a PC
under laminar flow conditions for alternative mixer geometrie€An Intel 2 GHz processor with computational memory up to 3.35
and concluded that; the flow in a mixer in which all elements haveB was used in this studiyto model a fully three-dimensional
the same twist direction contains large segregated regular regifl@g in an industrial helical static mixer: the TAH static mixer
that do not exchange material with the remainder of the flow; tHRobbinsville, NJ with no simplification on the mixer geometry.
extent of mixing per segment and energy efficiency are indepehe mixer geometrical parameters are shown in Table 1. The solid
dent of segment length to diameter ratio, allowing shorter segpaterial thickness of the mixer is about 22% of each segment
ments to be used to obtain equivalent mixing in a smaller spalé®gth, which makes the zero thickness assumption of the mixer,
with a shorter residence time; and for tracer mixing, the injectiods was done in previous studies, questionable. In addition, the
location has a strong effect on the extent of mixing only for theatio of the each segment length to the mixer diameter is about
first few mixing segments, after which the rate of mixing is inde0.846. In other words, the static mixer considered here is very
pendent of injection location. compact; in a standard Kenics mixer, the segment length is 1.50

The work of Hobbs et a[18,19 and Byrde and Sawlgy20,21] times the mixer diametd®0]. The range of Reynolds numbers is
represent two substantial and important studies in the effort iwm Re=0.01 up to Re=5000.
correctly predict and understand the mixing behavior of helical The following sectiong1) briefly present the governing equa-
static mixers. However, the conclusions of their work are contrdons and describe the numerical techniques used to obtain the
dictory in several important respects. The most glaring contradieelocity field and to characterize mixing at various Reynolds
tion is that Hobbs and Muzzio report that mixing is the poorest farumbers,(2) present results and discussion, &8i summarize
Reynolds numbers of the order of 100, whereas, Byrde aitfte outcomes of this work.

Sawley determine that it is the most efficient for these Reynolds

numbers. Further, Byrde and Sawley claim that the grid density

needed to obtain physically realistic results are far in excess of the .

grid density used by Hobbs and Muzzio. Since neither study l‘uI@naIySIS

investigated the predicted flowfields, both overlooked potentially Governing Equations. For steady incompressible flow, the
important and useful |nformat|on_, e.g., effects of the _geometnca{ass conservation equation can be written as

parameters such as element twist angle and the ratio of element

length to element diameter on the mixer performdrice20. One o _ 0 (1)
particular point of agreement between the two studies is that, for ax

creeping flows, the most stretching, and therefore, the most mix- . . .
ing, occurs at the intersection of the mixing elements. This res@fd the momentum conservation equation can be written as
demonstrates the importance CFD-based studies and the inad- auu) dp I

equacy of those earlier studies that ignored the developing flows — Ly = =—1 g +F (2
within the mixer elements. %X

One of the most recent numerical studies on helical static mix-In the absence of a gravitational body force and any external
ers have been done by Jones ef{2P] for water treatment. The body force, the two last terms on the right side of E2).are zero.
model they used solves the three-dimensional, Reynolds-averaée stress tensor;;, in Eq. (2) is given by

Fig. 1 A six-element static mixer
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Fig. 2 (a) Computational domain across one helical surface is cut by a large number of parallel planes
perpendicular to the flowfield centerline. (b) Cross-sectional mesh. (c) Volume mesh for one mixing

element

_ (o du\ 2 du cases(Re=3000 and Re=5000the three-dimensional, steady
T = ot (3a)  state Reynolds-averaged, Navier-Stokes equations are solved. The

T oM TG

X X; 3" ox . -
o % ) 9 P _ ) momentum equation can be written as
Considering the conservation of mass for incompressible flow,
ﬁuk/a)(k:o, g'VeS M:i[ <%+%>—g#ﬂ(5:| _@.‘_i(_pu_ru!)
) ) ij i Yi

. ( N, %) (3b) ax, axL"\ax ax) 3" ax ax o

an &Xi (4a)

Turbulence Model. Although there is no complete and suffi-For the incompressible flow, E¢4a) is reduced to the following:

cient definition of turbulent flow, it may be useful to describe its
nature. Turbulent flows represent an intrinsically three- Juu) 9 [ (au. (7u->] ap 4 —
: . : . A b A R ] a7 s
dimensional, time- and space-dependent phenomenon, which have P = + ———+——(=puy)) (4b)
P P P ax ol \ax ax/ | ax  ax

a large number of spatial degrees of freedom. They carry a wide
range of vorticities from large- to small-scale vorticities, which The Reynolds stresses—pui’uj’, must be modeled in order to

have a random nature; of course turbulent flow is a continuudiose the set of equations. A common method employs the Bouss-
phenomenon. Turbulent flows are characterized by fluctuating veesq hypothesis to relate the Reynolds stresses to the mean ve-
locity fields. These fluctuations mix transported quantities décity gradients. The alternative approach is to solve transport
mass, momentum, and energy, and in turn cause the transpoegdations for each of the terms in the Reynolds stress tensor,
guantities to fluctuate as well. These fluctuations can be of smitiown as Reynolds stress mod®SM) [27-30. Details regard-
scale and high frequency; therefore, they are too expensiveing these two groups of models can be found24,26. In this
simulate directly. Different turbulence modeling techniques can Iséudy the k-w, as a Boussinesq approach moda#,31-33 and
found in the literature, e.g[23-26. In this study, for turbulent the RSM models are employed to solve the turbulent flow and the
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Table 2 Mesh quality tests result course, &-e model gives a very poor representation of the normal
stresses. In flows with strong curvature and swirling flows noniso-

Maximum volume ratio 1.000058 tropic effects often are important; therefore, RSM has also been
Maxgugwctf?ggoratlo L 008%%309058—414808390 used to predict the flow properties in the static mixer.

Diagonal ratio 0.999999-1.000001  The RSM model contains no Reynolds-number d_ependen_ce ex-
Edge ratio 1.008389-1.009009 cept for near-wall treatmenf®6]. The RSM model is primarily
Midangle skewness <0.000001 valid for the turbulent core. Consideration therefore needs to be
Equal-size skewness <0.000001 given as to how to make these models suitable for wall-bounded

flows. One common approach to modeling the near-wall region is
using semi-empirical formulagwall functiong to bridge the
viscosity-affected region between the wall and the fully turbulent
obtained results are contrasted to each other. region. The use of wall functions obviates the need to modify the
The k-w model, which was introduced by Kolmogor¢81] in  turbulence models to account for the presence of the wall. The
1942, in this study was selected for two reasons. Firstkte wall function proposed by Launder and Spaldird], usually
model is valid all the way to the wall boundary, and thus thealled the “standard wall function”, has been most widely used for
wall-function approach that bridges the gap between the fullyindustrial flows. The use of a wall function decreases the accuracy
turbulent region and the viscous sublayer is not needed. Turki-the turbulence model prediction in low Reynolds number flows,
lence models that rely on the wall-function approach, although flows with a high pressure gradient near the wall region, and in
expedient from a computational standpoint, are not suitable fgfrongly skewed three-dimensional flows. In this study, an en-
quantitatively accurate predictions of complex, three-dimensionfa@nced wall treatment is employed and therefore, the viscosity-
flows with strong vortice$34]. Second, thé-» model has been affected region near the solid wall is entirely resolved all the way
validated extensively in complex, three-dimensional shear flowg the viscous sublayer. In order to be able to resolve the laminar
and has been shown to be superiorkte type models[35,36. sublayer, the computational grid in the near wall region needs to
The k-w model used in this study has been introduced by MentBg fine enough. The enhanced wall treatment, used in this study, is
in 1994 [37], which is a modified version of the origindtw based on the work of Chen and P4ft4l] and the model intro-
model of Wilcox[38]. One problem with the origin&-« model is duced by Wolfstei42], which is used to determine the turbulent
that it does not correctly predict the asymptotic behavior of thdScosity in the viscous sublayer region. A blending function is
turbulence in near-wall regions, because of the fact that the edd§ed in order to extend the applicability of the method throughout
viscosity is much smaller than the molecular viscosity close {§€ laminar sublayer, the fully turbulent region, and the buffer
solid surface[37]. Menter developed two new versions of thd€gion between the sublayer and the fully turbulent outer region.
k-w model. The first model utilized Wilcox’&-w model in the . . .
inner region of the boundary layer and switches it to the standaiHmerical Simulation
version of thek-e model in the outer region and in free shear

ﬂov‘és'l Theh seco_gd moc(ijell, Fefe”edd.g.o as sh;ear:-s?_ress trznls‘?r‘?i'i al step of any computational simulation problem. Effective
model or the SSk-w model, is a modification of the first model. ,,narical processes for CFD problems depend on the geometric

This model is based on the philosophy underlying the Johnsgpgqelin ; : ; ;
. X o g, grid generation, and grid quality. Hobbs ef #9] used
King model[39], which holds that the transport of the principaly, ngtryctured grid of 295,999 tetrahedral cells for a six-segment

esh Generation. Numerical mesh generation is the crucial

consume much more computing time compared to the origing)

r a geometry with highly twisted surface is difficult, if not im-
version|[37]. The k-w model used in this study is the S¥fw J y gy

possible, to generate. The surface mesh showiil® includes
urface cells, which can lead to a three-dimensional mesh with
L ) filer cells(which have four, nearly coplanar poijtsn addition,
the individual Reynolds stresses and for another quantity that pifare is no report on the study of the mesh density and its effects
vides either a length-scale or a time-scale for turbulence, e.gn ihe obtained results; however, Byrde and Savj2g] claim
turbulence energy dissipatide) or specific dissipatiotiw). The  hat the grid density needed to obtain realistic results is much
individual Reynolds stresses are then used to obtain closure of figre than the grid density used by Hobbs et al. Byrde and Sawley
Reynolds-averaged momentum equati@@,30. The exact form ysed four different mesh densities for a six-segment mixer:
of the Reynolds stress transport equations may be derived by tal 880, 376,320, 929,280, and 1,505,280 cells. They used an
ing moments of the exact momentum equation. This is a procg§sype mesh in the core of the pipe and an O-type mesh near the
whe_reln the exact momentum equations are multiplied by a flu ipe wall[21]. The problem of using O-type mesh is an unneces-
tuating property and the product is then Reynolds-averaged. Uy concentration of small cells near the center of the pipe. Jones
fortunately, several of the terms in the complete equation are ug- 3. [22] used a 1,035,125 cell structured mesh for a two-
known an_d modeling assumptions are required in order to C'°§égment mixer with a long pipe and elbow prior to the mixing
the equations. , , elements. The mesh type, the mesh generation algorithm, and the
~Whenever nonisotropic effects are important we should copjegh density study are not mentioned; however, unnecessary
sider using the RSM. Note that in a turbulent boundary layer then| cells can be seen in the computational domain. An alterna-
turbulence is always nonisotropic, but isotropic eddy Vviscositye to a structured mesh, and the concomitant difficulties, is to
models, such ak-w and k-s models, handle this type of flow yse a high quality unstructured mefstg]. Here, an unstructured
excellently as far as mean flow quantities are concerned. Qfxagonal meskwhich compared to a tetrahedral mesh is much
more suitable for this kind of problem involving shear flowas
generated to model the six-element static mixer inside a pipe,

Table 3 Mesh information for the turbulent flow cases for the using a code developed by the authors. The geometry was mod-
k—e model eled exactly, with no simplifications. To achieve the most accurate
— - - - results of the solver, all efforts have been taken to maximize the

Re Number of cells Minimuny Maximumy quality of the mesh. Instead of the traditional approach of three-
3000 2.335,690 0.11 296 dimensional unstructqreq mesh genera_tion, in which the solid gnd
5000 2,822,681 017 4.35 boundary surfaces grid is generated prior to the volume meshing,
here a novel technique is introduced. The flowfield geometry is
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Residusis Table 4 Convergence of pressure drop across the mixer

[-++-~ continuity

[ - - x-velocity [18+00 Pressure  Averaged velocity  Averaged vorticity

[— = y-veloclty drop ratio at the ratio at the

[ zvelooity 1001 1} Iterations ratio sixth element sixth element

\ 3990 1.000424 1.000291 1.000440
te2 4 N, 4190 0.999913 1.000028 1.000045
N 4390 1.000018 1.000103 1.000214
1003 . 4590 0.999998 0.999998 0.999968
4790 0.999999 1.000002 1.000003
4820 1.000000 1.000000 1.000000
1804
1006
calculations much faster and easier. Figu® 8hows two helical
1e08 mixing elements and the result volume mesh on one mixing ele-
ment. Table 2 shows the results of different mesh quality tests
performed on the generated mesh with 1,043,249 cells, used in
g this study for cases where Re1000.

e continuity Here, maximum volume ratio means the ratio of the volume of
-~ = xveloolty 1e+00 7 the largest cell to the volume of the smallest one. Maximum face
[~ yvelocity H ratio is the ratio of the largest face to the smallest one. The aspect

2veloohy 1801 1 ratio is the maximum value of the average lengths of the edges in
three coordinate directions in a cell to the minimum value of the
10-02 - average lengths of the edges in three coordinate directions in that
cell. The diagonal ratio is the ratio of the longest diagonal to the
1003 shortest diagonal of a cell. The edge ratio is the ratio of the long-
est edge to the shortest edge of a cell. The midangle skewness is
16-04 - defined by the cosine of the minimum angle formed between the
bisectors of the cell faces and is the maximum amount of the
1005 - cosines of the three angles computed from the face-bisecting lines
of the cell. Finally, the equal-size skewness is a measure of skew-
1008 N — ness, which is defined as follows:
0 60 100 150 200 250 300 350 400 460 :
terations Equal-size skewness(¥qq— V)/V (5)
whereV is the volume of the cell, antfe is the maximum vol-
Residumie ume of an equilateral cell, the circumscribing radius of which is
----- continuity identical to that of the mesh element. More details about different
::m 1% 3 computational mesh generation algorithms and different mesh
——2-velocity 1001 quality tests can be found {#3,44).
12 | Considerations for Turbulent FlowA successful turbulent flow
computation requires a sufficiently fine grid, particularly in re-
1003 gions of shear layers with a large rate of strain. For the problem
studied here, a large portion of computational domain is in the
16-04 - near-wall region. Depending on the near-wall treatment used in a
turbulent flow simulation, different meshing strategies must be
10-06 used. For example, if wall functions are used, an excessively fine
mesh near the walls may increase the error, because the wall func-
1008 tions are not valid in the viscous sublayer. More details can be
‘ot found in[24]. A very fine, nonuniform mesh is needed to model

o 10 20 30 40 so e po Curbulentflows, as used in this study. A standard approach to
lterations measure the fineness of the mesh in the near-wall region is to
monitor the distance of the computational cell centroid from the
Fig. 3 Residual curves for Re=0.01 (top), Re=10 (middle ), and  solid wall measured in viscous lengtht=yVp 7,/u. For the
Re=1000 (bottom ) methods used in this study, a fine grid wigh of order of 1 is
desirable in order to obtain an accurate result. Table 3 gives the
information related to the computational grid used in this study for

. the k-o model. For the RSM model, values gf are slightly
cut by a large number of parallel planes perpendicular to the PIRE Jller than the values given in the table

centerline(x, direction. These parallel constani-planes are dis- A uniformly refined mesh leads to an enormous computational

tributed uniformly with a distance, says, of each othefas illus- . : : :
trated in Fig. 2a) for one twisted surface equal to the surface o ost. Here, an adaptive mesh approach is used, which adds a grid

. ; ; de in the center of an existing computational cell and divides
one mixing element The cross section of each plane is mesheﬁf g P

. ) . A e cell into four new cells. The deviation of orthogonality of the
with an interval size equal to the distance between each WO ina| uniform grid used in this study is negligible and thus this
planes,As. Figure 2b) shows the cross-sectional mesh for tw% proach does not degenerate the mesh
surfaces that are two parts of originally one cross-sectional circg '
cut by the twisted surface. The next step is to mesh the flowfield Solver. The numerical simulation of the flow and mixing in the
volume using these cross-sectional surface meshes. This technilgelécal static mixer has been performed via a two-step procedure.
leads to a high quality mesh, which in turn improves the rate & the first step, the flow velocity and the pressure are computed.
convergence of the flow solver. It also, makes the particle trackifidnis has been achieved by the use of a commercial code. These
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Fig. 4 The obtained structure radius  (left) and the computed pressure drop  (right ) for Re=100

values are then used as input to the second step that consists ofities. Therefore, trajectories are tracked by integrating the vector
calculation of the particle trajectories within the computed flowequation of motion, using the numerically computed velocity field
fields and other parameters that are subject of interest in the stadyinput.

of a mixer performance. This has been achieved by the use of a

code developed by the authors. dx; ©)
— =u.
Flow Computation The solver used in this study for the flow dt
computation part is a commercial codetUENT (Fluent Inc.,  Some care must be taken when integrating the equation that

Lebanon, NH. The employed solver is a segregated, implicigescribes particle motion in order to retain a sufficient degree of
second-order upwinf#5], double precision, finite volume solver. accuracy. Preliminary tests have indicated that while lower-order
Using the segregated approach, the governing equations ggBemes appear to provide acceptable results, they accentuate the
solved sequentially. To obtain second-order accuracy, quantitieadblem oflost particles that is, particles that have trajectories
cell faces are computed using a multidimensional linear recosause them to be trapped near a solid wall, where the local veloc-
struction approacf¥45,44. Pressure-velocity coupling is achievedty is zero, or leave the computational domg2®]. For the results
by using thesimpLEC (siMPLE-Consistenitalgorithm[47]. ThesiM-  presented in this paper, a fourth-order Runge-Kutta integration
PLEC pressure-velocity coupling scheme, part of #hepLe (semi-  algorithm with adaptive time-step-size control was employed. In
implicit method for pressure-linked equatigrfamily of algo- addition, to avoid problems near stagnation points, the numerical
rithms [48], is similar to thesiMpLE procedure, however it has integration of the streamline equation was performed using a fixed
been shown to accelerate the convergence in problems wheggtial increment rather than a fixed time step. By this method, the
pressure-velocity coupling is the main deterrent to obtaining téjectory of each fluid particle released at flowfield inlet can be
solution. As the convergence criterion, a scaled resift@lless tracked and the particle locations within different cross sections of
than 10° is used here. the flowfield, e.g., at the end of each mixing element, can be
obtained.

Some considerations are needed in using the results of a steady
Effelte RANS calculation. In turbulent flows, scalar transport and
- . irring are the result of both the large-scale coherent vortices and
and outlet boundaries. Different Reynolds numbers for the flo e broad range of turbulent eddies. RANS modeling procedure

inside the pipe are obtained by varying the mass flow rate at t ) - ) .
inlet bound[;lray. The velocity pr)c/)file %/or%ully developed flow in asmc_)ot_hes the ﬂ.OWf'eld and therefore, particle tr_acklng, using the
pipe (parabolic distribution for laminar flow and one seventh-roo tatistically stationary mean flow as the advecting velocity field,
law for turbulent flow is used at the flowfield inlet. The turbu- Cocs Nt take into account the effect of small-scale turbulence on

: L - ansport. In order to overcome this shortcoming, turbulent Rey-
lence intensity is used to specify the turbulent boundary Con%olds stresses can be used to generate instantaneous velocity. In

Boundary ConditionsNo-slip boundary conditions are applied
to the solid surface of the static mixer and also at the wall of th
pipe. A constant mass flow rate constraint is applied at the in

tions at the flow inlet. The turbulence intensity is equal to 6.99 e RANS turbulence modeling approach, information about tur-
= i 9 = !
for the case of Re=3000, and is 6.56% for the case of Re=50 lent fluctuations is contained in the time-averaged Reynolds

Near solid walls, an enhanced wall treatment, as described aboVe, f the — hasti hni .
is employed for the case of the RSM turbulent model; and for tf/€SSes of the formyju;. Stochastic techniques can be used in

k-w model, low-Reynolds-number correction is applied at th@fder to generate a random fluctuating velocity field using the
near-wall region turbulence intensities. These fluctuations are superimposed to the

calculated time-averaged velocity field and create an instanta-
Particle Tracking To determine the efficiency of a mixer, it isneous velocity fields. Fluid particle tracking is carried out using
necessary to establish means by which the fluid mixing can b@s instantaneous flowfield. A considerable amount of work in
gauged both qualitatively and quantitatively. In the present studgndom flow generation using the RANS model can be found in
this was achieved by calculating the trajectories of fluid particleke literature, e.g[,50-54; however, in some of these works, the
in the flowfield of the mixer. This method avoids the problem ofenerated flowfield does not satisfy the requirement of spatial in-
excessive numerical diffusion that is observed if the species cdiemogeneity and anisotropy of turbulent shear stresses or the gen-
tinuity equations are solvel@0]. erated flowfield does not satisfy the continuity conservation law
For a steady flow, the particle trajectories correspond to streafB5]. In this study, a random flow generation technique presented
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Fig. 5 Velocity contours (m/s) and the vorticity contours  (1/s) for Re=5000 (using the ko
model )

by Smirnov et a[55] is employed. The method is a modified For a given geometry, the mass flow rate is only a function of
version of Kraichnan's technigué6] and is able to generate aviscosity for any specified Reynolds number. Therefore, by chang-

realistic instantaneous flowfield efficiently. ing the values of the working fluid viscosity, different mean ve-
Furthermore, it was found that the mean velocity has an impdotities can be obtained for the same Reynolds number. For the

on the number of lost particles. The mass flow rate can be writtease of Re=5000, using thew turbulence model, it was found

as the following: that by decreasing the magnitude of order of the mean velocity by
four, the number of lost particles decreased by a factor of 0.7158.

m= @Re @ It is worthwhile mentioning that this effect is only significant for
4 high Reynolds numbers. With these considerations, the number of

Journal of Fluids Engineering MAY 2005, Vol. 127 |/ 473

Downloaded 03 Jun 2010 to 171.66.16.154. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



the predictive ability of the numerical techniques can be justified.
For the present study of mixing under noncreeping flow condi-
tions, there is unfortunately an absence of experimental data suf-
ficiently detailed and accurate to undertake a complete validation
of the numerical results. Comparison with certain experimental
values of the pressure drop across the mixer, measured for the
standard element twist angle, shows very good agreement over a
range of flow conditions; however, good agreement with the ex-
perimental data for such a global measure is not sufficient to guar-
anty accurate simulation of the flow in the complex geometry
[20]. Therefore, a detailed mesh convergence study has indicated
that the computational mesh employed in the present study is
sufficiently refined to provide good numerical resolution. A coarse
mesh is not able to resolve adequately the complex flow behavior
and leads to a considerably large number of lost particles. More-
over, a study conducted using different numbers of particles for
the mixing analysis, has shown that the results are independent of
the number of particles. The use of an inadequate number of par-
ticles to analyze mixing can be misleading and can create a false
impression of good mixing in the presence of the fine flow struc-
ture[20].

Results and Discussion

Using the numerical method described above, the flow in a
six-element static mixer has been analyzed for a number of dif-
ferent flow conditions. In each case the initial conditions are set so
that the axial velocity(u;) is equal to bulk velocity andi,=ug
=0. Figure 3 shows the residual history for three different Rey-
nolds numbers. The number of iterations required to obtain a con-
verged solution was found to be a function of the flow regime. For
a mesh containing 1,043,249 cells, from 3%@r creeping flows,
Re=0.0] to 610 (for Re=1000 iterations were necessary to
reach converged results. For turbulent flows, up to 9700 iterations
is needed to obtain a converged solution. The needed computa-
Fig. 6 Images_of particle distributi(_)n at second element for ggggl(ftgrnteu\rlgljlleeitfrggge)fgvxsh?huergg(:rbggsr:g;iﬁ?;ﬁotg C;iglgle d
Re=1000 (for different released particles number, Np) . ) . !

residual less than 1B for all scalar equations, is used here. Table
4 shows the values of pressure drop across the mixer, area-
weighted average velocities, and area-weighted average vorticity
lost particles was minimized to not more than 7.10%. No attemgt the end of the sixth mixing element, nondimensionalized by the
was made to recuperate lost particles by re-injection into the flowalues as predicted from the converged solution, for the case of
field, since this may unduly perturb the mixing analysis. the k-w model at Re=3000.

To obtain an accurate evaluation of the mixing, a study of the The results obtained were found to vary negligibly once this
trajectories of a large number of particles has been undertaken.gbhdition was reached. For example, for tkew model at
the entry of the inlet pipe section, 501,740 zero-volume and zemRe=3000, the convergence criterion of 1@vas also examined;
mass particles were distributed uniformly over the half-circulajo noticeable changes in the flowfield properties, in the number of
plane of the inlet surface. The diameter of this plane is perpefast particles, and also in the particle trajectories, were detected

dicular to the front edge of the first mixing element in the pipge.g., the difference between values of the calculated pressure
This is a simplified model for the diametrical feeding of the mixedrop is less than 0.00036%

with two components fluids. Particle trajectories corresponding to ] ) ) ) ]
only one of the working fluids are calculated. Solution Accuracy Evaluation. For numerical simulations, er-
The computational grid consists of constaqtplanes, which Tor estimation is an important and essential task. The validity of
can be used as buckets. These buckets are used to find the veldBgyobtained results can be examined via various numerical stud-
in each point of flowfield. This search is fast and efficient ani§S or by comparison with experimental data. In the present study
increases the speed of integration code of particle tracking. Whifee available experimental data is the pressure drop inside the pipe
integrating, the time step is chosen based on the axial velagity that |nclud_es the mixer. Here, the pressure drop is defined as the
so that the particle currently existing on one constgnplane absolute difference between the area-weighted average pressure at
falls on the next constant plane. In the next step, a search idh€ computational flowfield inlet and the area-weighted average
performed in this new constam-plane to find the nearest neigh-Pressure at the flowfield exit. This is an important quantity for
boring grid points surrounding the particle. Once these neighboc‘ll-a.‘tIC tnf:lxer. and_ ptrhowd.eslla m_?_ﬁsure O.f the agguwed ege:gy for
ing grid nodes are located, an inverse distance weighted averdgs'd !¢ mlxder |r: e ?'gle Ine. the msmmumd ;herence (te\(/jveen
function can be constructed to calculate the velocity componefs Measuréd vaiue of the pressure drop and the computed pres-

for the particle. Although for the case of turbulent flow regime th%ure drop is for the case of Re=5000, using #e model

computational grid is not uniform, it is still possible to use thd*-18%8; however, detailed experimental data suitable for compre-

method mentioned here to track the trajectories of particles by t gnsive validation purposes are not available. The effects of Fhe
use of a tree data structure. size of the mesh used for th_e rovvf_leId computations and the in-
fluence of the number of particle trajectories calculated to analyze

Numerical Solution Accuracy. It is important that the accu- the mixing process have been investigated.
racy of the numerical solutions be analyzed before confidence inin the present study, the computed pressure drop in the pipe
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Fig. 7 Velocity field at second, fourth, and sixth elements

along the mixer and velocity contours at the computational flowvere used to numerically determine the flowfield. The obtained
field outlet are considered. As a quantitative measure of the flujglocity field in each case was used to calculate the trajectories of
mixing, the size of the structures at the flowfield outlet is consid01,740 particles. Figure 4 presents the structure ratééts and
ered. The two-dimensional structure radius at a given axial locgre computed pressure drdpight) values for each of these
tion (r), normalized to the pipe radius, has been defined to cqfieshes for Re=100. As the computational mesh is made finer, the
respond to the radius of the largest circle that can be drawn aroygdyits for both the structure radius and the pressure drop show

a particle of one of the fluid components that does not contain agynyergence. The difference in the computed pressure drop for the
particles of the other fluid componefit4]. This structure radius coarser mesh with 613.668 cells and the finer mesh with
correslpl)o[nzdl? to the striation thickness, generally measured eXpell 3 549 cells is 7.16%: however. the difference between the
mentally . ) ' ) ' '

obtained structure radiuses for these two meshes is 21.43%.
Mesh Convergence. Different mesh sizes, which contain Therefore, the general behavior of the flow is not as dependent on
446,489 cells, 613,668 cells, 1,043,249 cells, and 2,210,186 cetlee mesh density as the mixing process is. However, for a mesh

Table 5 Mean axial velocities and velocity magnitudes (m/s)

Averaged axial velocity Averaged velocity magnitude
Re Second Fourth Sixth Second Fourth Sixth
1 0.000278 0.000278 0.000278 0.000307 0.000307 0.000306
10 0.002777 0.002779 0.002123 0.003078 0.003077 0.002457
100 0.027689 0.027698 0.021245 0.038384 0.037648 0.029405
1000 0.275793 0.2761991 0.2125812 0.5210491 0.4995831 0.4377990
Journal of Fluids Engineering MAY 2005, Vol. 127 |/ 475
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Fig. 8 Velocity field calculated by

Table 6 Maximum velocity at the sixth element and total drop
in pressure, predicted using different turbulence models

Maximum velocity at the end of the sixth element

Re=3000k-w model 1.88 m/s
Re=3000, RSM model 1.81 m/s
Re=5000k-w model 3.11 m/s
Re=5000, RSM model 2.92 m/s
Pressure drop in the flow
Re=5000k-w model 48,758 Pa
Re=5000, RSM model 47,620 Pa
Experimental data 46,800 Pa

Fluid properties
Density (p) 1000 kg/n¥
Viscosity (u) 0.001 kg/m's

k- (left) and RSM (right ) models

with 2,210,186 cells, the variation of obtained results is negligible
compared to the results obtained using a mesh with 1,043,249
cells. In addition. for the case of Re=10, the difference in the
computed pressure drop for the coarser mesh with 613,668 cells
and the finer mesh with 1,043,249 cells is 8.26%, and the differ-
ence between the obtained structure radius is 38.46%. This is in
agreement with the results obtained by Byrde and Sap24y.
Moreover, the mesh size has a significant impact on the number of
lost particles. The number of lost particles is reduced by using a
finer mesh, e.g., for the case of Re=10, the number of lost par-
ticles for the finer mesliwith 1,043,249 cellsis 90.06% of the
number of lost particles for the coarser mésiith 613,668 cells
Figure 5 shows the velocitfteft) and vorticity (right) contours
for Re=5000, predicted by different grids with 1,478,334,
2,086,955, and 2,822,681 cells, respectively, from top to bottom.
The pressure drops across the mixer predicted using grids contain-
ing 1,478,334 and 2,086,955 cells are 91.19% and 98.33% of the

Fig. 9 Particles’ locations at second, fourth, and sixth elements
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Fig. 10 Particles’ locations at second, fourth, and sixth elements (Re=0.1)

pressure drop predicted using a mesh with 2,822,681 cells. Tinensition from four zones to two zones occurs sooner, when the
obtained results do not change noticeably after that. Reynolds number is increased. Using water propertips

Number of Particles. Different numbers of particle@N,=457, =998.2 Kg/nt and x=0.001003 Kg/m}; the velocity fields

re obtained for Rel,Re=10,Re£00, and Re=1000. Values
1,208, 7,728, 31,180, 195’78.4'. 501’740’ 784‘2.72‘ and 1,225,7 mean axial velocities and mean velocity magnitudes at different
were used to analyze the mixing. By increasing the number R

particles released at the flowfield inlet, it is possible to discern Xvscg(sisti (gi(f)rg%a{ﬁeszg\rgv:eirc;ﬁabr:eo?'mass law the averaged
finer structures and thus quantify the mixing efficiency with a P ’ 9

higher precision. Figure 6 shows the influence of the number 8}("3' \;E|OCItthS propct)rtt;]onal (‘;0 thiynolds n(;meéert,har;d 'tﬂ;S t.h(.e
particles released at the flowfield inlet from the reference point8 me (ir e:tcthcaseda ftr? e]n to | € se;c:)hn an edour_ | mliung
a stationary observer. A relatively smal}, gives the impression elements. € end ol the last element, the averaged axial veloc-

that a high level of mixing has been achieved at the exit of tHB’ is decreased as the flow cross section is increased. As can be

mixer. As theN,, is increased, the presence of the striations assgeen: the ratio of the averaged axial velocity to the averaged ve-
P ity magnitude is about 0.9 for Re=1 and Re=10 at all flow

ciated with the mixing process is more and more evident. It can e A A < o
seen that 501,740 particles at the flow inlet can give a corrégdi©SS Sections, while it is about 0.7 for Re=100, and it is about 0.5
image of mixing; although using a higher value g5 leads to a for Re=1000. Therefore, the cross-sectional component of the ve-
more pronounced mixing pattern, but the difference between ti@€ity vectors is increased as the Reynolds number increases,
obtained results is not that significant to justify the long CPU tim@hich can lead to a higher degree of mixing.

needed for calculations. The velocity fields at the end of the sixth mixing element, ob-
] ) ) tained by usind-w (left) and RSM(right) turbulence models, are
Obtained Numerical Solutions. shown in Fig. 8 for Re=3000top) and Re =500qbottom). Re-

Flowfield ParametersThe velocity fields for each ReynoldsSults of both models are very similar; however, they are not iden-
number were obtained. The cross-sectional velocity fields are fic@l. Table 6 shows the maximum velocity obtained by each
lustrated in Fig. 7, which show the cross-sectional projection gtodel at the end of the sixth element and also the pressure drop
the velocity vectors at the end of the second, the fourth, and tfiém the flow inlet to the flow outlet, and the existing experimen-
sixth elements, respectively, from left to right, and correspond {8l data for the pressure drop. The fluid properties used to obtain
Re=1,Re=10,Re#00, and Re=1000, respectively, from top tdhese results are shown in this table. The maximum difference in
bottom. To obtain clear images, the length scale of the product@slculated velocities is 6.37% for the case of Re=5000. For the
the velocity vector and the Reynolds number in each case is sec@se of Re=5000, thew model overestimates the pressure drop
a constant. The cross-sectional velocity fields fo=ReRe=0.1, by 4.18%, and the RSM model overestimates the pressure drop by
and Re=0.01not shown in hereare almost identical. Different 1.75%.
flow patterns for creeping, laminar, and turbulent flows can be Using the same initial conditions and the same convergence
seen. In addition, it is observed that after the second element, feuiteria, the number of iterations needed using the RSM turbu-
velocity zones are created. These zones combine together and leeee model to converge is 3.34 to 4.34 times of the iterations
ate two velocity zones, as the flow passes through the mixer. Tineeded using th&» model to converge. Furthermore, memory

Fig. 11 Particles’ locations at second, fourth, and sixth element (Re=1)
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Fig. 12 Particles’ locations at second, fourth, and sixth elements (Re=10)

needed by the RSM model is 1.11 times of needed memory usi@gvalue became a universal measure of mixing in the following
the k-w model. It was also observed that the CPU time per iteralecades. However, it has been demonstrated that the original deri-
tion needed by the RSM model is 1.19 times of the CPU timeation of the G-value was flawed for three-dimensional flows
needed using thé&-w turbulence model; however, it has beer59,60 and cannot be universally applied to different types of
noted that the RSM iFLUENT requires 50—-60% more CPU timemixers or different size mixers. Nonetheless, @walue remains
per iteration compared to tHew andk-w models, and also 15— entrenched in the engineering literature and continues to be used
20% more memory is need¢f7]. [22]. Because of that and also because it can be calculated easily,
it is not entirely futile to use the obtained numerical results to
alculate theG-value and explore it. For any in-line mixer, the
-value is calculated based on the energy losses that occur in the
fh(;ixer as follows

Particles TrajectoriesThe trajectories of particles injected into
the mixer from the top half of the flow inlet have been calculate
The plots of the positions of fluid particles at the end of the se
ond, the fourth, and the sixth elements, respectively, from left
right, shown in Figs. 9-16, illustrate the redistribution of the re-
leased particles via the combined effects of flow division and QAp\ 2
reversal, resulting in stretching and folding of the observed struc- G-value ={ ——
tures. Separated islands are distinguishable after the flow passes HVm
the second mixing element. Increasing the Reynolds numberfor the static mixer studied here, H§) can be written as
breaks these few large islands into several smaller islands.

The islands, observed after the second elements in low Rey- " 12
nolds number flows, are divided to narrow line shape regions } _1/ @D ReAp

: : G-value = (9)
when flow passes the fourth element, which can be still recog- 2 p
nized after the sixth element at the lower Reynolds number. _. .
o7 ) igure 18 shows the calculat&ivalues for different flow con-
Again, increasing the Reynolds number breaks the separated ar 1S

and therefore increases the mixing of fluid particles in the sa Ons. As can be seen, t@_—value Increases as the Reynolds
cross-section. number increases. In addition, the rate of increasing of the

The particles’ distributions at the end of the sixth mixing eleS Value is enhanced when the Reynolds number increases, sug-
ment, obtained by using-w (left) and RSM (right) turbulence gesting that the helical static mixers are not very energy efficient

models, are shown in Fig. 17 for Re=3000p) and Re=5000 in turbulent flows.

(bottom). Results of both models are similar, however, they are .AS can be seen from E9), for agiven g_eometry an(_j a Spe-
not identical. cific Reynolds number, th&-value is a function of material den-

sity and the pressure drop of the flow in the mixer. The density of
G-value About sixty years ago, Camp and Stfh8] developed the material used here to calculate evalue is 18 kg/m3. For
the root-mean-squar@-value to quantify the mixing in turbulent the case of Re=100G;value is 29,279,317.3570% however,
flocculation basins by analogy with the shear rate in a simplr a material with a density of ftkg/m?, the G-value is
one-dimensional, laminar shear flow: the Couette flow. Th292.7856 s! (for the same Reynolds numbgemwhich is 10°

()

m

Fig. 13 Particles’ locations at second, fourth, and sixth elements (Re=100)
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Fig. 14 Particles’ locations at second, fourth, and sixth elements (Re=1000)

times smaller than the first value. second kind, theparticle distribution uniformity (PDU) can be

Particle Distribution Uniformity The perfect mixing of two defined as

fluids can be defined as a uniform distribution of all fluid particles
in the flowfield cross section. Based on this concept, a new pa- 1

Ng— Nj—o0
. 1 .

rameter is introduced to quantify the degree of mixing. First, as- PDU=|1- 1 > pay(i) (l N > pd2(|)>

sume that the cross section of the flow is divided into very small, 2(1 - ) i=1 =1

plane sectors identical in shape and sizé\dis the total number

of plane sectors, an; is the number of particles placed in the (12)

ith sector, then thearticle distribution function of the first kind

: e This function varies between zefa completely nonuniform
for the ith sector is given by

distribution of particlesand one(a totally uniform distribution of

Np particles. It is worthwhile noticing that to obtain a meaningful
) value forPDU, Ng should be smaller or equal ¢, andN; should
pdi(i) = ST (10)  be smaller or equal téNp; also, each of thélg andN, should be

p greater than or equal to 2. The calculaRIdU values for different
If the particles are distributed uniformly at the flow cross sedlow conditions and at the different flowfield cross sectigaisthe
tion, the value ofpd,(i) is zero for all the sectoré=1,Ny). If all end of the second, the fourth, and the sixth mixing elemeares
particles p|aced in on|y one Sectpdl(i):]_—]_/NS for that sector shown in Fig. 19 foer=501,740. ThePDU values obtained for
and it is 1N for the rest. Thus, & pdy(i) <1-1/Ng, because of Re=0.01 and Re=0.(not shown in the figuneare very close at
Ns=2. However, these are two extreme cases. the same cross sections. TR®U values obtained for Re=0.01
Now assume the flowfield cross section is divided into equdf® very close to these values for Re=(at shown in the figure
angles by a large number, shly, of symmetry lines. If the number &t €ach flow cross section. For the case of Re=10PD# value
of particles on the left side of thiéh symmetry line i\, ori), and decreases at the end of the last mixing element. For Re=0.01, the
the number of particles on the right side of this lineNgign{i), PDU is slightly less than 0.7 at the end of the second mixing

. L . : element. By increasing the Reynolds number from 0.01 to 1, and
it:\heg;gerﬁgiﬁyllfnglférgsg?‘nbynCtlon of the second kindor the from 1 to 10, and also from 10 to 100, tRDU value at the end

of the second element is found to decrease. As the flow passes
INLeft(i) = Nrigni(i)] through the mixer, th€DU value slightly decreases at the fourth
N, 1y mixing element for creeping flows and it increases again at the
P end of the last mixing element. For laminar flowADU values

If the distribution of the particles is uniformpd,(i)=0 for increase upon increasing the number of the mixing elements. It is
i=1,N,. If all the particles are placed between two consecutiv@cognized that by changing the flow pattern from creeping flow
symmetry lines, thepd,(i)=1 fori=1,N. to a higher Reynolds number laminar flow, the rate of increasing

Using the particle distribution functions of the first and thef the PDU value is also increased. It can be seen that by increas-

pdy(i) =

Fig. 15 Particles’ locations at second, fourth, and sixth elements (Re=3000) k—w model
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Fig. 16 Particles’ locations at second, fourth, and sixth elements (Re=5000) k—w model

ing the Reynolds number from Re of the order ot 1®Re of the and again when from laminar flow to turbulent flow. By increas-
order of 16, the rate of increase d?DU values, based on the ing the Reynolds number in laminar flows, tRDU increases,
number of mixing elements, increases. This suggests that the hewever, the high rate of changesRDU values is around Rey-
lical static mixer is more efficient for these Reynolds numbensolds number of the order of $0The values oPDU increase in
compared to creeping flows, as it was discussed by Byrde anubulent flow regime, by increasing the Reynolds number.
Sawley[20,21]. Helical static mixer behavior is different for Re  Figure 21 compares tHeDU values for Re=3000, predicted by
=10 and Re=1000. Although thieDU increases from the secondthek-w and the RSM models. These two models do not predict the
mixing element to the fourth element, at the end of the last mixirgame value foPDU; however, the results are close to each other.
elementPDU decreases. For Re=10, tR®U value at the end of The maximum different, which is 3.65%, occurs at the second
the last element is even less than BI2U at the end of the second mixing element.
mixing element, which is in contrast with the mixer behavior for If the velocity field obtained by a steady state RANS model is
all other flow Reynolds numbers. It suggests that helical statised to predict the particle redistribution in flow cross section,
mixers are less effective for very low Reynolds numbaminap  without applying stochastic techniques to generate an instanta-
flows. neous velocity field, then the predict®®U values will be up to
Figure 20 shows the values DU at the fourth mixing ele- 9% different from those predicted using the instantaneous velocity
ment for different Reynolds number from Re=0.01 to Re=500ield generated by stochastic techniques.
using the RSM model for turbulence cases. As can be seen, thé\s expected, th€DU value is only a function of the Reynolds
values ofPDU is almost the same for creeping flows, it increasesumber for a specific mixer. The density of the material used here
as the flow pattern changes from creeping flow to laminar flote calculate thePDU value is 16 kg/me. For a material with a

Fig. 17 Particles’ locations calculated by k—ao (left) and RSM (right)
models
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Fig. 18 G-value calculated for Re=0.01, 0.1, 1, 10, 100, 1000, Fig. 20 PDU values for Re=0.01, 0.1, 1, 10, 100, 1000, 3000,
3000, and 5000 and 5000 at the fourth mixing elements
Conclusion

density of 16 kg/m?, for Re=1000PDU value changes by 0.2%. Performance of an industrial helical static mixer was studied
The PDU value is also changed, when the accuracy of the solvgfficiently on a PC. Comparison with certain experimental values
is changed. For example, for the case of Re=100, the calculafidn® Pressure drop across the mixer measured for the standard
PDU value at the fourth mixing element is 28% larger when th§lement twist angle shows very good agreement over a range of
second-order flow solver is used compare to the calculeigd 11OW conditions. However, it is emphasized that further validation
value based on the obtained results of the first-order flow solvét.réquired to quantify the accuracy of mixing patterns predicted;
Moreover, it may worthwhile noting that the obtainB®U value It ca@n be achieved when detailed experimental data is available
is not very sensitive to the value dF, whenN, is large enough. and when more realistic turbulence models such as large-eddy

For example, foN,=195,784, 501,740, and 784,282, the obtainesiMulation and direct numerical simulation methods, are applied
values forPDU at the end of the second mixing element for R&° the problem. o . .
=1000 are 99.7%, 99.8%, and 100%, respectively, of the caIcu-.T.he effect Of. Reynolds number on mixing in creeping flow is
lated PDU value when N.=1 225 784. However forN. Minimal. Inlaminarand turbulent flows, the Reynolds number has
=31,180, the obtained valug f@rbU ié 97.4% of the (‘:alculatped a major impact on the performance of a static mixer; for low
PDLj vaILlJe whenN.=1 225 784 784 ' Reynolds number flows, most of fluid particles are separated,

P ' T whereas, for higher Reynolds number flows, increased mixing of
fluid particles occurs. Comparisons between the results obtained
by k-w and RSM turbulent models show that tkew has enough
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Fig. 19 PDU values calculated for Re=0.01, 1, 10, 100, and
1000, at the second, fourth, and sixth mixing elements Fig. 21 PDU values at the end of even numbered mixing ele-
ments (Re=3000)
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accuracy to Cap’[ure the main aspects of mixing ﬂOWS, while it i§16] Jones, S. C., 1999, “Static Mixers for Water Treatment”, PhD thesis, Georgia

computationally much less expensive than the RSM model.
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Nomenclature
F; = external force vectoi=1,2,3
m = mass flow rate
N, = particles released at the flowfield inlet
PDU = particle distribution uniformity

Q = volumetric flow rate
Re = Reynolds numbeft=pUd/ w)

U = bulk velocity

V = grid cell volume
V,, = mixer volume

d = pipe diameter
As = computational grid interval size
g = acceleration due to gravity

k = turbulence kinetic energy

p = pressure

pdi(i) = particle distribution function of the first kind
(i=1,...,Ng

pdy(i) = particle distribution function of the second
kind (i=1,...,N)

r¢ = structure radius
u; = velocity vector(i=1,2,3
X; = position vector(i=1,2,3

&; = Kroncker delta
e = turbulence energy dissipation
p = molecular viscosity
p = density
-pu/u; = Reynolds stresse$,j=1,2,3

7j = stress tensofi,j=1,2,3
7w = wall shear stress
o = specific dissipation
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Influence of Bulk Fluid Velocity on
the Efficiency of
Electrohydrodynamic Pumping

Vishal Slnghal The efficiency of conversion of electrical power into fluidic power in an electrohydrody-

) namic (EHD) pump depends on the bulk fluid velocity. An analytical formulation is

Suresh V. Garimella developed for calculation of the efficiency of an EHD pump, with and without the pres-
e-mail: sureshg@ecn.purdue.edu ence of a superimposed flow due to an externally imposed pressure gradient. This for-
mulation is implemented into a numerical model, which is used to investigate the effect of

School of Mechanical Engineering, bulk fluid velocity on the efficiency of the EHD action. In particular, the net flow due to

Purdue University, the combined action of EHD and a positive or negative external pressure gradient is
585 Purdue Mall, computed. Both ion-drag pumps and induction EHD pumps are considered. Pumps based

West Lafayette, IN 47907-2088 on the ion-drag principle that are studied include a one-dimensional pump, a two-

dimensional pump driven by a stationary potential gradient, and another driven by a
traveling potential wave. Two-dimensional repulsion-type and attraction-type induction
pumping caused by a gradual variation in the electrical conductivity of the fluid is also
investigated. The efficiency of EHD pumps exhibited a strong dependence on bulk fluid
velocity: for the two-dimensional steady ion-drag pump, for example, the efficiency in-
creased from less than 2% to 22% under the influence of an external pressure gradient.
The corresponding increase in efficiency for a two-dimensional repulsion-type EHD
pump was from 0.26% to 24.5%DOI: 10.1115/1.1899173

Introduction A transient, three-dimensional model of electrohydrodynamics,

ElectrohydrodynamicéEHD) as a means of pumping fluids hascapable of solving coupled charge transport and Navier—Stokes

. o equations, was recently developgtb,17. This model is used
been under investigation for several decadesb. However, the here to study the effect of bulk fluid velocity on the efficiency of

low efficiency of conversion of electrical power into fluid POWer. v arsion of electrical power into fluidic power in an EHD

has_ limited the implementation (.)f EHD pumps in practical appllbumping device. One-dimensiondD) and two-dimensional ion-
cations. Recent developments in microfluidics have led to a fag pumps actuated using a stationary potential gradient as well

] a traveling potential wave are studied. Attraction- and

for miniaturization, absence of moving parts, and the resultlr}g ulsion-tvpe induction EHD pumps are also considered
high reliability. Miniature ion-drag6,7], induction EHD[8,9] and P yp pump '

electro-osmotid 10,11 pumps have been investigated. However,
the efficiency of these devices, seldom greater than 5% and offerevious Studies
less than 1%, continues to be a critical issue of concern.

i A few studies in the literature have dealt specifically with the
The efficiency of an EHD pump strongly depends on the bUI(Ie(fficiency of EHD pumps. Crowlef/13] studied the efficiency of

glrJ]Ide>\</tee|:)ncalttlybr?egiﬁlrﬂeczlrlgldli;ﬁ? I(E,)ar:ugrr?gg fﬁ)gmnlfth:;ﬁqtzd dlijrggﬁéHD induction pumps which use the electrical conductivity jump
’ W the interface between different fluids for inducing charges. This

as th? EHD pump, the eff|C|e_ncy of conversion of electnc_al pow%liudy was confined to the attraction mode, where fluid motion is
to fluid power is higher than if the external pressure gradient wej

not presenf12]. Conversely, an external pressure gradient in t if the same dlrectlon_as_ the travellng_ pqtentla_l wave. _Thls_would
oDDOSItE direction causes a’ decrease in EHD pumpin efficier?&cur when th'e electric flelld. strength is higher in the fluid with the
TEP ffact b d to advant For i tp pEI%D Ehaller electrical conductivity. Flow between two parallel plates

IS efiect can be used to advantage. For Instance, PUMPHIES studied. Layers of two nonmixing fluids with different elec-
could be use(_j asa b_ooster _for existing flow |r_15|de PIpes or Ché{ﬂ‘cal properties were present between the plates. A traveling po-
nels. The main pumping action would be carried out by an exteg o\ \wave was applied to the plate which was in contact with
nal pump, while the EHD action helps to increase the fluid Velo‘fﬁe

itv. Control of local heat t for i i ) tUbes | fluid of lower electrical conductivity. The other plate was
ty. Lontrol of local heat transier in Specific regions or Woes IN g, nded. An analytical expression was derived for the efficiency
heat exchanger, for example, by this means could be of gr

. o T the pump, as a ratio of the product of average shear stress at the
advantage in specific applications.

' . - interface and velocity of the interface to the time-averaged elec-
Several studies have considered the efficiency of EHD pumgg. power input. The effect on pump efficiency of various pa-

[13-18. Most, however, have focused on the effect of the electtiz neters was analyzed using the expression derived. The effi-
cal properties of the fluid on the efficiency of conversion of eleGency was indicated to be high under the following conditions:
trical power to fluidic power. The role of bulk fluid velocity in yhe charge relaxation time in the less-conducting fluid is smaller
increasing the efficiency of EHD pumps has not received mughan the time period of the potential wave; the more conducting
attention. The study of Bondar and Bast[é@i2] appears to be the i is highly conductive; and the less-conducting fluid layer is
only one that has identified the potential increase in the efficiengyi, with thickness much smaller than the wavelength of the po-
of EHD action due to increased bulk fluid velocity. tential wave.

Bondar and Bastiefil2] presented experimental results on the

Contributed by the Fluids Engineering Division for publication in therNAL oF effect of bulk fluid veloglty on the eﬁICIenCy .Of EHD' lons were

FLuips ENGINEERING. Manuscript received by the Fluids Engineering Division Aprilgeneratecl by corona dlscharge from a moving po_mte(_j electr(_)de
20, 2004; revised manuscript received March 5, 2005. Associate Editor: Akira Go@ttached to a steel rod. The force due to electrical interaction
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between the charges and the rod caused a variation in the acoaly study which identified bulk fluid velocity as a significant
eration of the steel rod. The resultant change in velocity was megarameter in determining the efficiency of EHD. Moreover, the
sured using an opto-electronic detector. This experiment was p#reoretical and numerical analyses in past studies have been lim-
formed without and with a pressurized air stream, with thited to very simplified systems, with simplifying approximations
efficiency reaching 2.6% and 7.5% under the former and lattfequently made in the governing equations. This was necessitated
conditions, respectively. This compared to an efficiency of leskie to the inability to solve coupled charge transport and Navier—
than 1% without the pressurized air and moving electrode. TIsokes equations in these studies, which is required to calculate
efficiency increase was also found to be independent of the elélee efficiency of an EHD system.
trical power input to the corona discharge. They also presented arA theoretical model for EHD pumping is developed below, fol-
integral equation for the efficiency of a stea@ynstant voltage lowing which the numerical analysis approach is described, in-
drop and charge sourcEHD pump. Assuming negligible viscous cluding model validation results. The variation of the efficiency of
losses in the ionization region, it was shown that the efficiency afnumber of EHD pump configurations is then explored as a func-
EHD can be changed solely by the bulk fluid velocity, withoution of bulk fluid velocity.
changes in the electrical parameters.

Crowley et al.[14] conducted a theoretical study on the effect
of fluid properties on the efficiency and flow rate of a twoTheoretical Analysis

dimensional ion-drag EHD pump. Variations in electric field due . -

. .~ A methodology for the calculation of efficiency of EHD pump-
to the space charge effect were neglected, and the electric f'fﬂ is developed. Alternative definitions for the efficiency of an
was assu_med to b_e uniform through_out the pump. This fa(.:'l.'tat D pump in the presence of an externally imposed bulk fluid
an analytical solution of the goveming equations. The eﬁ'c'enqyelocity are presented. General integral equations are derived for

of the EHD pump was defined af’:ll_(“'a)’ Wherea_is given both definitions of efficiency, and then simplified for the particular
by a=uE/v+cE/qu. These expressions were obtained from 8ystems considered here.

simplified consideration that the efficiency was equal to the ratio

of the electrical power input if fluid mobility and conductivity Governing Equations. Magnetic induction due to moving

were zero, to the actual electrical power input, i.e;, charges is assumed to be negligible in the following discussion,

=quAV,/ (QuAVe+ugAEV,+ocAEV,). It was concluded that low which means the electric fiel is irrotational. Gauss's law can be

electrical conductivity and low ion mobility lead to high effi-Written in terms of the electric potentidk(V) as

ciency. Limits on flow velocity in an ion-drag EHD pump due to q=-V -(s V) (1)

several different factors were also identified. These factors are

charge decay by charge conduction and ion mobility, frictiokonservation of chargg, in the absence of any charges due to

forces for laminar and turbulent flow, and breakdown of fluid siPecies reaction, is given by

high electric fields. Low fluid viscosity and high permittivity were aq

also suggested to lead to high flow rates. —+V.J=0 (2
Seyed-Yagoobi et al[15] presented a theoretical model of a

steady 1D EHD pumping. Current due to conduction, mobilitydere,J, the current density vector is given by

and convection of charges was accounted for in the governing _

equations for EHD. For a 1D flow the EHD equations can be J=oE+qv+auE-DVq ®

solved without recourse to Navier—Stokes equations. This is bERe four terms on the right hand side of E8) represent current

cause there are no pressure gradients or viscous losses in adlB to conduction, convection, ionic mobility, and diffusion of

flow and hence the flow velocity is the same everywhere. Thinarges, respectively. A detailed explanation of these terms is

charge transport equation was solved numerically to obtain eleoailable in[16,17]. Current due to diffusion of charges is gener-

tric field and charge density distributions which were then used &ly negligible, as the diffusion Peclet number is generally much

calculate efficiency. Results were presented in terms of three n@teater than unity, as is assumed in the following analysH.

dimensional numbers: Electric Reynolds numbezRev/oL, Otherwise, current due to charge diffusion can be significant and

Electric slip numberEsl=uV,/vL, and Electric source number should not be neglected.

Es=q.L?/eVe; Rex is the ratio of free-charge relaxation time of Combining Eqs(2) and(3), the charge transport equation can

the fluid (¢/ o) to the time which characterizes system dynamidde written as

(L/v), Esl represents the relative motion of charges compared to aq

the bulk fluid velocity, andEs indicates the influence of space 7t V@)=V -(cVD)+V -(quV D) (4)

charge on the electric field. The Electric Reynolds numbey, e o . ] ] ]

also indicative of the efficiency of energy conversion. For a steady’e continuity and Navier-Stokes equations which describe the

1D EHD pump with an applied voltage difference across a domaiiylid flow are given below. The Navier—Stokes equations are

and a constant known charge density upstream of the domain, f@dified to include pressure generation due to Coulomb forces.

efficiency of the pump was given by=0.5E.2-E.?)/(ReE, . ap

+Esp,—ESEsh.E,), where E; and E, are the nondimensional Continuity: —-+ V- pv=0 5

electric fields downstreartat collectoj and upstreanfat emittey

of the domain anqbz is the nondimensional charge density down- Ipv

stream of the EHD pump. The quantiti&®, E,, and p, were Navier—Stokes: a (V- V)v==Vp+V .7+pf-qVe

obtained from numerical analysis. For given valueEstndEs|,

efficiency was shown to increase with ReThe efficiency was (6)

higher for low values oEsl, which corresponds to low mobility, Body forces(other than Coulomb forcgsire assumed negligible

small voltage difference, or large fluid velocitys was shown to in the following analysis. The charge transport Ed$.and(4) are

be important only at low values of Re It was thus concluded solved along with the fluid transport Ed$) and(6) via a numeri-

that low mobility, low conductivity, and high permittivity all lead cal analysis to obtain the distribution of potential and charge, as

to higher efficiency. well as the flow characteristics. The electrical and fluidic equa-
Most of the related studies in the literature have focused on ttiens are coupled due to the presence of the charge convection

effect of electrical properties of the fluid on EHD efficiency. Tderm in the charge transport equation and the Coulomb force term

the authors’ knowledge, Bondar and Bastigt?] reported the in the Navier—Stokes equations.
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Efficiency Calculation. The efficiency of a steady-state EHD Viiwa
pump will be shown by the following analysis to vary with bulk Mee = = T+ vgmud (13
fluid velocity. An expression for the efficiency of a general Vionwa Udrift waf Ufl.wa
(steady/transienEHD pump is then derived, and is subsequentlin Which vgig wa, Vion.wa @Ndv gt wa refer to the weighted average

simplified for the different pumps considered. of fluid, ion and drift velocities with respect to the electric force
In a steady-state system, the electrical power input to an EHi@nsity.
pump is given by Equation(13) suggests that the efficiency of an EHD pump is

related to bulk fluid velocity in the pump. No assumption was
p - J f f = @ made in this analysis regarding the source of this fluid velocity. It
e ion * M EC may be solely due to the EHD action or may be brought about by
(Vol) an external pressure gradient. In fact, EtR) suggests that the
efficiency of an EHD pump can change radically without a change

HereP is input (electrica) power, viey is velocity of the ions and in the electrical conditions of the pump. The pump efficiency

dFg, is electrical force acting on a unit volume of the domain. Th ould increase with an increase in the fiuid bulk velodityit is

electrical force ona unit volur_ne'can be ﬂ."ther writtendig, in the same direction as the drift velocity of the iprasd vice
=Edg, wheredq is charge density in that unit volume. Hence, Eq,,

X versa.
(7) can be written as The instantaneous electrical power infytto any EHD pump

can be written as
Pi =f f f Vion * Edq (8)
= Jdv ol :fE-JdVoI (14)

(Vol) Pi=
The mechanical power output from the EHD punffy, can be (Vol)
written as The above integral would be carried out over the entire region
which has a current path to any of the powered electrodes. Intro-
P, = f f j v - dFy, 9 ducingJ=0E+qv+guE in the above equation yields
)

(Vol P, = f E - (¢E +qv +quE)dVol (15

Here,vy is bulk velocity of the fluid andiF, is that component of
the force which contributes to useful work. In Cartesian coordinates, E(L5) reduces to

The bulk velocity of the ions is related to the velocity of the
fluid. When the ions are in equilibrium with the fluid, i.e., when _ 2 2 2
the difference in bulk velocities of the ions and the fluid depends "1~ J f J Lo+ au)(E+Ey+ E) +a(Ewx+ Eyy
only on local electric fieldas would happen when there are no

external sources of ions in the domain, i.e., charges are not being +Ep,)]dxdydz (16)

created or destroyed due to induction or chemical reactidhis The mechanical work done by an EHD pump causes a pressure

relation can be expressed as gradient in the fluid, which changes its velocity. For a fluid al-
Vign = Vit + Vit (10) ready in motion, the velocity would increase if the Coulomb

) ) ) ] o forces are in same direction as the existing flow, and would de-
Here vy is the drift velocity of the ions and is given by crease otherwise. The pressure gradient is balanced by viscous
=wE. It should be noted that in the absence of free electror@rces in the fluid and friction forces at the fluid-solid interfaces
external sources of ions or diffusion, the equation for current dewhich act to retard the flow. Hence the mechanical power output
sity [Eq. (3)] reduces taJ=qvy +quE. Dividing this equation by P, of an EHD pump is given by
charge density results in Eq(10).

The efficiency of an EHD pump can therefore be written as Pozf (S V)enp — (S-Vno £rpdS (17)
vy - dFy in which s is the stress vector. Subscript “EHD” in the equation
P, Vol) refers to flow due to combined action of EHD forces and external
Nee= = =—— 7 (11) pressure gradient, while subscript “No EHD” refers to flow solely
P = due to external pressure gradient. The above integral is executed
fon * =T EC over the boundary of the domain. The retarding forces are re-
(Vol) flected in the velocity gradients in the fluid. Pressure and viscous

If it is assumed thatiF,,=dFg,, which implies that there are neg- SI€SSEs can be written §5=—piud; * mis(vij+vj i), wherep is
ligible losses due to frictional forces and viscous effects, the efftal pressure drops is V'chslt.y of the fluid ands; is the
ciency is given by Kronecker delta vectorg;={g 17, - The terms; represents
stress in the direction on a plane in the direction. However,
flow due to an applied external pressure gradient is not reflected in
ff fvﬂ ~dFe the above equation, as both the pressure gradient as well as the
(Vol) viscous forces caused by this pressure gradient are included in the
= 12 equation. The equation fa; can be modified as follows to ac-
(Vg + Vgri) - dFgg count for flow due to an applied external pressure gradignt
—P&ij + myis(vi jFvj,i), Wherep=pi—Papp IS Net pressure gradient
generated by the EHD pum(p,p, is applied external pressure
This expression was first presented by Bondar and Basti@nlt  gradien}.
can be further rewritten as The output fluid power can therefore be written as

Tee

(Vol)
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Table 1 Description of different EHD pumps considered in the present study.

Pump . Source of .
Number | DESCription | pr e Field | Source of Charges Comments Schematic
Steady 1-D Constant " Fluid velocity is artificially
1 ion-drag stationary szmg?izdﬁlty pinned; same pump as studied in
pump voltage drop P pump [15]
b Flow is fully developed; fluid
Steady 2-D voltage :yo Constant uniform charge | velocity is varied by applying
2 ion-drag ti?xgthe P density upstream of the | pressure gradient' along length of
pump directi pump pump; similar to steady 1-D
irection of .
flow pump except for viscous losses
Uniform charge density | Flow is periodic in both time and
upstream of the pump for | space"; fluid velocity variation as =
Transient 2- 10% of duration of for steady 2-D ion-drag pump; i
3 D ion-drag potential wave starting | closely simulates ion-driven air | | _— Charge cloud
pump from time when potential | flow device described in [19],
. at that cross-section is except that 1-D geometry was L@
Trivel{l;lg highest considered in [19]
potenti . T : Positive ch roud Iﬂ__
Repulsion- | wave along | Induction of charges due Flow li,wn?dlc n t?oth tlrpe.and e &0 =
N . space"; fluid velocity variation
type one side of | to gradual decrease in o " . R
4 . ! i 2 4 as in steady 2-D ion-drag pump;
induction the pump from side with potential . i :
. . closely simulates liquid pump
EHD pump with other wave to other side Gooi Negative charge cloud
. described in [16,17]
side grounded T e 5
ow is periodic in time an Positive ch Joud I_J:
Attraction- Induction of charges due | space"; fluid velocity variation e s ) =
5 type to gradual increase in o | as in steady 2-D ion-drag pump;
induction from side with potential | similar to repulsion-type EHD *
EHD pump wave to other side pump except that o gradient in Negative charge cloud
opposite direction

| Additional to pressure head generated by EHD

# Time periodicity: Same velocity profile repeated at every cross-section after a time equal to the time-period of the potential wave
Space periodicity: At any given time, same velocity profile repeated after a distance equal to the wavelength of the potential wave

Po=f (= P& + myis(vij + v} *Venp = 1= P8 + tyis(vij + v D]i - Vino enpdS (19)
In Cartesian coordinates, for a boundary alongxtuérection, Eq.(18) reduces to
Po= f {=po+ Mvis[zvx,xvx + (Ux,y + vy,x)Uy + (Ux,z + UZ,X)UL-l}EHD —{-pvy+ /'Lvis[zvx,xvx + (Ux,y + Uy,x)Uy + (Ux,z
+ 02,00 ] no EnDdS (19

Similar expressions may be written for tieand z directions.
The efficiency of the EHD pump is the ratio of mechanical power output to electrical power input. FrorfilBgand (18), this
efficiency can be written as

&)_f((- P3;
P

+ pyis(vij + Uj,i))f “V)enp — {[- P& + myis(vij + Uj,i)]f “Vino EnpdS

Mee = (20)
f E - (6E +qv+quE)dVol
For two-dimensional EHD pumps, the above equation can be written in Cartesian coordinates as follows
f (= pog+ :U*vis(zvx,xvx + (Ux,y + Uy,x)vy))EHD — (- pog+ Mvis(zvx,xvx + (Ux,y + Uy,x)vy))No gnpdy
+ J {= pvy + :uvis[zvy,yvy + (Uy,x + Ux,y)vx]}EHD -(- pvy + :uvis(zvy,yvy + (Uy,x + Ux,y)vx))No erpdX
Mee = (21

J f [(o+qu)(EZ + E2) + q(Ex + Eyvy)Jdxdy

For each of the different pumps considered in this work, this equation reduces to the simplified versions developed below. The five
pumps considered are described with the help of schematic diagrams in Table 1. It may be noted that in the following three equations,
flow without EHD is due to a constant one-dimensional pressure gradient.
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(pvy) - (pv
One-dimensional ion-drag pump:zg, = P e~ (PUJero (22

f [(o+ qu)E; + qEw,]Jdx

Two-dimensional ion-drag pump due to a stationary one-dimensional potential gradient:

f ((Pvyno EHD — (PUYEHDIDY + J (vistxyUx)EHD ~ (MyisUxyUx)No EHDIX
Mee = (23
f J [(o + qu)E; + qEw,Jdxdy

Two-dimensional ion-drag pump due to a traveling potential wave, and two-dimensional attraction- and repulsion-type EHD induction
pumps:

J [(pvyIno eHD ~ (PUXEHDIY + f (/Lvisvx,yvx)EHD - (Mvisvx,yvx)No enpdX + j {Mvws[zvx,xvx + (Ux,y + Uy,x)Uy]}EHDdy+ f [- poy + #vis(zvy,yuy + Uy,xe)]EHDdX

Mee =

J f [(0+qu)(E2 + E2) + q(Ew+ Eyvy) Jdxdy

(24)

Overall, the efficiency of the flow generation due to several actuating mechanisms which may include both electrical and mechanical
forces would be given by the ratio of total fluid power output to total power input. This efficiency can be written as

J (= pdij + pyis(vi j + Uj,i))f *V)enpdS
Po,erp

PieetPim -
E - (0E+qv+quE)dVol+ | (Pappdi)] - VEnpdS

Thot = (25)

In two-dimensional Cartesian coordinates, this may be written as

f {= puy+ /Lvis[zvx,xvx + (vx,y + Uy,x)vy]}EHDdy+ f (- puvy + /-Lvis(zvy,yvy + (Uy,x + Ux,y)vx))EHDdX
Thot = (26)
f J [(o+ CI,M)(Ei + Ei) +(Ewx+ Eyvy)]dXdy+ J papd}x,EHDdy"' f papd—’y,EHDdX

Equation(26) can be applied to each of the pump designs consid- YA

ered to obtain simplified expressions fgy,. It is noted thaty,, is — 1o ——

the efficiency of the complete fluidic system, which may include ¢
both electrical and mechanical actuating forces. On the other \ 02
hand,7g, is the efficiency of solely the electrical forces in causing > \ '
fluid motion. However, 7z, is not independent of mechanical x \wa“

forces as the change in bulk fluid velocity due to mechanical
forces affectsyg,.

Numerical Modeling. The commercially available computa-
tional fluid dynamics software packag@ar was used for nu-
merical modelind18]. Flow was assumed to be laminar for all the

cases considered. A built-in EHD modulermap was used along
with user-defined subroutines developed for calculating the input
electrical power and output fluidic power. Validation of the ion- ®)

drag and induction EHD models is reported in deta], where

the ion-drag EHD model was validated by comparison against thg. 1 (a) Domain under consideration in two-dimensional

results of{15], while the induction EHD model was validated bypumps; (b) potential wave application in pumps with traveling
comparison to[19]. The geometry was modeled using secondpotential wave

order elements. Picard iteration method was used to solve the

discretized equations. Mesh-independence tests were performed

for potential, charge density, and flow velocity. On doubling the All computations were performed with the following set of pa-
number of elements in each direction, the values of these parammeters. A fluid withe =o=pu=pu,s=1 was considered. The two-
eters varied less than 1% for steady-state simulations and less tHamensional domain under consideration in pumps 2p&mp

2% for transient simulations. Time stepping was done dynamiumbers identified in Table)is shown in Fig. 1. The length of
cally using the trapezoidal rule, which is a second-order implicihe domain was. =1 for all pumps, and the width wag=0.2 for
time-integration scheme with maximum relative local time trurthe two-dimensional pumps. These parameter choices help sim-
cation error of 0.1%. plify the nondimensional parameters governing the problem to
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Table 2 Comparison of # values for a 1D EHD pump obtained 1.0E+07 1.00
from the present model to values from the literature [15]. ' 0.90
n (Efficiency) 1.0E+08 - = A
Reg Es Esl Present work Resu[l:g]from - 0.80
200 |1 0 058 098 108e08 070
200 1 0.1 0.89 0.89 0.60
200 1 1 0.49 0.49 . J1OE04 1 .
200 1 10 0.09 0.09 ! P, R F050 o
100 | 0.1 0 0.90 0.90 6T 1OEH03 F - e w e X 0.0
100 0.1 0.1 0.83 0.83
100 0.1 1 047 047 1.0E+02 - r 0.30
100 0.1 10 0.09 0.09 L 0.20
1.0E+01 -
L 0.10
ks
1.0E+00 #= ' . . . . 0.00
10E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06

Rez=v, Esl=V /v, andEs=q./V,. Also, the units for all the pa- n

rameter values listed here need only follow a consistent framll_a- 2 Effect of variation of nondimensional bulk fluid velocity
work, such a_s those mentlor_]ed in the NOm_encIatu_re. The res"'glgnondimensional input power, output power, and efficiency
would be valid for any consistent set of units. While the resulig; e steady one-dimensional ion-drag pump

depend on the choice of these parameter values, the focus here is

on the trends of variation obtained.

For the pumps under steady operatigumps 1 and R d(x X
=0,y)=q(x=0,y)=100 and®(x=1,y)=0. For the pumps in tran- the absence of an external pressure gradi®qtp), ie., Pi tot
sient operatioripumps 3-5, the initial potential and charge den-=P; o/ Py g, P;EFPLE@/PO,E, P;tot= Potot/ Pog and P;,E€
sity were zero throughout the domain, i.eR(x,y,t=0)=0 =Pgg¢/P,E.
=q(x,y,t=0). The potential wave at the electrode wall for all
transient pumps was characterized #y100, w=k=2, i.e.,
d(x,y=0)=100 co$2nt—-2mx). The other wall was grounded,

i.e., d(x,y=0.2=0. For pump 3g=100 atx=0 for 10% of the

One-Dimensional Steady-State lon-Drag PumpThe varia-
tion of nondimensional input and output povx(éri* and P;) and
efficiency () with nondimensional bulk fluid veIocith;,) for a
) ] . < 1D pump is shown in Fig. 2. All input parameters exceptzfﬁ)r

- _{ 1000<t<0.1/2 ]
potential wave duration, |-e-Q(X—0ay)—{o,o_llbst<l/2‘n' - The 4re held constant. The horizontal axig;) and left vertical axis

constant conductivity gradient for charge induction in pump 4 can.- and P;) have a logarithmic variation. The right vertical axis

be characterized bAo=0(x,y=0)-0c(x,y=0.2=0.1, while for i / e .
pump 5Ac=o(x,y=0) - o(x,y=0.2=—0.1. (7) has a linear variation. It may be noted that in a 1D system, the

Efficiency values calculated from the present model are co elocity needs to be. art|f|c!a||y pinned. TherefoR, P, ar)dvﬂ

pared in Table 2 for several different cases to values read frgg}ﬁehnolndlmensmnah_zed with respect to the corresponding values

graphs in[15]; the efficiency of a one-dimensional EHD pump® the lowesby considered, . . . .

with an applied voltage difference across the domain and a corl-':'g“_re 2 shows tha_Pi , Po and mcregge with an increase in

stant charge density upstream of the domain was reportgsjn  Us- 1his can be explained as follows. &g increases, the current

The two sets of results, presented in terms qf/REsandEs|, are due to c*harge convection increases and hence the input electrical

seen to be identical. power P; increases. Moreover, since current due to charge con-
duction and mobility does not vary much Witﬁ,, the ratio of
convection current to total current increases according td E.

) . The conversion of electrical power to fluidic power is most effi-
Results and Discussion cient for convection current because there is no charge decay as is

For each of the five pumps considered in this wak in Table the case for charge conduction and mobility. This causes an in-
1), results are presented in terms of the efficiency obtained witiease in the efficiency of EHD action. Increases in ijytiand »
EHD action alone, as well as with the combined action of EH[rad to the increase iR, seen in Fig. 2. Since all the electrical
and an external pressure gradient. Efficiency values are presertsd mechanical parameters except for bulk fluid velocity are
as a function of the nondimensional average bulk fluid velociffixed, this increase in efficiency is solely due to the increasg in
along the length of pump, defined g@:vﬂ/vﬂb wherevy, is the It may be noted that no distinction is made betw&ey, Po ot
fluid velocity due to combined action of EHD and pressure gradigo, and P; g¢, Py e, 7g¢ because 1D flow does not offer any
ent andvg g is the fluid velocity due only to the EHD action pressure gradient or wall friction. Hence subscripts “tot” and “EI”
without any external pressure gradient. This is a more suitadlave been dropped from parametBsP,, and » here.
parameter for examining the effect of bulk velocity on pump ef- The 1D case considered above is clearly an idealized situation.
ficiency since both Reynolds numb@Re=pvsh/u,;s) and Elec- It can be thought to represent the ideal operation of an ion-drag
tric Reynolds numbeftRe-,=sv/oL) involve parameters which EHD pump. Since there is no pressure gradient to be overcome,
could independently change the results without a change in tR8Y Pressure head generated by EHD will increase the fluid ve-
bulk fluid velocity. In addition to the efficiency results, variationdOCity infinitely unless it is limited by some external means. In the
with bulk fluid velocity of the nondimensional total input powerPresent simulations, these velocities were limited using the inlet
(pi*m which includes both the electrical input power and mevelocity boundary con_dltlon. Amore p_ractlcal situation would in-
chanical input power used to create the pressure gradietal volve flow created using EHD in a pipe or over a plate. In that
output power due to combined action of EHD and external pre§ase. EHD would need to overcome frictional forces at the sur-
sure gradient(P; o, €lectrical input power(Pf go), and fluidic accle_, which would Q?tlﬂragy I'rln't tféeﬂﬂwdbvelocny. Sutl:lhlmlore
cutput poier 6y du 1 EHE, . pover Tansered to the 81, W Y deieoned o betveer peale s
fluid due to EHD) are also presented. Both the total and the ele 9 9 9 :

S . following.
trical input power as well as the total and the electrical outpu? 9
power are nondimensionalized by the electrical output power in Two-Dimensional Steady-State lon-Drag Pump.The varia-
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Fig. 3 Variation of nondimensional total input power, total out-
put power, and total with nondimensional bulk fluid velocity
due to combined action of EHD in the steady two-dimensional
ion-drag pump and varying external pressure gradient

Fig. 4 Variation of nondimensional electrical input power, out-

put power due to EHD, and efficiency due to EHD with nondi-
mensional bulk fluid velocity due to combined action of EHD in

the steady two-dimensional ion-drag pump and varying exter-
nal pressure gradient

tion of nondimensional total input powé’ri*ymt, total output power
P...o: @and total efficiencyn,,; with nondimensional average bulk

fluid velocity vf*, for this pump is shown in Fig. 3. Again the neir action independent of each other.

horizontal axis(vg) and left vertical axis(P; o and Po i) have  The quantityP; ., is the ratio of output fluid power solely due
logarithmic variations, while the right vertical axisgo) has @ to EHD to the input electrical power; output fluid power is calcu-
linear variation. The velocity;;I is varied by applying an external lated by subtracting the mechanical fluid power due to the pres-
pressure gradient in addition to the EHD action. Both negatigire gradient from that due to the combined action of EHD and
and positive pressure gradients are considered. Results for ghessure gradient, i_eR; £¢=(Potor—Pom)/ Po.erp- At larger val-
negative pressure gradient are reported only for cases for whighs ofvy, both Py o; and’Pom can be several orders of magnitude
there is §tl|| a net*flow in tbe direction of EHD pumping. larger thanpo,EHS, while (po'mt_ Porm) is of the same order of
For this pumpp; . andP,  are seen to follow the same trendmagnityde as, yyp. Hence even small numerical inaccuracies in

of variation as for the one-dimensional pump. The monotonic N¥ther Py o1 OF Py, can result in large discrepancies in the values
in total efficiency 7 with vy can be attributed to two reasons. Ay p* £¢ and 7g,. The increase in rate of variation af, for vy

positive pressure gradient causes additional flow in the forwaglo% in Fig. 4 is believed to be due to these numerical
direction, which increases charge convection and hence the Ou%létccuracies '

fluid power due to EHD, as was explained above. More impor- Results forP
tantly for the present pump, a pressure gradient creates flow w
perfect efficiency and hence as the ratio of power input due to t
pressure gradient to power input from EHD increases, the over, m rve for th -dimensional ) ion-dr mo i
rectification efficiency increases. While the general trend of vari A p curve for the two-dimensional steady-state ion-drag pump is

tion of efficiency for the bresent bump is similar to that of the own in Fig. 5. The inset is a magnified view for small values of
. y tor. P pump vs. The nondimensional pressure head generated by the pump,
previous pump considere®, ., varies roughly as the square of i

* o .~ oo Pe,, has been obtained using the following expression
vq. This is expected since the output power from the externaF‘ g g exp

pressure gradient varies as square of the pressure graéfignt

« p?) while the fluid velocity varies linearly with pressure gradient

(vg o p); thus, output power from the external pressure gradient is 4
proportional to the square of fluid veIoci(Pmocva,).

The electrical contributions to the input and output power, ¢ 4324
well as the efficiencyP, g, P, g, and g, are plotted as a function
of vq in Fig. 4. Again,vy, P, g, and P, ¢, are plotted on a loga- 1
rithmic scale andyg, is on a linear scale. The results are plotte:
only for cases when the net flow is in the positive direction. In thi 0. ;
figure, ng, represents the actual efficiency of the EHD actior. B
While it remains rather small relative tg; (shown in Fig. 3, Sos
7ee increases from less than 0.02% efficieny for no external
pressure gradient to more than 0(19% efficien} for v, =147; at 0.4
this velocity, 7 is 0.92. This increase img, is due to the com-
bined effect of an increase Iﬁ*ﬂ and a sharper increasemﬁyE(,
both due to increased charge convection, as was explained in
case of the one-dimensional pump. o 5 100 150 200 250 200 as0

Figure 4 also shows that the output fluid power solely due 1 Vi
EHD action,P;’Ee, increases in the presence of the positive exter-
nal pressure gradient. This implies that the net fluid powefg 5 Nondimensional pump curve for the steady two-
achieved from the combined action of EHD and external pressufinensional ion-drag pump.  (Inset: Magnified view of pump
gradient is greater than the sum of the fluid powers achieved framrve for small values of nondimensional bulk fluid velocity. )

) o,e¢ such as those presented above may be em-
f?)yed to generate a pump curve for the system, as is done in the
lowing for each of the two-dimensional pumps considered. The

P4 [

[ 2]

0.2 4
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than under conditions where the EHD pump operates without an
flufvisvx,yvxdx_ f (p+ Pappvsdy Jfvy external pressure gradient. This reinforces the conclusion that an
Pe¢

Pee = = (27) increase in the bulk fluid velocity causes an increase in output

Pexp power of the pump.
MisVxyVxdX = [ pu,dy foy o It is important to emphasize the difference between the quanti-

ties Py g, Py o @andug X pe,. The first of theseP, ¢, is a mea-

Here,p is the pressure head generated by EHD pggis applied 0 : . .
external pressure gradient. Wheg,=0, the EHD pump operates sure of the mErease in output fluid power due to operation of the

atvj=1, pe,=1, which is marked as point A in Fig. 5. It is clear=HD PUMP; Py g 0N the other hand, is a measure of the total
that this is not the best operating point for the EHD pump. THE!tPU fluid power due to*th.e EHD pump and external pressure
maximum output of the pumpvf*, X p*E€) among the points con- gr_adlent. In contrasty; X pg, is a measure of the net output flu-
sidered is atvy=147.23,pg,=0.76. This point is identified as idic power of the EHD pump. It represents how the pump would
point B in Fig. 5. The output of the EHD pump is more than 119pera*te ungler dlﬁerept h):drodynamlc conditions. The equations
times higher at this point than @} =1, pz,=1, and it decreases onfor Py g, Py, andvg X pg, are presented explicitly below to
moving away from this point in either direction. This optimalclarify their definitions; it may be noted that all three have the
operation at point B is also achieved at lowgy, and higherv;  same denominator.

(f /-Lvisvx,yvxdx_f pvxdy> - (f :uvisvx,yvxdx_J pvxdy>
« EHD No EHD
Po,E«f =
(f /'Lvisvx,yvxdx_f pvxdy)
E

Fig. 6(b). The small increase iR, ¢, whenuy is close to but just
<J :uvisvx,yvxdx_J pvxdy> greater than 1 is due to an increaser, and 7g,, which results
P o= EHD from an increase i*n current due to charge convection. The subse-
' quent decrease iR, ¢, follows the decrease in efficiency of EHD
(f Mvisvx,yvxdx‘f pvxdy)E action: a majority of the current at high is due to charge con-

duction, which has very low efficiency. The slight upturnFIE}Ee
at largervy, is due to the numerical inaccuracies discussed earlier.

) _ The pump curve for this pump is shown in Figch As in Fig. 5,
., (f PuistyUdx f (p+ pavaxdy> the point of operation of the pump without any external pressure
v X Pge = gradient is marked A, while that at which the fluid power output is
(Jﬂvisvxyvxdx‘f pvxdy> a maximum (40% higher than at A, wherey=1, pg,=1) is
' E marked B. The power output increases significantly with only a

) _ . ) ) modest increase iny due to the higher charge convection, and
Two-Dimensional Transient lon-Drag Pump. Simulations for  then decreases for larger valuesugfbecause of the absence of

all the transient pumps were run until each pump reached a quaséulomb forces for a portion of the duration of pump operation.
steady-state operation, where the results start repeating over the

time period of the potential wave. The results shown for these Repulsion-Type Induction EHD Pump. Similar quantities as
pumps are time averaged over one period of the potential wat@nsidered for the pumps above are plotted for a repulsion-type
after the pumps have reached this quasi-steady state. EHD pump in Fig. 7. The flow due to repulsion-type EHD is in a
Variation of pi*m p’; wop @Nd 7o¢ [Fig. 6@)], p}*Ee’ p; £ and d!rect!on opposite to thgt of the t(a}veh’ng potentlallwavg. The
7ee [Fig. 6(b)] andpg, with vy, [Fig. 6(c)] for the two-dimensional direction of flow is considered positive in the following discus-

transient ion-drag pump are shown in Fig. 6. The trends of vari§ion- Results for negative pressure gradients are presented only for
tion of .. P and 7, with v, are the same as for the two-CaSes in which the resultant flow is in the same direction as that
[ o fl

i,tot* * o,tot’ iati
dimensional steady ion-drag pump considered above. On the otHH .to EHD. alqne. The trend of variation for .aII three parametgrs
Y g pump ﬂ’l ig. 7(a) is similar to the other cases considered thus far, with

hand,P; ¢, P, g, and 7, show very different dependence o _. _ L AR,
The input electrical powePi*'Ef shows a rather small variation Po;lt_ort] shovylntg a q;JPe}dratllag vanatlgn Wmh_"th " is sh in Fi
with v, and that too only at lowy. This difference in behavior € vanaton ol% g, o g, aNnd mg¢ W vq 1S SNOWN 1N FIQ.
can be explained as follows. Charge is introduced upstream of tf{f)- It is seen that the increase i, with increasingy is very
pump for a small portior(10%) of the period of the potential _S|ght in this case Wh_en compared to the_ steady-stat_e pumps. This
wave. For the particular pump considered here, the bulk velocly Pecause charge induction results in the creation of equal
of the fluid is much higher than the speed of the potential wav8MOunts of negative and positive charges so that the net charge
hence, Charge is swept out of the pump very qu|Ck|y and for mdé%le to |!’]duct|0n IS Zer(;): An increase Ulﬂ causes an Increase In
of the portion of the period of the potential wave, there is liti€onvection of both positive and negative charges and hence there
charge in the domain. The currents due to charge mobility afgjno change in the convection current. Pesplte little variation in
charge convection are thus limited. Current due to electrical coRg., however, the increase iR, ¢, with vy is significant:P, ¢,
ductivity, however, does not depend on external charge and daesreases rapidly at sma}lFl, while the rate of increase drops off
not vary. Hence the electrical power iani’iE€ is limited. at Iargerv:,. The efficiencyzng, follows the same trend of variation

An interesting trend of variation d?, ¢, with vy is also seen in asP, ¢, since there is little variation ] g,.
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Fig. 6 Variation of (a) nondimensional total input power, total
output power, and total efficiency; (b) nondimensional electri-
cal input power, output power due to EHD, and efficiency due
to EHD; and (c) pump curve, i.e., nondimensional pressure
head generated by the pump with nondimensional bulk fluid
velocity due to combined action of EHD in the transient two-
dimensional ion-drag pump and varying external pressure
gradient

Fig. 7 Variation of (a) nondimensional total input power, total
output power, and total efficiency; (b) nondimensional electri-
cal input power, output power due to EHD, and efficiency due
to EHD; and (c) pump curve, i.e., nondimensional pressure
head generated by the pump with nondimensional bulk fluid
velocity due to combined action of the repulsion-type induction
EHD pump and varying external pressure gradient

The total fluid power output by the combined action of EHQsh-(lj—\r/]ven I%”gg %g;vgxgréit;%l g]; Ft)ﬁg \p,)vlljtrr;sftl:)u:\% itgissinﬁilljer\rr]rt)oifhat
Sg\(/jvgrreosjtl:) rligrf? g:ﬁnéﬁﬁ)ziés Srlgrs]:lz:Qagr]rat\r(;?e?]l:Tvr?;;h?);f)l:;gtfog the steady two-dimensional ion-drag pump. The fluid output
P e . . . wer at its maximurnpoint B) is approximately 24 times that
!ndl\gdual_ly. Moreove_r, th_ls dl_ffe_rence increases with an mcreagghen there is no external pressure gradigaint A).

in vg. This observation is similar to that made for the steady

two-dimensional ion-drag pump above. Attraction-Type Induction EHD Pump. Results for the last of
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Fig. 8 Variation of nondimensional total input power, total out-

put power, and total efficiency;

(b) nondimensional electrical

input power, output power due to EHD, and efficiency due to
EHD; and (c) pump curve, i.e., nondimensional pressure head
generated by the pump with nondimensional bulk fluid velocity
due to combined action of the attraction-type induction EHD
pump and varying external pressure gradient

largest value being very close tLH 1, decreasing at both larger
and smaller values Qfﬂ At very large and very small values of
vy, little variation in PI g¢ I noticed.

The drop |nPI ge @Svy increases can be explained as follows.
The attraction-type induction EHD pump is a synchronous pump
[13]. EHD action tries to move the fluid at the same velocity as
the potential wave. When the fluid velocity is smaller than the
velocity of the potential wave, the pump operates in a “pumping”
mode, where it tries to increase the velocity of the fluid, which is
limited by the electrical power available and the viscous forces. If
the fluid velocity is higher than the wave velocity, the pump goes
into a “braking” mode, where it tries to slow down the fluid ve-
locity to the synchronous speed. Here, the pump is limited only by
the electrical power available. Hence the largest fluid velocity
achievable in an attraction-type induction EHD pump, in the ab-
sence of external pressure gradients, is the wave velocity itself.
For the present case, the synchronous speed is approxmﬁtely
=3.3. The output power from EHIDP0 g¢) becomes negative at
around this value, as can be seen more clearly from the inset.
Similarly, if the fluid velocity decreases below the synchronous
speed P0 g¢ increases rapidly. The negligible variation ﬁ’nE( at
large absolute values oﬁl is due to the |ns|gn|f|cant effect of
variation in charge convection as the net charge in the fluid is
zero.

The pump curve for the present pump is shown in Fig).8he
pump generates a net positive pressure gradient along with flow in
the positive direction only fov; < 3.3. The maximum fluid output
power in this casépoint B) is approximately 20% greater than the
power in the absence of an external pressure graeimt A). It
is interesting to note that the pump ceases to generate a net posi-
tive pressure gradient aﬂ close to 3.3, as it goes into the braking
mode beyond this point.

Conclusions

The efficiency of EHD pumping depends strongly on the bulk
fluid velocity. For flow due to a constant, stationary potential gra-
dient, as well as for flow due to repulsion-type induction EHD, the
efficiency of EHD pumping increases monotonically with an in-
crease in the bulk fluid velocity. Moreover, the total fluid power
output from the combined action of EHD and an externally im-
posed pressure gradient is larger than the sum of fluid power
outputs from their action independent of each other.

The variation of efficiency of an ion-drag EHD pump driven by
a traveling potential wave and a transient source of charge density
with the bulk fluid velocity depends on the ratio of bulk fluid
velocity to the wave velocity. The efficiency of the pump in-
creases with increasing bulk fluid velocity for small values of this
ratio and it decreases for large values of this ratio. For attraction-
type induction EHD pumps, with flow in the forward direction,
the efficiency of EHD action is highest when the fluid velocity is
equal to the wave velocity. For fluid velocities in the forward
direction larger than the wave velocity, the pump acts to retard the
flow.

Results for the input electrical power, output fluid power, and
efficiency of EHD action are provided as a function of bulk fluid
velocity for the five different EHD pumps considered; graphical
pump curves for all the pumps are also developed.
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the pumps considered, an attraction-type EHD pump, are plotted

in Fig. 8. Figure 8a) shows thaP; , P

o,tot’

Journal of Fluids Engineering

and 70, vary with vy
in a manner similar to the behawor of the prewously discussed A
pumps. The variation o‘f’I E0r OE(, and g, with vy is shown in
Fig. 8b); the inset is a magnified view of the behavior at low
velocities. The variation oP; ¢, with vy is interesting, with its

Nomenclature

cross-sectional are@n?)

D = charge diffusion coefficientm?/s)

E = electric field(V/m)

Es = electric source numbgdimensionless
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Esl = electric slip numbefdimensionless n = efficiency(dimensionless
f = body force per unit masen/s’) wu = electrical mobility of the fluid(m?/V s)
F = force (N) 1is = Viscosity of the fluid(Ns/m?)
h = height(m) p = density of the fluid(kg/m®)
| = current(A) _ , o = electrical conductivity of the fluidQ m)=*
J = current density in the fluidA/m*) T = charge relaxation timés)
k = wave numbefm™) 7j = shear streséN/m?)
L = length of the domairim) ® = potential(V)
— 2 . -
p= pressu(re )droij/m ) o = frequency of the potential wavs™)
P = power(W
g = charge density in the fluidC/m°)
Re = Reynolds numbefdimensionless
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smame kouiari | Of @ VVaned Centrifugal Fan

Farid Bakir In order to better understand the behavior of the fluid flow in vaned centrifugal fans,
theoretical and experimental work has been carried out on unsteady three-dimensional
Robert Rey (3D) flows. Particular attention is given to the flows located at the rotor—stator interface.

This zone is the seat of strong interactions between the moving part and the fixed part.
This phenomenon has as consequences: Strongly unsteady flow, fluctuating forces on the

Laboratoire d'Energétique et de Mécanique des stator blades, and an efficiency decrease. This work is part of a project which main

Fluides Interne, Ecole Nationale Supérieure d'Arts objective is the aeroacoustic optimization of high speed centrifugal fans. We present in
et Métiers, 151 bd de I'Hopital, 75013, Paris, this paper the first results, mainly aerodynamic ones, which will be used thereafter as an
France input data to aeroacoustic modeling. A numerical simulation tool was used in order to

determine the kinematics and the dynamics of these flows. The measurements of the
steady and unsteady flow characteristics allowed a comparison of the theoretical and
experimental results.DOI: 10.1115/1.1900138

Introduction ticularly at the impeller—diffuser interface. The emphasis is put on

During the past few years particular attention has been paidt Retlr:gkcl)e\}/g?zllo ;:]Zelgé(;?lbgeigegtrw(;et?]éhﬁowpe"er and the casing

the study of unsteady phenomena related to the complex interaCe; .\, o<1 and 2 show the three elements that constitute the fan.
tions within the rotor—stator interface of turbomachines. Man¥

. i . . he aerodynamic characteristics at operating point are given in
exper_lmental and theoretical studies cqntrlbuted to a better und’?ﬁble 1. The geometrical characteristics are presented in Table 2.
standing of the nature of the fluctuating flows related to these
interactions. Ziegler et al1] studied the interaction between the.l.est Bench
impeller and the diffuser of a centrifugal compressor and its in-
fluence on the aerodynamic performance. WhRpstudied the =~ Measurements were carried out on a test befsefe Fig. 3
rotor—stator interaction using a vortex method as well. Sano et efjuipped with an airtight box0.6X0.6X0.6 m), placed up-

[3] studied the flow instabilities into a two-dimension@D) stream the centrifugal fan, making it possible to vary the flow rate
pump vaned diffuser. In addition, Sinha and Katz ef4].made from 12 to 60 |/s by changing the diameter of an orifice plate. The
particle image velocimetryPIV) measurements in order to studyunsteady aerodynamic pressure was measured at various positions
the flow structure and turbulence in a centrifugal pump vanedthin the impeller—diffuser unit. Kulite type dynamic sensors,
diffuser, in the first stage, and used a passage-averaged appraeith a diameter of 1.6 mm and a band-width of 125 kHz were
and large-eddy simulatiofLES) modeling [5] to simulate the used. They are placed at the impeller inlétig. 3@)], the
flows into the vaned machine. Regarding the acoustic field, Jeinpeller—diffuser interfacgFig. 3(b)], the diffuser centerlinéFig.
et al.[6] used a 2D vortex method for a nonviscous fluid. The§l), and the return channel outlgFig. 3(c)]. This allows the
considered, in their simulations, only the impeller and the diffuseneasurement of a static pressure up to 140 mbar and a fluctuating
to analyze the noise generation. Byskov et[@]. used the LES component up to 194 dBA. These aerodynamic data are transmit-
method to study the kinematics of the flow inside the centrifugéd to a digital oscilloscopéGould Nicolet: Sigma 90with eight
impeller just like Pedersef8] who used PIV and LDV measure- Simultaneous channels whose band-width is 25 MHz and has a
ment techniques. Gof®] proposed a design method based on thigsolution of 12 bits. Figure 3 presents a schematic of the mea-
study of the unsteady flows between the diffuser blades and wittsiHring equipment.
the impeller—diffuser interface. Ardizzon and Pa\d4l] studied a
vaned centrifugal fan with a diffuser made up of two parts, the
first one is independent and the second one is connected t
return channel. :
Centrifugal fans, made up of an impeller, a diffuser, and a r¢
turn channel, are largely used in the domestic vacuum cleane
Their high acoustic level constitutes an important criteria of si
lection for the manufacturers of these appliances. These turbor,
chines turn at relatively high rotational speeds of about 350(
rpm. The unsteady flow is strong and reaches 250 m/s. Their I¢
efficiency of about 30% is mainly due to the flow disorganizatio
in the impeller—diffuser interface, the junction diffuser — returi
channel, and the exit of the return channel.
The objective of this paper is the study and the analysis of tl
aerodynamics of the fluid flow inside the centrifugal fan and pa

Contributed by the Fluids Engineering Division for publication in therNAL oF
FLuips ENGINEERING. Manuscript received June 28, 2004. Final manuscript received _ )
March 6, 2005. Associate Editor: Akira GOTO. Fig. 1 Impeller, diffuser, and return channel
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Fig. 2 (a) Centrifugal impeller, (b) diffuser and return channel

Numerical Modeling

In order to understand the internal flows and to analyze the fluid
behavior of the device, a numerical simulation was carried out.
This made it possible to identify the zones with high speed and

Table 1 Aerodynamic characteristics at operating point

Head, H(m) 1300 pressure gradient.

Flow rate, Qu(m®/s) 35X 10°° The first step in conducting a numerical simulation is to define

Rotational speed, Nrm) 33920 the calculation field followed by the generation of the three-

Specific speedNs=NVQ,/H3* 29 dimensional mesh for the selected field. This stage is both the

most significant and the most delicate. The costs of calculation

Upstream
fluid volume

Table 2 Geometrical characteristics of the centrifugal fan Interface 1

Return  Diffuser + Return charmel

Description Impeller  Diffuser channel fluid volume Interface 2
Radius of blade inletmm) 18 52.7 60
Span of the blade at the entsnm) 13 6.48 11
Inlet blade angl€®) 64 85 74 Impeller fluid
Inclination angle of the blade inlgt) 85.8 0 0 volume
Radius of blade exitmm) 52 66.1 33
Span of the blade at the exihm) 5.4 8.43 12
Angle of blade exit(°) 64 71.6 15 Downstream
Inclination angle of the blade ex{t) 0 0 0 __ fluid volume
Blade number 9 17 8
Blade thicknesgsmm) 0.8 0.9 1.6

Fig. 4 Fluid volume cross section

1- Optical tachometer
2- Motor.
3- Box.
4- Static pressure tap.
5- Orifice plate.
L 6- Digital oscilloscope.
Kulite Sensor 7- Conditioners.
8- Pressure Kulite MIC-062-2D Sensors:

A- Pressure sensor at the impeller inlet.
B- Pressurc sensor at the impeller-diffuser interface.
C- Pressure sensor at the return channel outlet.

Fig. 3 Diagram of the test bench
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Fig. 5 Cross section of the centrifugal fan meshes

can usually be reduced by considering symmetrical elements akctording to this figure, the grid F4.4X 10° meshesis consid-
periodicity conditions. Unfortunately, azimuth asymmetry doesred to be sufficiently reliable to ensure mesh independence.
not allow the benefit of this practice in this case. o

The numerical simulations have been carried out with a code TUrbulence model. A statistical turbulence model was used
that is based on the finite volume numerical method using t§éthin the framework of this numerical simulation. Thew SST

commercial code FUENT 6.1 [11] to solve the full 3D Reynolds (Shear stress transppmnodel was adopted. It uses a treatment
average Navier—Stokes equations. close to the wall combining a correction for high and low Rey-

For numerical stability reasons, two fluid volumes, one ugl0!ds number in order to predict separation on smooth surfaces.

stream and one downstream, are added. They do not simulate thés model gives a realistic estimation of the generation of the
actual geometry of the experimental equipment, they are added\4gpulent kinetic energy at the stagnation points. It is more accu-
the numerical model in order to reduce the effects of the inlet af@te and more robust than thew or «-& standard modelf12].
outlet boundary conditions on the aerodynamic characteristics of
the impeller inlet and the return channel outlet.

This configuration results in the three nonconformal interface -180
presented in Fig. 4.

As the geometry of the fan is complex, a hybrid mesh is use
Tetrahedral for the impeller and the diffuser-return channel vc 3
umes, hexahedral for upstream and downstream fluid volum: C "
Figure 5 shows grids around the gdp, around the inlet sidéa), el
and around the impeller—diffuser interfag®.

-

-190 B.g

mbar)

Mesh Independence.Theoretically, the errors in the solutionE
related to the grid must disappear for an increasingly fine mes2
The static pressure at the centrifugal fan inlet was taken as 13
parameter to evaluate and determine the influence of the mesh 3
on the solution spacésee Table B The selected convergenceg
criteria was a maximum residual of 70 In Fig. 6, it is observed
how the calculated static pressure at the centrifugal fan inlg -200
reaches an asymptotic value as the number of meshes increa=

Table 3 Evaluated grid sizes L

Characteristics Number of meshes

Grid A 800,000 -210

8::3 (B: ]i’ggg'ggg 0.0E+0 1.5E+6 3.0E+6 4.5E+6

Grid D 2,300,000 Meshes

Grid E 3,100,000

Grid F 4,400,000 Fig. 6 Influence of grid size on the static pressure at the cen-
trifugal fan inlet
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Table 4 Computation criteria applied to numerical simulation 200

with boundary conditions at operating point
Characteristic Description Value
Simulation unsteady 3D - 100
Fluid Compressibldair) Density =1.2
simulation domain Impeller + diffuser  (9+17+8 blades = i
+ return channel 3
Rotational speed N=34560 rpm E
Turbulence model 2 equations x-w SST o 0
Equation of energy Solved - ]
Roughness of wall Smooth [Bnm] 3 4
Inlet boundary condition velocity Vv=38.1Tm/s] a
Outlet boundary condition Static pressure.  p.=25.1mbar % 100
Interface 3 nonconformal - -
interfaces °©
Inlet temperature e T=300k] = 4
Average residues 1078
Time step 105s 200 A T AR MO
Computing time 50 iterations 0.4 h (bi-processor W
per time step per time step ]
| Transient zone
-300 T T T T T T T

0.000 0005 0010 0015 0020 0025 0030 0035

The SST model performance has been studied in a large num Time (s)

of cases. In a NASA Technical Memoranddi3], SST model
was rated the most accurate model for aerodynamic applicatiopgy. 7 Convergence of the static pressure at the inlet of the

Numerical model. The unsteady terms are implicit second.MPele"

order discretized. A centere8IMPLE algorithm is used for the

pressure-velocity coupling and a second-order upwind discretizge et pressure, applied as boundary condition at the exit part

V6f the downstream volume, comes from the experimental mea-

tion equations are solved using a segregated solver. surement at the outlet side of the engine.

The boundary conditions selected for this simulation are th
velocity at the upstream volume inlet and the static pressure at theConvergence Figure 7 represents the time history of the static
downstream volume outlésee Fig. 4 and Table)4The value of pressure convergence at the impeller inlet. This part of the study

100
n
0
n
T
Ke)
E
@ -100 H
7 /
[0}
[0}
j
& _ /
~=——— Num. Impeller inlet without axial gap
-200 ~—— Num.Impeiler inlet with axial gap
[ ] Exp. Impeller inlet
wmp——  Num. Retum channel outlet without axial gap
——3&— Num. Return channel outlet with axial gap
=] Exp. Return channel outlet
A\
-300 I ; :
o] 10 20 30 40 50 60
Flow rate (I/s)
Fig. 8 Aerodynamic characteristics of the centrifugal fan
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0.4 mm

=

Fig. 9 Streamline pattern at the impeller inlet. With axial gap (a), without axial gap (b) - flow rate =35 I/s

was carried out by using Grid F, with a maximum residue lower or Figure 8 represents the evolution of the pressure according to
equal to 10?. It is noticed that the convergence is reached aftehe flow rate with an uncertainty of +0.4 |/s at the inlet of the
0.005 s, which corresponds to three revolutions of the impeller igipeller and the outlet of the return channel. At the outlet of the

34,560 rpm. return channel measurements and numerical results are in good
agreement. At the impeller inlet, the theoretical pressure curve not
Results and Interpretation taking into account the axial gap between the impeller and the

Experimental measurements were conducted in order to get figeing, pred'CtS. more depressmn compared to tests and case with
overall and local air-flow characteristics. Two numerical simul@Xi2l 9ap, particularly with flow rates from 21 to 401/s. The
tions were carried out, the first one does not take into account tAgssure rise difference between with and without gap is due to
axial gap between the impeller and the casing, while the seco§ Presence of strong vortex at the impeller entrance which leads
one does. The simulation results relating to the pressure develépthe reduction in total and static pressure frigeessure differ-
ment in various parts of the fan are compared with the experimegnce between the inlet and the outletee Fig. 9. The effect of
tal results. vortices decreases at partial flows. The theoretical pressure curve

For all pressure measurements the uncertainty is £2.5 mbartaking into account the axial gap is in good agreement with the

)] i—prmmmnmnomn e e g e e i R R R A R i e e
—— Num. with axial gap '
—--~Num. without axial gap |----.-- '
- Exp H
-10 —

Static pressure (mbar)

T
0.0250 0.0255 0.0260 0.0265 0.0270
Time (s)

Fig. 10 Variation of the pressure at a point on the impeller—diffuser interface vs time-flow rate
=351/s.
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Recirculation zone

Impeller

Fig. 12 Axial clearance between the impeller and the casing

Static Pressure (mbar)

the pressure which ranks from -30 to 20 miar the interface
close to the casing Just after this zonécurvilinear coordinate
=0.008-0.01 mthe pressure falls quickly at the leading edge of
e i the diffuser to increase until reaching its maximum value on the
- NG i 5 g i outlet side of the diffusefcurvilinear coordinate =0.01-0.045)m
: The diffuser transforms a part of the kinetic energy to pressure

energy, it increases the pressure from =100 to 30 mbar.

Figure 13 shows the streamline pattern into the centrifugal fan

Num. without axial gap

000 002 004 0.06 . X X . .
Cunvilinear coordinate (m) at axial cross section and details around the gap at impeller inlet
side (a) and impeller outlet sidéb). A portion of the fluid is
Fig. 11 Evolution of the static pressure in the curvilinear di- returned to the impeller inlet through the axial clearance between
rection along the axial clearance of the diffuser-flow rate the impeller and casing. On the figure, five vortices are observed:
=351/s (i) At the impeller inlet due to leakage floWj) at the cross-over

due to the abrupt change of directidiii,) at the lower side of the
return channel blade due to the stagnation point, and firiadly

experimental results particularly with flow rates greater or equ@Pd (V) at the downstream duct due to the abrupt change of pas-
to 35 I/s. Numerical simulation gives about 7.5% of leakage flof?9€ section. These vortices penalize and decrease the overall per-
rate for all flow rates. Figure 10 represents the pressure fluctuatigfmances of the centrifugal fan. _ . .
versus time, at poinp, as obtained by calculations and tests at the -19uré 14 shows the static pressure field obtained by numerical
operating point. The uncertainty in time measurement waynulation at operating point and the azimuth variation of the
+2.5X 10°° s. Notice that the measurement point is located at tfalC pressure obtained by the numerical simulation along the
midline of two diffuser blades on the impeller—diffuser interfacémpeller—dlf‘fuser interface. The calculations take into account the
so that the blade to blade interaction between the impeller and al gap. The pressure peaks correspond to the Ieadmg (_edge of
diffuser and the separation at the blades leading edge of the dfj¢ diffuser bladesa max. of 50 mbar There is a large variation
fuser do not disturb the measurement. 0 the pressure over a small angular gﬂstance _correspondlng to the
On the graph, one distinguishes the impeller blade passagegrface(@bout 60 mbar in some regionhe figure shows that
characterized by pressure peaks. The pressure decreases quickly
just after the blade passage and increases gradually with the an-
proach of the following blade. The peak to peak pressure gradie
due to the blade impeller passing is relatively import&8®
mban. A significant difference between theoretical results witl
and without axial gap is noted at low pressure peaks. These h
lows correspond to a middle distance between two rotor blade
The comparison between tests and numerical simulations ve
dates this result. The calculation result taking into account ti
axial gap is closer to the tests than that without axial gap. Tl
general shape of the two calculation results are quite similar, t
same curvatures are observed at the same time positions. So|(b)
axial clearance only affects the peak to peak pressure gradien
Figure 11 represents the variation of the static pressure alg =
the centerline of the diffuser as measured by flush mounted sj a
sors that do not disturb the flow. The uncertainty in the curvilined ] ||
coordinate distancés) is £0.1 mm.
The first three pointgcurvilinear coordinate =0—0.008)nof
measurement in Fig. 11 are located in a recirculation zone sho
in Fig. 12. The position of the sensor in this recirculation zon
does not allow an accurate measurement of the static pressi
The noted variation for these points of measurement is probat
due to the additional pressure imposed on the static pressure ¢
sor by the flow normal to it. The results of the two numerica
simulation show the effect of the axial clearance between the it
peller and the casing on the general shape of the curve. In fact, for
the ﬁrst numerical Simulation the aXIa| C|eararjd8 not included F|g 13 Streamline pattern at axial cross section of the cen-
in the geometry used to obtain the numerical solution. So th&ugal fan-flow rate =351/s. (a)—The gap at the inlet side.
leakage flow which passed through this gap increases the valu€mf—Recirculation zone
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Fig. 14 Instantaneous static pressure field and variation of the static pressure at impeller—diffuser interface—Flow rate
=351/s

in the impeller—diffuser interface the pressure is maximum at @anzone of turbulence at the impeller inlgtith an intensity of
instant of time when the impeller blade is approaching the dit0%). Note that all zones with high turbulence intensity are sup-
fuser. As shown in Fig. 11 also, at the diffuser inlet there is a littlposed to be the main source of noise in the centrifugal fan. The
zone (a spoj of depression, the pressure falls from 20 tdlow organization contributes in a narrow way to the mechanism
—-110 mbar through a very small distance. In Fig. 12, at the im-
peller inlet the gap between the casing and the impeller creates a
big gradient of pressure between the impeller sigeand the
casing side(ii) of about 150 mbar, this difference produces the
leakage flow at the impeller outlet.

Figure 15 represents the absolute velocity field inside the cen-
trifugal fan at the same instant of time as Fig. 13. The maximum
value of velocity 189 m/s is located at the hub and shroud of the
impeller at its outlet side. It decreases considerably at the diffuser
outlet, 40 m/s. At poinia) of the impeller inlet the velocity is
about 70 m/s; this is due to the abruptness of the section change.

Figure 16 shows the instantaneous turbulence intensity of the
flow entering the centrifugal fan at the operating point. The area
located between the impeller—diffuser interface and the inlet of the
diffuser channels experiences a high level of turbulence intensity
(varying from 6% to 11% At the return channel outlet the turbu-
lence intensity is about 5%. The presence of the axial gap creatéig. 15 Instantaneous velocity magnitude—flow rate =35 I/s
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flow, high pressure gradient, turbulence intensity and significant
velocity, make it possible to release a methodology to design pro-
totypes in the near future.

This study thanks to which our numerical modeling has been
validated will be used in a future work in order to determine the
necessary aerodynamic characteristics for an aeroacoustic model-

ing.
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A first numerical simulation which did not take into accountthe  Flow in a Centrifugal Pump With Diffuser Vanes—II: Addressing Passage-
i i i i Averaged and Large-Eddy Simulation Modeling Issues in Turbomachinery
axial clearance between the impeller and the casing was carried P ASME 1. e B 125 o 97207
: . . : : ows, . Fluids Eng., pp. 97-107.
O.Ut' .The first (;omparlsons carr!ed .OUt with eXpe.rlmental t¢3t 6] W. H. Jeon, S. J. Baek and C. J. Kim, 2003, “Analysis of the Aeroacoustic
highlighted the |mportanc_e of taking into account this geometrical” ™ characteristics of the Centrifugal Fan in a Vacuum Cleaner,” J. Sound Vib.,
parameter. A new modeling of the 3D and unsteady flow of the 268 pp. 1025-1035.
real geometry of the centrifugal fan was carried out. [7T R.K. Byskol\ll, C.B. Ja(_:obsend, anf? N. Eederser;,_ 2003, “Flow ir.1 a Centrif;é;al
Experimental acquisition of the unsteady aerodynamic charac- g.”mp Impeller at Design and Off-Design Conditions - Part Ii: Large Eddy
. . . . imulations,” ASME J. Fluids Eng.125 pp. 73-83.
teristics allowed the comparison O_f th_e theoretical and EXPErimeng] N. Pedersen, and C. B. Jacobsen, 2003, “Flow in a Centrifugal Pump Impeller
tal results, and therefore, the validation of the numerical model-  at Off-Design Conditions - Part I: Particle Image Velocimef®yV) and Laser
ing. Taking into account the axial gap on this numerical gfp%m Velocimetry(LDV) Measurements,” ASME J. Fluids Engl25 pp.
;lmulatlon :_alllowed a bet_ter local _and _overall be_hawor of the row}P] A. Goto, and M. Zangeneh, 2002, “Hydrodynamic Design of Pump Diffuser
in the Cenm.ngal fan. This mOd.e"ng gives a ;atlsfaqtory approachn = ysing Inverse Design Method and CFD,” ASME J. Fluids Engi24 pp.
of the centrifugal fan characteristic at operating point flow rate. 319-328.
The fluctuating pressure at the impeller—diffuser interface 6.0l g;ﬁ ArdiZZRO':j- a}ﬂ'gl G. PPavef#hZO%Eh“APIali/sis C:_f Unlstseady Flow in aT Vaned
H H H : H H ITuser Radial ow Pump’,lne or International symposium on lrans-
corrgctly prquCted by the numerical simulation onl.y if the aXIZ.iI port Phenomena and Dynamics of Rotating Machinery Honolulu, Hawaii,
gap is taken into account. The results of the numerical simulation \arch 7-11
make it possible to identify the regions with high gradient of[11] FLuent, Fluent, Inc., 1998.
pressure located at the impeller—diffuser interface. The significafit2 '(\j/'eﬂten F'-:lR-, 19§|3A/‘;Z§na| Tg\'\slozEg%%atidﬂw Turbulence Models for Aero-
; ; ; : ; ynamic Flows,” ap. 93— .
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shear stress. This result is consolidated by turbulence intensities” yajigation, Testing and Development,” NASA Technical Memorandum
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On the Physics of Flow
Separation Along a Low Pressure
Turbine Blade Under Unsteady
Flow Conditions

The present study, which is the first of a series of investigations dealing with specific

. - issues of low pressure turbine (LPT) boundary layer aerodynamics, is aimed at providing
Meinhard T. Schobeiri detailed unsteady boundary flow information to understand the underlying physics of the
Burak ﬁztiirk inception, onset, and extent of the separation zone. A detailed experimental study on the

behavior of the separation zone on the suction surface of a highly loaded LPT-blade
Laboratory, Texas A&M University, College under periodic unsteady wake flow is presented. Experimental investigations were per-
' Station. TX 77543—3123 for_med at Texas A&M Turbomac_hlnery Performance and _l_:low_Resea_lrch Laboratory
' using a large-scale unsteady turbine cascade research facility with an integrated wake
David E Ashpis generator and test _section un_it. To account for a high flow deflection of LPT—cascades at
y design and off-design operating points, the entire wake generator and test section unit
including the traversing system is designed to allow a precise angle adjustment of the
cascade relative to the incoming flow. This is done by a hydraulic platform, which simul-
taneously lifts and rotates the wake generator and test section unit. The unit is then
attached to the tunnel exit nozzle with an angular accuracy of better than 0.05°, which is
measured electronically. Utilizing a Reynolds number of 110,000 based on the blade
suction surface length and the exit velocity, one steady and two different unsteady inlet
flow conditions with the corresponding passing frequencies, wake velocities and turbu-
lence intensities are investigated using hot-wire anemometry. In addition to the unsteady
boundary layer measurements, blade surface pressure measurements were performed at
Re=50,00075,000, 100,000, and 125,000 at one steady and two periodic unsteady inlet
flow conditions. Detailed unsteady boundary layer measurement identifies the onset and
extent of the separation zone as well as its behavior under unsteady wake flow. The
results presented in ensemble-averaged and contour plot forms contribute to understand-
ing the physics of the separation phenomenon under periodic unsteady wake flow. Several
physical mechanisms are discuss€dOl: 10.1115/1.1905646

Turbomachinery Performance and Flow Research

National Aeronautics and Space Administration,
John H. Glenn Research Center at Lewis Field,
Cleveland, OH 44135-3191

Introduction enon of the unsteady boundary layer development and transition
i%_the absence of separation zones has been the subject of inten-

In recent years gas turbine engine aerodynamicists have sive research that has led to better understanding the transition

cused their attention on improving the efficiency and performan%%enomenon comprehending the multiple effect of mutually in-

of the low pressure turbingPT) companent. Research at 'ndus'teracting parameters on the LPT-boundary layer separation and

try, research centers, and academia has shown that reductio Win physics still requires more research
blade count can be achieved without substantially sacrificing the-l-he significance of the unsteady flow 'ef'fect on the efficiency
efficiency of the LPT-blading. This reduction contributes 0 agnq nerformance of compressor and turbine stages was recognized
increase in thrust/weight ratio, thus reducing the fuel consumpy ihe early seventies by several researchers. Fundamental studies
tion. Cpntrary to the high pressure turb.lﬁePT) that operates in by Pfeil and Herbsf1], Pfeil et al.[2], and Orth[3] studied and
a relatively high Reynolds number environment, the LPT expefiantified the effect of unsteady wake flow on the boundary layer
ences a variation in Reynolds number ranging from 50,000 {@ansition along flat plates. Schobeiri and his co-workiers7]
250,000 dependent on operation conditions. Since the major pggperimentally investigated the effects of periodic unsteady wake
tion of the boundary layer, particularly along the suction surfacew and pressure gradient on the boundary layer transition and
is laminar, the low Reynolds number in conjunction with the localeat transfer along the concave surface of a constant curvature
adverse pressure gradient makes it susceptible to flow separatisiate. The measurements were systematically performed under
thus increasing the complexity of the LPT-boundary layer aerodgifferent pressure gradients and unsteady wake frequencies using
namics. The periodic unsteady nature of the incoming flow ass@-squirrel cage type wake generator positioned upstream of the
ciated with wakes substantially influences the boundary layer dasrved plate. Liu and RodB] carried out boundary layer and heat
velopment including the onset and extent of the laminaransfer measurements on a turbine cascade, which was installed
separation and its turbulent re-attachment. Of particular relevargewnstream of a squirrel cage type wake generator mentioned
in context of LPT-aerodynamics is the interaction of the wakgreviously.
flow with the suction surface separation zone. While the phenom-Analyzing the velocity and the turbulence structure of the im-
pinging wakes and their interaction with the boundary layer,
Chakka and Schobeifi7] developed an intermittency based un-

Contributed by the Fluids Engineering Division for publication in the JOURNA it ;
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Div:_-Steady boundary layer transition model. The analysis revealed a

sion August 3, 2004; Final manuscript received February 24, 2005. Review cddliversal pattern for the relative intermittency function for all fre-
ducted by Joseph Katz. quencies and pressure gradient investigated. However, the above
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investigations were not sufficient to draw any conclusion witl Wake generator
regard to universal character of the relative intermittency functiol
Further detailed investigations of the unsteady boundary lay
along a high Reynolds number turbine blade of the Space Shut
Main Engine(SSMB by Schobeiri et al[9] and its subsequent

analysis[10-12 verified the universal character of the relative
intermittency function. For this purpose, Schobeiri et[8l. uti- Hl
lized a conceptually different type wake generator, which is als H=H
used for the investigation presented in this paper. Fottner and | {3
co-workers[13,14] and Schulte and Hodsdri 5] used the same

wake generating concept for investigating the influence of ur
steady wake flow on the LPT-boundary layer. Kaszeta, Simon, as: R 3
Ashpis [16] experimentally investigated the effect of unstead: ; -
wakes on laminar—turbulent transition within a channel with th
side walls simulating the suction and pressure surfaces of a LF
blade. They utilized a retractable cascade of cylindrical rods fi

LI
Sockg 54 s—cug EaNE]|

END VIEW

(D Static pressure biade (B Timing belts. rod sitachments (9) Inlet nozzle Large silence chamber with

_ (@) Blade with ot film sensors (g) Transition duct @D Hydeaulic cplinders g ,}‘:f;{ﬁ;‘: ;u'l‘;l‘,r{‘" soreeny
generating the unsteady wakes. Lou and Hourmouzjddibex- @ re gnenting rots @) stmignt auct @ oot pont @ toneycomb flow sieightensr
perimentally investigated the effect of oscillating inlet flow con-@ Yk gentor Troversing e @ wake generstor e-mator (9 Trevereng alos

ditions on laminar boundary layer separation along a flat plate
under a strong negative pressure gradient which was imposedFiig 1 Turbine cascade research facility with the components
the opposite wall. and the adjustable test section

Using the surface mounted hot film measurement technique,
Fottner and his co-workefd.3,14], Schrodef18], and Haueisen, . . )
Schréder, and HennecKa9] documented strong interaction be-ime consuming aerodynamic measurements. Any attempt to in-
tween wakes and the suction surface separation zone on LPf€ase the number of parameters to be studied would inevitably
blades, both in wind tunnel cascade tests and in turbine rig. F{@Sult in a substantial increase of the measurement time. Consid-
thermore, they investigated the boundary layer transition und®ing this fact, the research facility described in RE8s10] with
the influence of periodic wakes along the LPT-surface and fourséte-of-the-art instrumentation has been substantially modified to
that the interaction of wakes with the boundary layer greatly afiudy systematically and efficiently the influence of periodic un-
fects the loss generation. Investigations by Halstead ge@j.on Steady and highly turbulent flow on LPT-cascade aerodynamics at
a large-scale LP-turbine use surface mounted hot films to acqujf} design and off-design incidence angles, where Reynolds num-
detailed information about the quasi-shear stress directly on thg"» Wake impingement frequency, free-stream turbulence, and the
blade surface. As investigations by Cardamone ef{] and Plade solidity can be varied independently.
Schréder[18] indicate, the benefit of the wake-boundary layer
interaction can be used for design procedure of modern gas tixperimental Research Facility
bine engines with reduced LPT-blade number without altering the investigate the effect of unsteady wake flow on turbine and
stage efficiency. _ _ _ compressor cascade aerodynamics, particularly on unsteady

Most of the above mentioned studies on LP-turbine cascaggyndary layer transition, a multipurpose large-scale cascade re-

aerodynamics have largely concentrated on the measurementQich facility was designed and has been taken into operation
the signals stemming from hot film mounted on the suction anghce 1993.

pressure surfaces of the blades under investigation. Although thissjnce the facility in its original configuration is described in
technique is effective_ in qualitatively reflecting the interaction qﬁefs_[g’lo]’ only a brief description of the modifications and the
the unsteady wake with the boundary layer, because of lack of gjain components is given below. The research facility consists of
appropriate calibration method, it is not capable of quantifying the |arge centrifugal air supplier, a diffuser, a settling chamber, a
surface properties such as the wall shear stress. The few boundgsyzle, an unsteady wake generator, and a turbine cascade test
layer measurements are not comprehensive enough to provide 38¥tion (Fig. 1). An air supplier with a volumetric flow rate of
conclusive evidence for interpretation of the boundary layer traps nd/s is capable of generating a maximum mean velocity of
sition and separation processes and their direct impact on the pfgo m/s at the test section inlet. The settling chamber consists of
file loss, which is a critical parameter for blade design. Furthefiye screens and one honeycomb flow straightener to control the
more, numerical simulation of unsteady LPT-blade aerodynamlgﬁiformity of the flow.
using conventional turbulence and transition models fails if ap- Two-dimensional periodic unsteady inlet flow is simulated by
plied to low Reynolds number cases. Recent work presented ¥ translational motion of a wake generatsee Fig. 1, with a
Cardamone et al.14] shows that in the steady state case at Reeries of cylindrical rods attached to two parallel operating timing
=60,000, the separation is captured, however, in the unsteashits driven by an electric motor. To simulate the wake width and
case, the separation zone is not reproduced. spacing originating from the trailing edge of rotor blades, the
The objective of the present study, which is the first of a serielameter and number of rods can be varied. The rod diameter, its
of investigations dealing with specific issues of LPT-boundaryistance from the LPT-blade leading edge, the wake width and the
layer aerodynamics, is to provide detailed unsteady boundary fle@rresponding drag coefficient are chosen according to the criteria
information to understand the underlying physics of the inceptioputlined by Schobeiri et a[21]. The belt-pulley system is driven
onset, and extent of the separation zone. Furthermore, the bg-an electric motor and a frequency controller. The wake-passing
steady boundary layer data from the present and planned expéequency is monitored by a fiber-optic sensor. The sensor also
mental investigations will serve to extend the intermittency basegérves as the triggering mechanism for data transfer and its ini-
unsteady boundary layer transition model developed by Schobeialization, which is required for ensemble-averaging. This type of
and his co-worker$7,11,13 to the LPT-cases, where separatiowake generator produces clean two-dimensional wakes, whose
occurs on the suction surface at low Reynolds number at desigmbulence structure, decay and development is to a great extent
and off-design points. Furthermore, the experimental results geedictablg21]. The facility was used for many unsteady bound-
intended to serve as a benchmark data for comparison with rary layer transition and heat transfer investigatigfis12] that
merical computation using DNS, LES, or RANS-codes. serve as benchmark data for validation of turbulence and transi-
It is well known that boundary layer measurement is one of th@®n models and for general code assessments.
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laminar boundary layer separation that is inherent to typical LPT-
blades. The blade geometry was made available to NASA re-
searchers and academia to study the specific problems of LPT-
flow separation, its passive and active control and its prevention.
As shown in Ref[9], a minimum blade number of 5 is necessary
and sufficient to secure a spatial periodicity for the cascade flow.
The periodicity was verified by comparing the pressure distribu-
tions of blade number 2SPB-J) and 4(SPB-2 shown in Fig. 2.
These blades were specially manufactured for measurement of
pressure and showed identical pressure distributions. A computer
controlled traversing system is used to measure the inlet velocities
and turbulence intensities, as well as the boundary layers on the
suction and pressure surfaces. The traversing system is vertically
mounted on the plexiglass side wall. It consists of a slider and a
lead screw that is connected to a dc-stepper motor with an encoder
and decoder. The optical encoder provides a continuous feedback
to the stepper motor for accurate positioning of the probes. The
system is capable of traversing in small steps up toudrg which

is specifically required for boundary layer investigations where
the measurement of the laminar sublayer is of particular interest.

Fig. 2 Cascade geometry and stagger angle are listed in Table
1. Number of blades=5, SPB-1 and SPB-2 are blades with static
pressure taps, HFB is instrumented with surface mounted hot
films to be used for future investigations.

To account for the inlet flow angle and a high flow deflection ofstrumentation, Data Acquisition, and Data Reduction

LPT‘Cascade, the entire wake generator and test section unit inThe data acquisition System is controlled by a personal com-
cluding the traversing system were modified to allow a preciqﬁ,ter that includes a 16 channel, 12-bit analog-digi@D) board
angle adjustment of the cascade relative to the incoming flogy, PCI-MIO-16E-1). Time dependent velocity signals are ob-
This is done by a hydraulic platform, which simultan_eously |ift§ained by using a commercial 3-chan&Bl, IFA-100), constant
and rotates the wake generator and test section unit. The unitdgperature hot-wire anemometer system that has a signal condi-
then attached to the tunnel exit nozzle with an angular accuragyner with a variable low pass filter and adjustable gain. A Prandt|
less than 0.05°, which is measured electronically. probe, placed upstream of the diffuser, monitors the reference ve-
The special design of the facility and the length of the beligcity at a fixed location. The pneumatic probes are connected to
(Lper=5,000 mm enables a considerable reduction of measurgigh precision differential pressure transduc€iKS 220CD,
ment time. For the present investigation, two clusters of rods withnge: 0—10 mmHgfor digital readout. Several calibrated ther-
constant diameter of 2 mm are attached to the belts. The twfcouples are placed downstream of the test section to constantly
clusters with spacingSs=160 mm andS5;=80 are separated by amonitor the flow temperature. The wake generator speed and the
section which does not have any rods, simulating steady state cgassing frequency signals of the rods are transmitted by a fiber-
(Sg=%). Thus, it is possible to measure sequentially the effect optic trigger sensor. The passage signals of the rods are detected
three different spacings at a single boundary layer point. Ty the sensor using a silver-coated reflective paint on one of the
clearly define the influence domain of each individual cluster withelts. This sensor gives an accurate readout of the speed of the
the other one, the clusters are separated by a certain distanmegke generator and the passing frequency of the rods. The signals
Using the triggering system mentioned above and a continuooisthe pressure transducers, thermocouples, and trigger sensors are
data acquisition, the buffer zones between the data clusters &emsmitted to the A/D board and are sampled by the computer.
clearly visible. The data analysis program removes the buff@he second and fourth blade are each instrumented with 48 static
zones and extracts the data pertaining to each cluster. Comprehgessure taps. The taps are connected to a scanivalve, which se-
sive preliminary measurements were carried out to ensure that theentially transferred the pressure signals to one of the transduc-
data were exactly identical with the data obtained with an arrangers that was connected to the A/D board. UsingviEw software,
ment of rods filling the entire belt at constant spacing. the data acquisition system including the computer and the A/D
The cascade test section, located downstream of the wake geoard was upgraded. Two adjacent blades are used for boundary
erator, includes five blades with a height of 200.0 mm and a chdiayer measurement.
of 203.44 mm, Fig. 2. The airfoil used is the Pratt and Whitney Steady and unsteady data are taken by angle calibrated, custom
“Pak B" airfoil, whose cascade geometry is given in Table 1. Theesigned miniature single hot wire probes. At each boundary layer
cascade test section exhibits the essential flow features suctpasition samples were taken at a rate of 20 kHz for each of 100

Table 1 Parameters of turbine cascade test section

Parameters Values Parameters Values
Inlet velocity Vj,=4 m/s Inlet turbulence intensity Tu,=1.9%
Rod translational speed U=5.0 m/s Blade Re-number Re=110,000
Nozzle width W=200.0 mm Blade height hg=200 mm
Blade chord ¢=203.44 mm Cascade solidity 0=1.248
Blade axial chord Cay=182.85 mm Zweifel coefficient V,=1.254
Blade suction surface length Lgs=270.32 mm Cascade angle ©=55 deg
Cascade flow coefficient ®=0.80 Cascade spacing S=163 mm
Inlet air angle to the cascade ;=0 deg Exit air angle from the cascade a,=90 deg
Rod diameter Dg=2.0 mm Rod distance to lead. edge Lg=122 mm
Cluster 1(no rod, steady Sk=% mm Q-parameter steady case 0=0.0
Cluster 2 rod spacing Sz=160.0 mm Q-parameter for cluster 1 Q=159
Cluster 3 rod spacing S:=80.0 mm Q-parameter for cluster 2 0=3.18

Journal of Fluids Engineering

MAY 2005, Vol. 127 / 505

Downloaded 03 Jun 2010 to 171.66.16.154. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



revolutions of the wake generator and low pass filtered at 10 kHZxperimental Results and Discussion
The_ data were ensemble-averaged W't.h respect to the rOtatlon%etailed surface pressure and boundary layer measurements
period of the wake generator. Before final data were taken, th

. Were performed at three different Re-numbers. For each Reynolds
number of samples per revolution and the total number of revolu-

tions were varied to determine the optimum settings for conver}Eroibﬁr t?rer(]e ?milrenwt rl;(gduced"fnrsﬂuelnruzs v\yveitrﬁ tf?]ppg?dmlt;orrgen-
gence of the ensemble-average. eration ot unsteady wakes, cy cal rods e diamee

neous velocity can be represented in the following form. Table 1(for details we refer to the studies in Ref1,22.
To accurately account for the unsteadiness caused by the fre-
V=V+p (1) auency of the individual wakes and their spacings, the flow ve-

B locity, and the cascade parameters, we define a reduced frequency
WhereV is the mear({time-averagedvelocity andv is the turbu- €2 that includes the cascade solidity the flow coefficientp, the
lent fluctuation component. The mean velocity, also known as théade spacings, and the rod spacin§z. Many researchers have
time-average, is given by: used Strouhal number as the unsteady flow parameter, which only
" includes the speed of the wake generator and the inlet velocity.

However, the currently defined reduced frequefiys an exten-

> \ (2)  sion of Strouhal number in the sense that it incorporates the rod
=1 spacingS; and the blade spacirfg; in addition to the inlet veloc-
where M is the total number of samples at one boundary laydly @nd wake generator speed. For surface pressure, measurement
location. The root mean square value of the turbulent velocifpds With uniform spacings as specified in Table 1 were attached
fluctuation is obtained from the instantaneous and mean velocit@¢ér the entire belt length. For boundary layer measurement, how-

V=

Zlr

by: ever, clusters of rods were used, as described previously.
W Surface Pressure Distributions.Detailed static surface pres-
_ iz (V; —V)Z 3) sure measurements were taken at Re=50,000, 75,000, 100,000,
v= Mj:l ] and 125,000 using the two static pressure blades SPB-1 and

SPB-2 shown in Fig. 2. The two blades measured identical static
and the local turbulence intensity is defined as: pressure distributions confirming the spatial periodicity.
Y For each Reynolds number three different reduced frequencies,
v 1 1 — namelyQ2=0.0, 1.59, and 3.18, are applied that correspond to the
Tlge= =X 100==1 ME (V;=V)? x 100 (4)  rod spacing$z=c°, 160, and 80 mm. The pressure distributions in
v \4 =t Fig. 3, which pertain to SPB-1, show the results of one steady and

The ensemble-averaged velocity, fluctuation velocity, and the tdf0 unsteady cases. The pressure signals inherently signify the

bulence intensity were calculated from the instantaneous velocitje-averaged pressure because of the internal pneumatic damp-
samples by: ing effect of the connecting pipes to the transducer. The noticeable

deviation in pressure distribution between the steady and unsteady
1 N cases, especially on the suction surface, is due to the drag forces
Vi(t) = (Vi(t)) = —E Vi () (5) caused by the moving rods. The drag forces are imposed on the
N j=1 main stream and cause momentum deficiency that lead to a reduc-
tion of the total and static pressure.
1 N The time-averaged pressure coefficients along the pressure and
vilt) = (vi(t)) = —E [Vij(ti)_<vi(ti)>]2 (6) suction surfaces are plotted in Fig. 3. Starting with Re=50,000
Nio and steady state with =0 shown in Fig. 8) the suction surface
(upper portion, exhibits a strong negative pressure gradient. The
(vi(t)) flow accelerates at a relatively steep rate and reaches its maximum
) X100 (7)  surface velocity that corresponds to the minimegr-4.0 at
ref s/sp=0.42. Passing through the minimum pressure, the fluid par-
whereN=100 is the total number of wake generator periods arii¢les within the boundary layer encounter a positive pressure gra-
M the number of samples taken per peridd(t)), is the refer- dient that causes a sharp deceleration wsit#,=0.55 has been
ence ensemble averaged velocity for the particular boundary lay@ached. This point signifies the beginning of the laminar bound-
traverse. The ensemble-averaged boundary layer parameters sii¥dayer separation and the onset of a separation zone. As seen in
as displacement thicknegs,), momentum thicknes¢s,), and the subsequent boundary layer discussion, the part of the separa-

shape factofH,,) are calculated as follows: tion zone characterized by a constaptplateau extends up to
s/s55=0.746, thus occupying more than 19% of the suction

(Tu(t)) =(Tu(t)) =

(3 W) surface.
8 = () :f (1 - )dy (8) Passing the plateau, the flow first experiences a second sharp
0 Ve deceleration indicative of a process of re-attachment followed by

a further declaration at a moderate rate. On the pressure surface,

) W) V) the flow accelerates at a very slow rate, reaches a minimum pres-
8 =(0,)= —(1 - —> (9) sure coefficient a$/sp=~0.42 and continues to accelerate until the
o Ve Ve trailing edge has been reached. Unlike the suction surface, the
pressure surface boundary layer does not encounter any adverse
(&) positive pressure gradient that triggers separation. However, close
Hip= <H12>:m (10)  to the leading edge, a small depression in the curve extending
2

from s/s5=0.08 to 0.24 indicates the existence of a small size
In the above equations the sigh$ refer to ensemble averagedseparation zone that might be attributed to a minor inlet flow
quantities. For brevity we will drog ) in the following discus- incidence angle.
sions. Considering the unsteady case with a reduced frequen€y of
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Fig. 3 Static pressure distribution at four different Re-numbers and re-
duced frequencies ©=0,1.59,3.18, (no rod, 160 mm, 80 mm ), Start
=Separation start for steady and unsteady cases, SE=Separation end for
steady case, UE=Separation end for unsteady cases.

=1.59 that corresponds to a rod spacingSgf=160.0 mm, Fig. of mass, momentum, and energy to the blade surface, thus ener-
3(a) exhibits two distinctive characteristic&l) A noticeable de- gizing the low energetic boundary layer. In conjunction with the
viation in pressure distribution between the steady and unsteaglyface pressure distribution, the kinetic energy of the normal ve-
cases. As mentioned above, this deviation is attributed to the moeity fluctuation component plays a crucial role. In case of a low
mentum deficiency that leads to a reduction of the total and staRe-number flow, the strong damping effect of the wall shear stress
pressure(2) For Re< 125,000, the wakes have a substantial reras the tendency to reduce the normal contribution of turbulence
ducing impact on the streamwise extent of the separation plateRimetic energy, thereby diminishing its surface pressure augment-
As seen in Fig. @), the trailing edge of the plateau has shiftedng effect. Increasing the Reynolds number results in a decrease of
from s/s,=0.746 to s/sp=0.664. This shift has reduced thethe damping effect of the wall shear stress, allowing the kinetic
streamwise extent of the separation plateau from 19% to less thaiergy of the normal velocity fluctuation component to increase
11% of the suction surface length which is, in this particular casghe surface pressure, thus offsetting the wake deficit effects on the
more than 42% reduction in streamwise extent of the separatipn;sgure distribution. This fact is clearly shown in Fig&)33(d),
plateau. Although the extent of the separation plateau is not ngghere the pressure distributions of unsteady flow case€ at
essarily identical with the extent of the separation zone, the relay 59 and()=3.18 systematically approach the steady state cases
tive reductions presented above adequately reflect the relative 4e-re=75,000, 100,000 and very visibly at Re=125,000. It is
duction of the size of the separation zone. Doubling the reduc@gth noting that the impact of the unsteady wakes on the extent

frequency to(1=3.18 by utilizing a rod spacing d&:=80.0 MM  f the separation zone is preserved regardless of the Reynolds
causes a slight shift of the,-distribution compared with th€  nymper variation performed in this study.

=1.59-case. One should bear in mind that pneumatically measured

surface pressure distribution represents a time integral of the presTime Averaged Velocity Distributions. Following the surface

sure events only. Detailed information regarding the structure pfessure investigations that mainly addressed the onset and extent
the separation zone requires a detailed unsteady boundary laye@forthe separation zone discussed previously, comprehensive
surface pressure measurement by fast response probes, as wib®@éndary layer measurements were performed to identify the
discussed in the subsequent sections. Increasing the Reynslieamwise and normal extent as well as the deformation of the
number to Re=75,000 has not brought major changes in stea@gparation zone under unsteady wake flow. The steady state case
state c,-distribution. This is also true for the subsequent higheierves as the reference configuration.

Reynolds number cases at steady state, Figg-3(d). However, ~ Boundary layer profiles were taken for one steady and two un-
the combination of higher Re-number with unsteady wakes réteady inlet flow conditions on the suction surface along 31
veals that the noticeable deviation in pressure distribution betwegfieamwise locations parallel to the cascade front. After complet-
the steady and unsteady cases discussed above is diminishing Wi¢hthe velocity measurements, the boundary layer coordinates
increasing the Re-number as shown in Fig$)-33(d). Two coun- were transformed into a blade orthogonal coordinate system. Ve-
teracting factors are contributing to this deviation. The first factdecities at blade normal positions were obtained by interpolating
is attributed to the momentum deficiency and the associated tdfagir transformed values. The results showed almost no difference
pressure losses caused by moving wakes, as discussed abovebEhgeen the interpolated and noninterpolated velocity data. Ex-
second factor pertains to the energizing effect of the impingimgerimental investigations were performed for three different val-
wakes on the boundary layer. Although the impinging wakeses of 1=0.0, 1.59, and 3.18. These values cover the reduced
cause velocity and momentum deficits, their high turbulence ifrequency range encountered in LPT-design and off-design opera-
tensity vortical cores provide an intensive exchange and transfem conditions.
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Fig. 4 Distribution of time averaged velocity (a) and fluctua- 500 550 600
tion rms velocity (b) along the suction surface for steady case Time (ms)

Q=0 (Sg=«) and unsteady cases Q=159 (Sz=160 mm) and
0=3.18 (Sx=80 mm) at Re=110,000. Note the changes in y

| Fig. 5 Ensemble averaged velocity as a function of time for (a)
scale.

steady flow case Q=0 (Sg=x) and (b) unsteady case 2=1.59
(Sg=160 mm) at s/s,=0.0208 and Re=110,000

The effect of wake frequency on time averaged velocity and

turbulence fluctuation distributions is shown in Fig. 4 at four rep-

resentative streamwise locations for Re=110,000. Upstream of fijisteady case displayed in Figbbis characterized by its deter-
separation zone a/s,=0.52 and its proximitys/s,=0.588, the m_InIStIC temporal periodicity. Approach_mg_ the wall surfape from
velocity distributions inside the boundary layer are not affected By +0-1 0 345 mm, the traveling periodic wake experiences a
wakes. Inside the separation zonesa,=0.705, a substantial ase shlft,_whl_le maintaining its determlnlstl_c naturt_e. However,
influence of the wake frequency is observed. Higher wake fr(t!,?-y penetrating into the boundary layer, the interaction between

quency introduces fluctuation kinetic energy into the bounda}Nake and boundary layer causes the deterministic nature to degen-

layer which tends to reverse the separation tendency. Velocity d srate into a stochastic one. The results presented in Fig. 5 are in

tributions ats/s;=0.767, 0.805, 0.849, and 0.898ot presented tll agreement with those discussed in R¢#512.

clearly show that the_ wake impingement shortens the Streamw'sel'emporal Behavior of the Separation Zone Under Unsteady
extent of the separation zone compared to the steady case. Do ke Flow. Velocity distributions on the suction surface with
stream of the separation zone, where the flow is fully reattachq '

- i . e as the parameter are plotted in Fig. 6. The nondimensional
§/5=0.951, the impact of wake on the boundary layer is reduc e (t/7) values are chosen so that they represent the temporal

This effect is clearly shown in the velocity distribution sits, - : . .
B ) ) . Y . . states within one full period of wake passing. As Fig&)66(e)
=0.951. In accord with the previous investigations by Schobeiri ELOW, the velocity distributions inside and outside the boundary

al. [10] on a HP-turbine cascade, an increased wake frequert]é er at fixeds/sqy-locations experience moderate to pronounced
C
b

causes turbulence fluctuations to rise inside and outside : ) . L
boundary layer as shown in Fig(a}. However, once the bound- anges. Figure(8) represents the instantaneous velocity distri-

ary layer is re-attached and the velocity distribution assumes ion upstream of the separation zone followed by Figs.

turbulent profile, no major changes are observed in velocity %e );gg)or\:vrz]é)cnhe rt_ar[:r)]reeslggtt Ftirg]_:;(af)f\;:i%ictl)ti)tlsqflhsénitr)ll;ttgr?tzu:gzﬁisevteh-e
well as fluctuation distribution. P : ‘

locity distribution downstream of the separation zone. In discuss-

Ensemble-Averaged Boundary Layer Velocity Distributions. ing the following results, we simultaneously refer to the wake
Figure 5 displays two representative temporal ensemble-averagiégiribution as well as the turbulence fluctuation results.
velocity distributions for Fig. &) steady and Fig. ®) unsteady  Figure Ga) exhibits the velocity distribution on the suction sur-
flow conditions with their characteristic features. Both figureface at s/s,=0.402. At this streamwise position, the laminar
show the boundary layer development from the freestream to theundary layer is subjected to a strong negative pressure gradient.
blade surface at a streamwise positiorstd;=0.0208. Approach- The boundary layer distributions at differefit/ ) experience
ing the wall surface, both velocities experience a continuous dehanges in magnitude that reflect the corresponding changes of
celeration. The velocity gradient in both cases causes generatibe impinging periodic wake velocity. It is worth noting, that de-
and formation of vortices that transform the steady nature of casgite the injection of turbulence kinetic energy by the impinging
(a) into an unsteady one as clearly demonstrated in F&). 3he wakes, no local instantaneous boundary layer transition occurs.
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velocity inflection points along the suction surface. Starting with a

e te=005 12 reduced frequency d2=1.59(Sz;=160 mm) at s/sp=0.520, Fig.
p o+ =025 T 7(a) exhibits the start of the separation zone with a normal extent
v th=0.50 T2 . S
[ o the075 T of less than 1.0 mm. The impingement of the periodic wake ver-
[ » o= tical core with the high turbulence intensity causes a local periodic
. = contraction of the zone in normal direction. Convecting down-
= stream, the normal extent increases, thus the contraction appears

more pronounced, Figs(B)—7(d). Substantial contraction occurs
toward the trailing edge of the separation zone as shown in Figs.
7(e) and 7f). Similar flow picture is observed when operating at a
reduced frequency d2=3.18(Sz=80 mm).

Studying the temporal distribution of the turbulence fluctua-
tions along the streamwise extension of the separation zone, it is

S o] T ss0105 g‘ pr(_)posed that, in (_:onjunction with the pressure gradient_ and peri-
. =005 - §/s,=0.674 =} Vo005 odic wakes, there is apother crucial mechanism responsmle for thfe
o ¢ ve025 T v U005 wd . vw'zsé normal and streamwise decrease of the separation zone. This
T 050w 2050 wd [+ ve050 % mechanism constitutes a combination of the high turbulence fluc-
o V0TS wd [r V050 en L0 078 g E : . : : g ;
o thel e : "ﬂg?»m S e ve tuation level and its gradient. It is the temporal gradient of the
«  nood *|E §§ turbulence fluctuation, or more precisely, the fluctuation accelera-
§ FE tion dv,ms/ dt that provides higher momentum and energy transfer
ol R into the boundary layer energizing the separation zone and caus-
! '.vz'g:_"ﬁ‘ ing it to partially or entirely disappear.
ot For better understanding this phenomenon, we present the wake
[a3 ® and the fluctuation velocity in Fig. 8 for the streamwise position

s/sp=0.651 indicated in Fig.(8). For the sake of clarity, we scale
up the fluctuation velocity with a factor of 4 and choose an arbi-
trary normal position ofy=2.85 mm to be sufficiently above the
separation zone.

Figure 8 exhibits two distinct regionél) A wake vortical core,
occupied by vortices that originate from the moving cylindrical
rods and generate high turbulence fluctuations, @da wake
external region between the adjacent vortical cores with relatively
low turbulence activities. The wake configuration is asymmetric

This is because of the strong negative pressure gradient that j#&-discussed in Ref21]. Figure 7e) is enlarged in Fig. 9 to
veal further details.

vents the boundary layer from becoming instantaneously tran&t

tional. Instantaneous velocity distributions inside the separationAs Fig. 9 shows, .the §epar§1tiqn Zone starts to cont_ractfat_
zone are shown in Figs(5—6(). =1.25(2.25, eto). This point coincides with the streamwise posi-

As a representative case, we discuss the results plotted in Fign Of the velocity maximum, which exactly corresponds to the

6(e) ats/s,=0.674. During the time interval front  close to 0.5 PUsition of the fluctuation minimum, as shown in Figs. 8 and 10.
(1.5, 2.5, eto.to aboutt/ r=0.75(1.75, 2.75, etg, the separation At this point, the fluctuation within the vortical core starts to
zoné is éxposed to the wake externlal rovlv bei'ng under the infl{icr€ase Wh'l.e the velocity con'_[lnuously decreases. This process
ence of relatively lower turbulence. This flow does not have tHgPntinues until the end contractiontdtr=1.41 has been reached.
capability to suppress the separation zone. Thus the separatlglgreafter, the separation zone is subjected to a process of inten-
region is clearly shown by the velocity distributions t&t=0.5 sive exchange of momentum and energy that causes the separation

andt/7=0.75. As the wake passes over the blade/a§=0.674 to diminish, as shown in Fig. 9. The process of separation con-

introducing high turbulence kinetic energy into the boundar raction, suppressio_n, and regen(_eration is su_mmarized in Fig._lO.
layer, the boundary layer is energized causing the separation z 3iFows more details of separation contraction and suppression.

T‘

2 4 8
V(mis) V(mlss

Fig. 6 Distribution of the ensemble averaged velocity develop-
ment along the suction surface for different s/sy with time  t/+
as parameter for ©=1.59 (Sg=160 mm) and Re=110,000, note
scale change in (f)

to partially reduce or disappear. This leads to an instantane is context, it is necessary to subdivide the vortical core shown

] ; e : . .
re-attachment. This time interval corresponds to the case whélg'9: 8 into fqurd_lstlnct regions, _separated b_y thick dash_eq _Ilnes,
the flow is completely under the influence of wake and corré® ptr_esenteg_ thl?.tth.ﬂRetgmjtz_aj) |s/(:;t1§r8cterlzke% by_tLhe initial
spondingly the re-attached velocity distribution assumes a turggesitive gradient of the fluctuatiof marked with an up-
lent profile characterized by the curvestbt=1.0,t/7=0.05, and v_vard arrow. Regl(_)r(b) represents the su_b'_stantlal part of the vor-
t/7=0.25 shown in Fig. @&). To emphasize this statemént thetlcal core with an intense turbulence activity. Regiohserves as
steady state velocity distribution at the same streamwise positi%ntr.an?g;onh regltt)n .be(tjvxi)eer} drte<gl(§ib) and the relatively caim
is also plotted in Fig. @) using full circles. It shows clearly the reci;:lon c f"‘rlaf(lz erized byv di '/ 0 th .
separated nature of the boundary layer which coincides with the™ 0" 0 Initial fluctuation gradient/t >0, the separation zone
instantaneous velocity profile at7=0.5. Intermediate times re- . egins to contract atV_T=1.25. This initial grad'e”F is crucial for_
flect the gradual change between the separation and re-attach ting the contraction process. Once the maximum fluctuation

as the flow is undergoing the influence of the oncoming wak¥€!ocity with the temporal gradiengu/dt=0 at t/7~1.41 is

Moving to the trailing edge of the separation zone, saf, reache({Flgf. 1qa)], the process chj energizing thﬁ separation zone

- : ; L . tarts transferring momentum and energy into the separation zone,
0.705, Fig. 6f), a partial reduction in boundary layer thmknesi._ereby preventing its regeneratiffig. 10(b)]. Passing the tran-

as the result of wake impingement is visible, however, the se ISion region[Fig. 10Q)], the process of suppression continues

ration zone does not seem to disappear. until the end of the vortical region at7=2.0 is reached. At this
Temporal-Spatial Resolution of the Separation ZoneTo bet- point the external wake region with its low turbulence content

ter understand the underlying physics of the LPT-flow separaticarrives causing a regeneration of the separation zone, thus revers-

detailed unsteady flow measurements are performed to identifig the entire suppression process.

the onset and extent of the separation zone discussed previouslyVhile turbulence fluctuation expressed in terms of higher tur-

The separation zone can be thought of as a curve that connectsithience intensity is well known for influencing the flow separa-
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Fig. 7 Contour plot of the ensemble averaged velocity distribution showing the effect of
periodic wakes on the separation zone at different streamwise positions and Re=110,000

tion, its gradient enhances the effect of delaying the onset aimdl at different s/sy-locations upstream, within and outside the
reducing the extent of the separation zone. The fluctuation gradeparation zone. The relative momentum thickness distribution
ent is an inherent feature of the incoming periodic wake flow angbstream of the separation zone in Fig(alintegrally exhibits a
does not exist in a statistically steady flow that might have higtlight increase, whereas inside the zone shown in Figh)1h
turbulence intensity. substantial decrease is apparent. At the immediate vicinity of the
The results clearly indicate that for the particular blade undgeparation zone trailing edg/,s;=0.705 close to re-attachment,
investigation, one has to deal with a large separation on the s&g. 11(c), the momentum thickness experiences a noticeable in-
tion surface. These observations in comparison with the steadyease, which by convecting downstream decreases again and ap-
state reference case suggest that, once a separation zone is ngaoaches the integral values that are close to the steady state case.
fested, its size can be significantly reduced by periodic wake The ensemble averaged relative shape faktgrdistributions
impingement, but it cannot be completely removed. The resul® the suction surface at the same streamwise locations are plotted
presented here are valid for blades with a similar pressure disifi-Figs. 12a)-12(c). Upstream of the separation zone, Fig(a)2
bution discussed earlier. Since the onset and extent of the sepatay experience a similar periodic change with an average value
tion zone is uniquely associated with the pressure gradient, bladkst is close to the value of the steady case. Moving into the
can be designed with less local adverse pressure gradient, whesgaration zone, Figs. @@ and 1Zc), each streamwise location
separation onset can completely be suppressed by impingi@sents its own form parameter that is specific to the velocity
wakes. distribution we discussed.

Boundary Layer Ensemble Averaged Integral Quantities. .

The integral parameters, such as momentum thickness and sha@&clusions

factor, are of particular interest to a turbine designer, since theyA detailed experimental study on the behavior of the separation
provide an accurate first estimation of the quality of the designedne on the suction surface of a highly loaded LPT-blade under
blade. The ensemble-averaged distributions of the momentum g@eriodic unsteady wake flow was presented. One steady and two
ficiency thickness and shape factor for the suction surface afiferent unsteady inlet wake flow conditions with the correspond-
shown in Figs. 1(a)-11(c) for 2=1.59 at differens/sy-locations. ing passing frequencies, wake velocity, and turbulence intensities
The momentum thickness values are nondimensionalized with ere investigated utilizing a new large-scale, subsonic research
spect to the value corresponding to the steady case(With. The facility. The results of the unsteady boundary layer measurements
period 7 represents the wake-passing period that is specific to there presented in ensemble-averaged, and contour plot forms.
individual wake generating cluster, which is characterized by tt8urface pressure measurements were performed at Re=50,000,
Q-value under investigation. The periodic behavior of th&5,000, 100,000, and 125,000. At each Reynolds number, one
ensemble-averaged momentum thickness over the entire suctteady and two periodic unsteady inlet flow measurements were
surface as a result of the embedded periodic wake flow is cleaggrformed. The surface pressure distribution showed no major
visible from Fig. 11. It represents the momentum thickness behahanges with respect to the above Re-number changes. Noticeable
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changes occurred while operating at unsteady flow conditiosdcknowledgments
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that, in conjunction with the pressure gradient and periodic wakes,
the temporal gradient of the turbulence fluctuation, or more pre-
cisely the fluctuation acceleratioi, ¢/ dt provides higher mo- 115
mentum and energy transfer into the boundary layer energizir
the separation zone and causing it to partially or entirely disaj
pear. We found that fofv,,s/ t >0, the separation zone starts to
contract whereas fofv, ¢/ ot <O it gradually assumes the shape o 1053_
before the contraction. The existence of higher turbulence quctu’_'g' L
tions expressed in terms of higher turbulence intensity is we, N
known for influencing the flow separation; its gradient is of cruxr
cial importance in suppressing or preventing the onset and tho"
extent of the separation zone. The fluctuation gradient is an inhe 095
ent feature of the incoming periodic wake flow and does not exit
in a statistically steady flow that might have high turbulence in osf
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Uncertainty Analysis B S.=160m
The Kline and McKlintock[23] uncertainty analysis method (Al (b) ~ [s/s,=0.588]

was used to determine the uncertainty in the velocity after cal

bration and data reduction for the single-wire probe. The Klin o F
and McKlintock method determines the uncertainty for a 959_& 4
confidence level. The uncertainty in velocity for the single-wire,g"
probe after data reduction is given in Table 2. As shown, th=0.85}
uncertainty in velocity increases as the flow velocity decrease*® .
This is due to the pneumatic pressure transducer having a lar

uncertainty during calibration. -
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Fig. 11 Ensemble-averaged relative momentum thickness dis-
Fig. 9 Separation zone, definition of contraction begin, con- tribution along the suction surface for 0=1.59 (S5=160 mm)
traction end, suppression, and regeneration and Re=110,000
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Nomenclature
¢ = blade chord
Cy = axial chord

C, = pressure coefficienCy=(p—py)/ (P Pin

dr = rod diameter

M = number of samples

N = number of wake cycles
p,p; = static, total pressure

= static pressure of first tap on suction surface

Fgé = Reynolds number Re%Ve,i/ v
S = blade spacing
SR
S
S

rod spacing

blade suction surface arc length

Table 2 Uncertainty in velocity measurement for hot-wire

probe

streamwise distance from blade leading edge

U (ml9

Q’U/U(%)red 5.78 2.41

12
1.40

512 / Vol. 127, MAY 2005

t = time
Tu = turbulence intensity
U = belt translational velocity
V, = axial velocity
Vexit = €exit velocity
V = velocity
v = fluctuation velocity
y = normal distance from the surface
v = blades stagger angle
v = kinematic viscosity
T = one wake-passing period
o = cascade solidityg=c/Ss
¢ = flow coefficient,p=Vg,/U
Y = Zweifel coefficient
Ya=2 sir? a,(Ccot ap— COt ary)Sg/ Cay

Q = reduced frequenc) =c/SRU/ V=0 ¢S5/ Sq
Subscripts

ax = axial

B = blades

R = rod

1,2 = stations
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Experimental and Numerical
Investigation on the Effects of the
Seeding Properties on LDA

angelo Aigieri' I [Vleasurements

Sergio Bova®
The characteristics of the seeding particles, which are necessary to implement the laser

Carmine De BEII‘IOlO3 Doppler anemometry (LDA) technique, may significantly influence measurement accu-
racy. LDA data were taken on a steady-flow rig, at the entrance of the trumpet of the
Dipartimento di Meccanica, intake system of a high-performance engine head. Five sets of measurements were car-
Universita della Calabria - 87036 ried out using different seeding particles: samples of micro-balloons sieved to give three
Arcavacata di Rende (CS) different size ranges26-63m, 90-200um, and standard as received from the manu-

facturer 1-200 um), smoke from a “home-made” sawdust burner (particle size um),

and fog from a commercial device (particle size arouhgim). The LDA data were
compared with the results of two-phase computational fluid dynamics simulations. The
comparison showed a very good agreement between the experimental and numerical
results and confirmed that LDA measurements with particle dimensions in the order of
1 um or less represent the actual gas velocity. On the contrary, quite large particles,
which are often used because of their cost and cleanliness advantages, introduce non-
negligible errors.[DOI: 10.1115/1.1899167

Introduction clean even if relatively large and heavy particld$ A previous

ork evaluated the performance of a sample of particles in a

The most ad\_/anced experimente_ll techniques for accuratv&rticular size rangé5]. The present paper exposes LDA mea-
measuring local instantaneous velocity make use of optical me irements, which were taken on a steady-flow rig, at the entrance
ods._ 'as.ef Doppler anemometry, phase Doppler anemometry, %‘qhe intake system of a high-performance internal combustion
particle image velocimetrj/l]. However, the result of these mea-

engine, by using particles of different size and origin: micro-

surements is not the actual fluid velocity but the velocity of Pafalloons sieved in three different dimensions and smoke and fog

ticles (seeding that are dispersed in the fluid and that scatter tl . : :
light. Both gases and liquids must therefore be carefully Seegganerated by means of two different techniques. At the same time,

4 . ! - D simulations of a two-phase flow of air and a small quantity
with particles Qf appropriate _characterlstlcs. . fof particles(<10% in volume, with the same size and density as
The properties of the partlcle_s are a fundamental rgqumteaﬂ ones used in the experimentgere performed. The simula-
measurement accuracy. In par.tlcular, the seeding particles should ¢ correctly predicted the velocity of both the particles and the
ha_ve two main characteristics: they have to care_fully f°”°W_ thl‘?w\in flow (air) and showed that in the investigated conditions the
fluid flow and they have to scatter an adequate light quantity f},q associated with quite big particles can reach 10-16%, while

order to give a strong signal with respect to background noisge smajler particles follow gas flow with absolutely negligible
Regarding the first, small, low-density particles are preferred. [itarences

regard to the light scattering performance, identification of an op-

timum particle diameter, which maximizes the signal-to-noise ra-

tio, is possible. The goodness of a seeding system, however, is

also judged in connection with other properties, which, after all,

determine its actual utilization. The seeding system must be ca-

pable of continuously generating large volumes of seeding p&#ackground

ticles. The particles must have a low degree of toxicity, corrosive- Seeding particles must have two basic properties in order to be
ness, abrasiveness, and both a low tendency to soil the optigghpted to LDA applications: they must be able to follow the flow
surfaces and to evaporate or to aggregate. Sometimes the passit they must scatter enough light to produce a good signal-to-
bility of their operating in aggressive environmefgsg., combus- noise ratio[2,3]. In addition, other more “handy” aspects of a
tion) is also mandatory, and, finally, their cost must be acceptalgeding system are also relevant.

[2,3]. : : - :

As a result of the above considerations, a wide interest exists jnFluid Dynamic Considerations. The LDA technique measures
the evaluation of the difference between fluid and particle velocitpe velocity of the particles which are dispersed in the fluid. This
as a result of the seeding characteristics, particularly in those glocity depends on the shape, size, and density of the particles as
plications where considerable measurement is required, so tW&ll as on the fluid velocity, density, and viscosity. In the case of

cost and soiling considerations suggest the use of inexpensive gRBerical particles, which are dispersed in a gas and whose density
is much greater than that of the gas, the force acting on them can
be expressed 4$|
1a.algieri@unical.it
%s.bova@unical.it dv
Sc.debartolo@unical.it F= mp—E =3umd(vs —vp) (1)
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1 dv 1 {1/
gwd3pthE =3umd(vs —vp) (2 —

If the fluid velocity is a constant, the particle velocity will be

given by 4
vp(t) =vs + [vp(O) —veleV” (3
where 5
m d? N
- P _ P (4)

00

3mud  18u

is a time constant. The time that a particle needs to reach the fluid
velocity, therefore, decreases as particle density and size decrease
and as the fluid viscosity increases. These are also the conditions
in order that the particle can follow rapid velocity variations of the
flow.

Optical Considerations. Even though small particles follow
the fluid velocity more easily, larger particles scatter more light., .
The light signal is therefore stronger, but the background noi§@: 1 Scheme of the steady-flow test rig: = (1) blower, (2) en-
level usually also increases, so that the improvement of the sign@i[¢ head. (3)dcyl'(?d§.rf’f ) b;zlpass valve for flow regulation,  (5)
to-noise ratio is not guaranteed. As matter of fact, the optica?W meter, and (6) differential manometer.
signal quality drops if the particle size becomes comparable with

the s fringe spacing of the control volume. In such a case, thearticles are therefore often adopted, in spite of their dimensions,

particle occupies both bright and dark fringes at the same time, §fien large amounts of experimental data are necessary.
that the modulation of the light signal may be poor. The modula-

tion depth or visibility factor: LDA measurements

E = Ymax~ Ymin (5) Experimental Apparatus. The experimental investigation was
" Yimaxt Ymin carried out by means of a steady-flow rig, enabling air to be
. - . forced through the intake system of an engine head by means of a
wherey,in andymnaxare, respectively, the minimum and maX|mu% : A .
. 2 . . . . blower, while the valve lift is fixed to a selected val(fig. 1).
level of the light signal, in the case of spherical particles of dial he flow rig can deliver flow rates in the range 40—608 mfor

eterd is equal tof2] ambient; cylinder pressure drops up to about 10 kPa at low flow
rates and 5 kPa at the highest flow rates. In addition to global

(6)  mass flow rate, the facility also enables local velocity measure-
ments with LDA[9].

where The LDA system is a one-color systefie., capable of mea-
suring one component of the velodity a backscattering configu-

(7) ration, with a Bragg-cell frequency shifter. The system uses an

s argon-ion laser as a light sour¢8 W on the green line, ak

and J,(¢) is a Bessel function of the | type. In this case, th&514.5 nm and optical fibers for both transmitting and collecting

signal-to-noise ratio is proportional th(s) and becomes maxi- OPtics. The main geometrical data of the optical system are:

mum whene=1.841; i.e., when the ratio of the particle diameter

to the fringe spacing is 0.58&]. *

2J,(¢)
g

U_‘

d
g=—

beam spacing 38 mm
» focal length 400 mm

Practical Remarks. Besides good fluid dynamic and optical ¢ probe volume width 0.194 mm
behavior, the seeding particle should also possess other practical probe volume length 4.09 mm
characteristics. The seeding must be compatible with the other number of fringes 35
equipment involved in the application, so it should not be corro- ¢« fringe spacing 5.42:m
sive, toxic, scratching, or soiling; in addition, it should be continu-
ously and inexpensively generated even in quite large quantitiéisa frequency shifter module is used, the number of fringes de-
Many of the particle properties are closely related to the genegends on other parameters, such as record length, center fre-
tion technique used. Often, aerosol, or atomization, techniques grency, and band width used by the signal processor. In the case
adopted, which generate monodisperse seeding; i.e., uniform pairthe reported measurements, the resulting number of fringes was
ticle size. Aerosols, however, are not easily generated in larg8.
guantities[6]. Another frequently used technique is the evapora- The movement of the LDA probe is obtained by using a mi-
tion and condensation of water-based fog liquid. In some applicerometerX-Y traversing system. The probe can also be rotated
tions, however, the generated fog tends to condense along dwstsund its axis and moved verticalfZ axis). A dedicated signal
and on the optical accesses. In addition, the liquid used in the fpopcessor, which performs fast-Fourier transform processing of
generators is quite expensive. the original signal in order to extract the Doppler frequency, is

Among the possible generation techniques, the fluidization prosed for the analysis of the Doppler signal and ensures rejection
cedure is often adopted in internal combustion engine investigat-the signal produced by different particles that may be present
tions, since the other techniques usually produce soiling problesithin the measuring volume at the same time. The processor is
for ducts and optic accessps 7]. With this type of seeding gen- linked to a computer in order to store and analyze the data.
erator the particles size depends on the adopted powder. Venyhree different seeding systems were employed during the in-
small particles are difficult to use, because of their aggregatiopstigation. The first one adopts a fluidized bed-like scheme. A
tendency due to electrostatic attractip®]. Furthermore, high fraction of the inlet air is first dried and then passed through a
quality seeding particles are available on the market for fluidiz&orizontal porous diaphragm on the top of which a layer of silica
tion equipments, but their cost is usually very high. Low-cosnicro-balloons is deposited. Figures 2 and 3 show the polydis-
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Mean Diameter: 1.068
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Diameter (um)

Fig. 4 Size distribution of the fog droplets, as provided by the
manufacturer

tances of 5, 15, and 30 mm from the entrance, spaced 6 mm one

T m— Fon - B e from the other(Fig. 5(b)). Finally, measurements were taken at all
points of the measuring grid by using the commercial fog genera-
Fig. 2 Microscope photograph of micro-balloons tor only. One velocity component was measured at a time and at a

given point, thus assuming that the flow conditions of both air and
particles do not vary with time. In addition, it was assumed that

persed nature of these particles, 80% of which have a size in the partlc[e flow does not influence the continuous phase. Tests
range 10-10Qum. The air stream then carries the particles and Were carried out at the fixed mass flow rate 0.166 kg/s. Figure
subsequently mixed with the main intake air at the engine inlefc) shows a view of the experimental setup. o
[7,10]. A second seeding system, a custom-midda smoke gen- Fl\{e sets qf measurements were carried out, by usmg.dlfferent
erator, was tested. No specific size measurement was madeseﬁd'”g partlcles: samples of micro-balloons sieved to give three
these particles. However, data from literature show that major p&ftferent size range25-63um, 90—-200um, and standard as re-

of the particles generated by wood combustion is in the ran§gived from the manufacturer 1-2@0n), smoke from a custom-
30-300 nm and that the particle distribution of manually operatégade sawdust burnéparticle size less than 4m), and fog from
burners varies considerably during a burning cyd&]. Smoke @& commercial deviceéparticle size around Lm). In all the con-
generators usually soil the optical accesses quite rapidly. This véitions, the particle-to-air ratio was kept less than 10% in volume.
not a problem in the reported tests because the measuremért§ach measuring point 3000-10,000 realizations were acquired
were taken in a free stream at the entrance to the engine intdRe€ach velocity component both in the case of the microballoons
system. The third seeding system is a commercial device, whi@Rd of the commercial fog generator and about 3000 in the case of
generates a fog of very small dropldtaean size around &m) the s_moke. Typical mean data rate valu_es of 0.8-1.2 kHz were
by evaporation and condensation of a water-based liquid. Figuré@@duired for the LDV measurements with 70-95% of the data

shows the droplet size distribution, provided by the manufactur&@lid. ] ) ) )
The relative uncertainty of the experimental velocity measure-

Measuring Conditions. The measurements with all the differ-ments, which is due mainly to the setup of the electronics system,
ent seeding particles were performed on a grid on the midde<2 1%. The uncertainty of the mass flow rate measurements is

plane at the entrance of thieimpetof the intake system of a high <1 .596. More details on experimental uncertainty are given in the
performance engine hegd]. On the trumpet axis, the measuringappendix.
points were located at a distance of 5, 10, 15, 20, 25, and 30 mm
from the entrancdFig. 5a)), while additional measuring points . .
were selected along lines orthogonal to the trumpet axis at dg-FD simulations

As the geometry and the boundary conditions of the physical
system are axis-symmetric and the body forces can be considered

\ T vy v negligible, the numerical analysis of the two-phase flparticle-

1004  [—A— Cumulative aaaadaa - laden flow at the entrance to the intake system was carried out by
—v— Log.Density e | means of three-dimension&BD) axis-symmetric Navier-Stokes
A equations, which take advantage of the hypothesis of symmetry in
804 A 7 order to reduce the computational effort, without losing the 3D
A { features and without any assumption about the velocity profile.

601 /A 7 Geometric Domain. The computational domain consists of an
ﬁw intake plenum and of the trumpet entrance, at the end of which a

404 ;;7‘ e ] duct of constant diameter was added. Figure 6 shows the 3D axis-

N/ . symmetric geometric domain and its two-dimensional section.

1 v A \, The diameter and the height of the step, as well as the bending
20 4 /v/,A’ 41 radius at the entrance to the trumpet are the same as the real ones.
| % On the contrary, the end of the geometric domain was fictitiously
0 At \ovey 4 Placedata distance 218 times the height of the step to the intake
plenum, in order to enable constant pressure conditions at the exit
section to be fixed. Three different structured grids with four node

Cumulative(%); Log. Density(%)

) elements were used for the geometric domain “discretization” and
Diameter (um) a grid-independent solutiofi 3.
Fig. 3 Cumulative distribution and logarithmic density of Boundary Conditions. Axis-symmetric boundary conditions,
micro-balloons with zero angular components were set for the continuous phase
516 / Vol. 127, MAY 2005 Transactions of the ASME
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Fig. 5 Measurement location at the entrance of the intake trumpet. (a) Location of the measuring
points along the trumpet axis (b). Location of the measuring points along lines orthogonal to the
trumpet axis. (c) Experimental setup.

flow. A uniform velocity value of the dispersed particles, normalas used to calculate the trajectory of the particles. This model
to the inlet boundaryFig. 6), was evaluated on the basis of thebesides solving the transport equations for the continuous phase:
plenum external area A and of the particle volumetric flow r&te q 9(pd)

In addition, at this boundary the values of all turbulence quantities 9pd) +V (ppv)=V -(TV ) +S, (8

were set to zero, since in the intake plenum the flowfield is lami- at

nar. As for the pressure values at the inlet section, ambient expefiso allows a discrete second phase in a Lagrangian frame of
mental ones were used. Conversely, at the exit section, the prgSarence to be simulated. This second phase consists of spherical
sure value that resulted in a mass flow rate equal to th@rticles dispersed in the continuous phase. The trajectory calcu-
experimental one. g, was selected by means of an iterative proations are based, in this particular case, on the force balance on
cedure. Furthermore, on the wall of the duct, the velocity compghe particle, by using the local conditions of the previously calcu-

nents were set to zero for the continuous phase and the reflectigiad continuous phase flowfieldncoupled approagh
condition was adopted for the dispersed particles. Table 1 summa-

rizes the boundary conditions for the particle-laden flow. di.p - 18u CDRe(v_f —oP)+ 9i(pp—p) +EP 9)

The overall uncertainty of the CFD calculationssi€.2%. The dt ppd,zj 24 7 Pp I
issue of the numerical accuracy is discussed in more detail in the . L .
Appendix. At the entrance to the intake system the flowfield is laminar, as

the intake air comes from the rest and no turbulence generator
Numerical Procedure. The simulations were carried out byexists before the trumpet. On the contrary, near the exit section the
means of a finite volume commercial cofied]. Because of the flow is turbulent, due to the presence of a step within the trumpet
low volumetric ratio between the soligbarticles and the fluid (Re=1.8<10P, calculated using the medium velocity and the di-
(air) phases(<10%), a two-phase Eulerian-Lagrangian modeameter of the duct at the exit sectjoifhe problem was solved for

o,

A
e
R N
B Ui .\‘\‘\
\
/|
/
/
o/
, i/
= o 4
I/
T Ll
\\
& s g
| — - >
h 74 = i e
/ \\\ : ;//
Fig. 6 Axis-symmetric geometric model
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Table 1 CFD boundary conditions

Boundary conditions: Continuous phase Discrete phase

On solid walls v=,,=0 (no slip condition Reflection condition
Heat flow =0(adiabatic flow
On fluid boundaries Inlet: . _P_
_ Inlet: [vP|=%=const
p=const(Experim. values

1=0 direction:n
wl =0 (normal to the boundajy
Outlet:

P=CoNSt=(Mey)

On symmetry axis d()/an=0, for all dependent variables

the turbulent case and at the inlet boundary section the values offhe causes of these velocity differences were investigated by
all turbulence quantities were set to zero. For the continuousing particles of different size and by means of CFD simulations.
phase, thé-¢ realizableturbulence model was applied. This over-The standard micro-balloon sample was divided into two smaller
comes the deficiencies of the traditiotka¢ model(turbulent nor- subsample$25-63um and 90-20Qwm) by a sieving procedure.
mal stress less than zero; violation of the Schwarz inequdlity This firstly aims to reduce the granulometric dispersion of the
adopting a new eddy-viscosity formula and a new equation for tisgica seeding, secondly to evaluate the effect produced by the
dissipation terme [15,16. In order to accurately represent theparticle dimension on LDA measurements, and finally to validate
flow near the wall of the duct, a very fine mesh was adopted the two-phase flow model at the entrance to the intake system.
this region. As the Mach number was0.13, compressibility ef- The CFD codd14] was used to simulate of the two-phase flow of
fects were neglected and the density value of the continuous phaseand 63um particles dispersed in air. The air velocity is the
was set equal to the experimental one. In addition, the governisgme, both in the case of a flow of air only and in the case of a
equations of the two-phase field flow were solved sequentialiyyo-phase flow. This is due to the very low particle volumetric
(segregated solution method fraction. The measuremen(symbolg and the results of the simu-
lations (lines) are compared in Fig. 8 again for the case of the
Results axial velocities along the trumpet aximeasuring points of Fig.
) 5(a)). Like the experimental evidence, the simulations predict that
The symbols of Fig. 7 clearly state the problem of the depetne particle velocity at a fixed distance from the entrance grows as
dence of LDA results on the seeding characteristics. The figuee particle size decreases, and that the difference between con-
presents the axial LDA velocity measureméntshich were taken tinuous and discrete phase slightly augments as the distance from
along the axis of the intake trumpet, orteasb mmdistance from the entrance diminishes. The figure shows that the experimental
the other(Fig. 5(a)), in the case of two different seeding particlesyata, obtained using the smallest micro-balloon powders, lie well
standard microballoons with diameter in the range 1-200 and  jn between the CFD results for the 25 and & cases and that
smoke (<1 um). The micro-balloon velocity is significantly the smoke experimental data are in good agreement with the air
lower than the smoke velocity and the difference slightly increasgglocity obtained from the simulation. The agreement between
as the measuring point approaches the trumpet entrance, wherestfigerimental and numerical results is also confirmed in the other
pressure gradients are bigger and the flow acceleration highermeasuring points. As an example, Fig. 9 compares the axial ve-
locity of the small micro-balloons along three lines orthogonal to
the trumpet axis, 5, 15, and 30 mm away from the intake entrance

'The axial velocity is positive if directed toward the trumpet entrance; the radigFig. 5(b)).
velocity is positive if directed toward the trumpet axis.

1 T ] ] T i 1 1 1 1 1 1
& LDA DATA Air LDA DATA
251 <& Smoke (<1 pum) ’ 7 (model) 2 smoke (<1 ‘.‘m) |
A microballoons (1_200 pm) 25-63 um microballoons
A
—_ O —_
[ o
§, 20 4 - é 20 4 -
2 A % Z
§ 3 25 }:‘ml)
] o mode
> 154 A < 1 = 154 ( .
8 8
2 A © 3
A O
104 - 10 4 63um -
A K
(model)
1 ] L] 1 1 1 L] T T 1 1 1
5 10 15 20 25 30 5 10 15 20 25 30
Distance from intake entrance (mm) Distance from intake entrance (mm)
Fig. 7 LDA measurements taken using micro-balloons and Fig. 8 Comparison of the LDA data and CFD simulation re-
smoke sults (trumpet axis )
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£ 20- 35 2 " =
~ = el \O~_~ g
g g, ol d2 §
g 151 © ] g —_— AN .0 £
° 2 T °
> i i 2
E 10 v"z ; 2 \. 410 %
3 [~ § \ o
5 - © —
25 pm 63 um > 14 18
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0 T L] v L) L] v L) L) v L)
-30 -20 -10 [1] 10 20 30 o 6
Radial position (mm) 5 0 15 20 25 30

Distance from intake entrance (mm)
Fig. 9 Comparison of the LDA data and CFD simulation re-
sults (radial direction ). Fig. 11 Absolute and relative differences in the axial compo-
nent of the velocity along the trumpet axis between micro-
balloons (LDA measurements ) and air (model)
The effect of the sieving procedure on the velocity measure-

ments is shown in more detail in Fig. 10. The particle selection
technique has a positive effect. In fact, the adoption of the smallet axis, at a distance 20 mm from the entrance, by using the two
est powders allows a better characterization of the air flow. At tieeeding techniques. The standard deviation registers a larger value
highest pressure gradient, a spur in the axial velocity between thleen smoke particles are used. For these reasons, the fog system
smallest and the standard silica particles of about 4% is recordechs adopted to characterize the flowfield at the trumpet intake
Even though this spur is comparable with the measurement uncemtrance and to evaluate the influence of the seeding properties on
tainty (~2.1%), the fact that the velocity obtained with theLDA measurements. To this purpose, the experimental investiga-
smaller particles is systematically higher than the velocity olfion was carried out by acquiring the axial and radial velocity
tained with the larger ones, makes this difference meaningf@omponents in all the grid measuring poiriEsg. 5). Figure 14
However, the gap relative to the continuous phase remains signifitows the comparison between fog and the smallest micro-
cant. This difference is better illustrated in Fig. 11, which outlinesalloons in terms of axial velocities. For simplicity, the plot refers
how the gap rises as the measuring point approaches the trunpey to the measurements acquired along three parallel (Bes
entrance. The relative difference, i.e., the former difference di5, and 30 mm away from the intake entrancknhe differences
vided by air velocity, falls in the 11-15% range. remain almost constant moving in a radial direction. This is prob-
The preceding analysid=ig. 8) showed that smoke is a goodably due to the fact that, in the radial direction, the axial pressure
tracer for air. Nevertheless, two drawbacks have been found: figsadients can be considered unifort@p/ dz)/or =0. As already
of all, soiling problems localized on ducts exist; second, controbserved, the silica powders have greater difficulty following the
the particle dimensions is impossible. For these reasons, the pemtinuous phase as the measuring point approaches the trumpet
formances of a new fog generator were evaluated. Fog and smelkgrance. On the contrary, smaller velocity differences are regis-
data along the trumpet axis are compared in Fig. 12. Both the fteyed on the radial componen(sig. 15 owing to the very low
and the smoke generators produce measurements in good agradial pressure gradientg|op/ar|~1 kPam versus |dp/dzZ]
ment with CFD calculations. The comparison shows that smoke20 kPa/m).
determines a slight increase in data dispersion relative to the nuin order to investigate the influence of the pressure gradients on
merical results. This is probably due to greater difficulty in conthe LDA measurements, new CFD simulations were performed
trolling the size of the particles. As an example, Fig. 13 illustratégr 25 and 63um particle diameters. All the boundary conditions
the velocity distribution obtained at the point located on the trum-

L] 1 1 ¥ 1 T
' A [ | ' ' 25- LDADATA | |
25 4 (model) LDA DATA ) Air O smoke
A 25- 63 um microballoons (model) O fog
A A 1-200 um microballoons
ﬁ A 90-200 um microballoons 0
- = 204 .
2 204 1 E
E z
z 3
& o
3 > 15 1
> 454 | =
: 2
2
& 10 -
10 - A J
A
A T T T T T T
T ; r T r T 5 10 15 20 25 30
5 10 15 20 25 30 Distance from intake entrance (mm)
Distance from intake entrance (mm)
Fig. 12 Comparison of the LDA data  (smoke and fog ) and CFD
Fig. 10 Effect of the sieving procedure results (air) along the trumpet axis
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Fig. 13 Comparison of the velocity distributions by using 20 kPa/m
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Conclusion

The flow at the entrance to the trumpet of the intake system of
were maintained except for the pressure value at the exit sectiarhigh-performance engine head was investigated by means of the
This value was chosen %5%,%’ and 2 times the pressure 0ut|et|_DA technique and of CFD simulations. The LDA measurements
used in the previous simulations. were accomplished with seeding particles of very different sizes,

Figure 16 shows the axial pressure gradient as a function of thed the CFD analysis simulated the different two-phase flows.
velocity difference between the continuous and discrete phadée outcomes of the two approaches were compared in order to
Data refer to the measuring points along the trumpet axis. Sess the influence of the_ seeding characteristics on the LDA
unique trend is present for each powder sanfpkrabolic curves Measurements. The comparison has shown a very good agreement
are obtaineyl This means that, for the investigated conditions, theetween the experimental and numerical results and has confirmed
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Fig. 16 Axial pressure gradient as a function of the velocity
Fig. 14 Axial velocities comparison by using fog and smaller difference between the continuous and discrete phase along
micro-balloons the trumpet axis
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L L v = absolute velocity
£ . w = wall
g bED> y = Ie\{el of the_ light signal
é yb””’bbb, z = axial coordinate
g 7 e 1 T = diffusion coefficient
5 ,b” > 8 = uncertainty on the general variable
] | » D> EP e = turbulent dissipation
e 15 % D'D’D > . . .
"i f [>—D">[>l> m = molecular viscosity of the fluid
£ 4 [>,l>">'l>' i = turbulent viscosity
é 10 I>’[>' L p = density
v /|> CFD Calculations o i s_tandard deviation
£ . [ —D>— 25 um particles 1 T = time constant
o —B— 63 ym particles ¢ = general variable

Subscripts and Superscripts:
0 —— T T T T 7 exp = experimental
0 10 20 30 40 50 60 f = fluid
op/e] (kPa/m) i = generic spatial direction

) ] ) ) max= maximum
Fig. 17 Percentage velocity differences as function of the min = minimum
axial pressure gradient (25 and 63 um particles ) p = particle

¢ = general variable

that LDA measurements with particle dimensions of the order éfbbreviations

1 um or less represent the actual gas velocity. On the contrafD= computational fluid dynamics
quite large particles, which are often used because of their lowdpA= laser Doppler anemometry
cost and cleanliness, introduce non-negligible errors, which in thlec.e= discrete conservation equation
case of the reported tests were in the 13—-16% range. Even if the

same particles are sieved the measurement error only decrea§epENDIX: Error Analysis

slightly.

Finally, the results obtained with a commercial fog generator
are far superior. Taking into account that the cost of the LDA. Numerical Accuracy
equipment is inherently high, the use of a professionally made fog|, order to reduce the numerical discretization efrarmerical
generator is, therefore, recommended in all the application whejgrysion), the mesh was generated aligned with the flow as much
the presence of the fog is compatible with the phenomenon to §¢ ossible. Furthermore, the use of quadrilateral grid elements,

analyzed.
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Reynolds number
source term
= particle diameter
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culated at six locations along the trumpet axis, for the two grid
refinements: M1-M2,M2 — M3.

Unlike the first refinement
VaXMi B VaXMHl

VaXMi

the second one improves the numerical solution only marginally
VaXMi B VaXMi+1

VaXMi

The same is true at all locations within the computational domain.
In other words, the two steady axis-symmetric numerical solutions
that were obtained with the M2 and M3 meshes are essentially the
same, and therefore it can be concluded that the calculations,
which make use of the M2 mesh, are grid independent.

As for the solving procedure, the numerical solution to the vis-
cous incompressible flow was obtained by the pressure correction
technique(Simple. The convergence check was performed by
examining the decay of the residudsand by monitoring the
variations of the mass flow rafe at the exit section as a functions
of the iterations. The residuals were defined as the sum of the
absolute imbalance of the discrete conservation equétiane)
for a general variable over all the computational cells. This was
scaled with a scaling factdiS=(me);,), representative of the
flow rate through the domain. The residuals can be written:

-100< 3,

-100<0.2.
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1 ) where 8%; is the uncertainty in parametsy.
R, =22 [imbalance d.c.¢. (A1) As the mass flow rate has been calculatethapq, the relative
cells uncertainty is
where R, is the r.esidual for th.e var.iablleb (i.e., qﬁ:.vr, rgdial Sm <5p>2 <5q>2
momentum equationAs a stopping criterion for the iterative cal- - = — | +|{—= (B5)
culations process, the occurrence of constant residual values for m p a

several iterationgsay 100 or morewas adopted. Besides, a very Applying Eq. (B4) and knowing the uncertainty on the quanti-
low percentage variation between inlet and outlet mass flow rates related to the mass flow rate measurements, it is found that
was imposed:

om
i mo — = +1.3%. (B6)
in — m
—0—24100< 0.005.
in
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North Carolina State University, This paper presents a model for the unsteady species transport for the growth of alloyed
Campus Box 7910, semiconductor crystals during the vertical Bridgman-Stockbarger process with a steady
Raleigh, NC 27695 axial magnetic field. During growth of alloyed semiconductors such as germanium-

silicon (GeSi) and mercury-cadmium-telluride (HgCdTe), the solute’s concentration is not
small, so that density differences in the melt are very large. These compositional varia-

D. W. Mueller, Jr. tions drive compositionally driven buoyant convection, or solutal convection, in addition
Assistant Professor to thermally driven buoyant convection. These buoyant convections drive convective
Department of Engineering, transport, which produces nonuniformities in the concentration in both the melt and the
Indiana University - crystal. This transient model predicts the distribution of species in the entire crystal
Purdue University, grown in a steady axial magnetic field. The present study presents results of concentra-
Ft. Wayne, IN 46805 tion in the crystal and in the melt at several different stages during crystal

growth. [DOI: 10.1115/1.1899169

1 Introduction since typical values oD are extremely small3], i.e., 1 to 2

During crystal growth without a magnetic field or with a weak® 107 m?/s, it med not be practical to grow a prystal n the
magnetic field, turbulent or oscillatory melt motions can produc ”ef.“e'y large field stre_angth that would be required to achieve
undesirable spatial oscillations of the concentration, or microse ffl_JSlc_m-contro!Ied Species transport. E\_/en for the strongest mag-
regation, in the crystdll]. Turbulent or oscillatory melt motions etic fields _avgllable with superconducting magnet%?é' As
lead to fluctuations in the heat transfer across the growth interf4§ Magnetic field strength decreases, the gfiRereases. There-
from the melt to the crystal. Since the local rate of crystallizatiol?"®: the obj.ec.tlve IS to 'def‘“fy. a magnetic field that is strong
depends on the balance between the local heat fluxes in the n§gpugh to eliminate flow oscillations but which moderately damps
and the crystal, fluctuations in the heat flux from the melt creaf® Melt motion in order to improve both radial and axial unifor-
fluctuations in the local growth rate that create microsegregatidfity in the crystal. o
A moderate magnetic field can be used to create a body force thaf ©" @lloyed semiconductor crystal growth, the density differ-
provides an electromagneti&M) damping of the melt motion €NCeS due to compositional variations in the melt are very large.

and to eliminate oscillations in the melt motion and thus in thBUring the growth of alloyed semiconductor crystals such as
concentration of the crystal. Unfortunately, the elimination ofiicon-germanium (GeSj or  mercury-cadmium-telluride
mixing and a moderate or strong EM damping of the residual m [fgCdTe, both compositional and thermal variations in the melt

motion may lead to a large variation of the crystal’'s compositioff€até density differences that drive solutal convection. This so-
in the direction perpendicular to the growth directioadial mac- utal convection drives species transport, which causes segrega-
rosegregation tion in the crystal. In germanium-silicon, for example, the mole

On the other hand, if the magnetic field strength is so stronfgction of germanium may vary from 0.95 in the melt that has not
that the melt motion is reduced sufficiently so that it has no effefEt received any rejected germanium to 0.99 near the interface,
on the composition in the crystal, then this diffusion-controlledd this compositional difference corresponds to a density differ-
species transport may produce a radially and axially uniform corce of nearly 300 kg/#During the growth of alloyed semicon-
position in the crystal grown by the Bridgman-Stockbarger plr(5iuct0_r crystals, the appllcatl_on of magnetic fields has shown great
cess or directional solidificatiof]. In order to achieve diffusion- Promise. For example, Watring and LehocZky have shown that
controlled species transport, the species transport Péclet nunif§rradial variation between the maximum and minimum concen-
Pe,=UR/D must be small, wher# is the characteristic velocity frations can be decreased by more than a factor of 3 with the
for the magnetically damped melt motion and is inversely propogPPplication of a 5 T magnetic field, arising because the magnetic
tional to the square of the magnetic flux densSyywhile R is the field retards the sinking of the heavier melt to the center of the
characteristic dimension of the melt aBdis the diffusion coef- ampoule, which results in less radial segregation. Ramachandran

ficient for the species in the molten semiconductor. If,Rd., and Watring[5] reported a reduction in the radial segregation in

then the characteristic ratio of convection to diffusion of species @l Of their samples that were grown in a magnetic field. Albous-

small and the species transport is diffusion controlled. Howevéi€re et al[6] also experimentally investigated the influence of a
magnetic field on segregation in a metallic alloy.

For a typical crystal growth process, resolution of thin species-
!Corresponding author:  919-515-5231(phong,  919-515-7968 (fax),  diffusion boundary layers having &D(Peg, ) thickness is often

nancy_ma@ncsu.ede-mail. ; ; A

Contributed by the Fluids Engineering Division for publication in therNAL oF very Cha“engmg because the spec_les tr_ansport Péclet number can
FLuDS ENGINEERING. Manuscript received January 12, 2004; revised January 4, 20082Ve Very large values. Several grid points must be concentrated
Associate Editor: Dennis Siginer. inside each layer in order to give accurate results because these
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boundary layers play critical roles in the transport. As the mag-
netic flux densityB of the externally applied magnetic field is
increased, the value of Redecreases and the species-diffusion
boundary layers become thicker, but the value of the Hartmann Hot
number Ha®BR(o/ u)'? increases, where and u are the electri- ©
cal conductivity and dynamic viscosity of the melt, respectively.
Therefore, there are thin species-diffusion or viscous boundary
layers for every value d8. Therefore, the simultaneous numerical
solution of the full Navier-Stokes, internal energy, and species
transport must always have a very fine spatial grid and a very Adiabatic
small time step. Models that accurately predict the species distri- Zone
bution in an entire crystal for any combination of process vari-
ables are needed to facilitate process optimization.

In a previous study 7], we presented an asymptotic and nu-
merical solution for the dilute species transport during the solidi-
fication of a doped crystal by the Bridgman-Stockbarger process 4
with a steady axial magnetic field. This study considered only  zone
pure crystals with very small dopant concentrations so that there
was only thermally driven buoyant convection. During the growth Crystal
of alloyed semiconductor crystals, the velocity and mole fraction
of either species are intrinsically coupled because the buoyant
convection is driven by both the thermal and compositional vari&ig- 1 Vertical Bridgman-Stockbarger ampoule with a uniform,
tions in the melt. In the 1970s, H4i8] presented an asymptotic steady, axial magnetic field ~BZ and with coordinates normal-
and numerical solution for the motion of a stratified salt solutiolf€d Py the ampoule’s inner radius
with both thermally driven and compositionally driven buoyant

convection, or solutal convection, and without a magnetic field or . .
solidification in a rectangular cavity. Mg9] and Wang and Ma magnetic body force must be comparable to the characteristic

[10] presented an asymptotic and numerical solution for the m ravitational body force associated with compositional variations.
tion of a molten semiconductor with solutal convection. with ince the electric currents only arise from the melt motions across

magnetic field and with solidification in a rectangular cavity. Li e magnetic field, the magnetic field can damp the melt motion

et al.[11] numerically studied solutal convection during the trav= ut cannot completely suppress it. Therefore, this balance gives a

eling heater method with a magnetic field. Several important stuff}aracteristic velocity for the magnetically damped, composition-
lly driven, buoyant or solutal convecti¢f],

ies [12-15 have numerically investigated the effects of solutaf
convection on segregation during solidification without magnetic 0098:Cs
fields. In the present study, we treat the species transport during U= OB @
the solidification of a germanium-silicon alloy during a realistic
process; namely, the vertical Bridgman-Stockbarger process witherep, is the melt's density at the solidification temperatige
a uniform, steady, axial magnetic field. The present study eling-is gravitational acceleratiorg; is the compositional coefficient
nates the need for impractical computing resources by using @hvolumetric expansion, an@, is the initial uniform mole frac-
asymptotic approach to treat the entire period of time neededtion of silicon in germanium. Thus, we can expect the melt motion
grow a crystal. This approach involves an analytic solution to tHe decrease roughly as?Bas the magnetic field strength is in-
internal energy equation, and a hybrid solution for the simplifiecreased.
coupled Navier-Stokes, electromagnetic, and species transporfhe crystal-melt interface moves at a constant velotity
equations. The purpose of this paper is to illustrate a method tkabU, wherew is the dimensionless interface velocity. The planar
can be used to optimize the benefits of a magnetic field for a giverystal-melt interface lies at=-b, where the instantaneous di-
crystal growth situation. mensionless axial length(t)=a-wt decreases during growth.
Researchers have reviewed the literature on crystal growth\iith time t normalized byR/U, the dimensionless time to grow
the presence of magnetic fields. Garandet and Albousidke the entire crystal isy/ o.
reviewed the literature on experimental studies of Bridgman- The characteristic ratio of the convective to conductive heat
Stockbarger growth of semiconductor crystals, and Walk@il transfer is the thermal Péclet number,PggB.CoCR/ koB?,
reviewed the use of asymptotic methods in modeling of semiconich varies a2 Here,c, andk are the specific heat and the
ductor crystal growth. thermal conductivity of the melt, respectively. For a sufficiently
large value ofB and for practical growth rates, convective heat
transfer and the heat released by the cooling melt are negligible
2 Temperature compared to the conductive heat trangf&8]. Ma and Walker
This paper treats the unsteady, axisymmetric species transj@f] investigated the effects of convective heat transfer on the
of silicon in a germanium melt during the vertical Bridgmantemperature distribution and on the thermally driven buoyant con-
Stockbarger process with an externally applied, uniform, steadjgction are negligible for Re15.0. For molten germanium-

axial magnetic field2. Here,?, 6, and are the unit vectors for Silicon with R=7.5 mm,B=0.5T andC,=0.10, Pg=3.44. This
the cylindrical coordinate system. During the Bridgmanvalu? .of Peis sufficiently small that convective heat transfer is
Stockbarger process, the ampoule is moved from an isotherriggligible. o _
hot zone where the germanium-silicon has been melted, througH\s long as the furnace is axisymmetric, the melt's temperature
an adiabatic or thermal-gradient zone where the melt solidifid§, independent ofg, and T(r,¢) is the deviation of the melt's
and into a cold zone where the crystal is cooled. Our dimensio#imensional temperature from the hot-zone temperature, normal-
less problem is sketched in Fig. 1. The coordinates and lengths &ed by (AT), where(AT), is the difference between the hot-zone
normalized by the ampoule’s inner radiBsanda is the dimen- temperature and,. Here,{=1+2z/b is a rescaled axial coordi-
sionless length of the ampoule. nate, so that —& ¢< +1 for all time. For each instantaneous melt
Experiments[4] have shown that magnetic fields can controflepth, the temperature is given by a separation-of-variables solu-
compositionally driven buoyant convection so that the electréion [7],

77/
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! p=poll=Br(T =Ty = BC - Cy)], 3)

and thatBr(AT),<1 and8,(AC),<1, whereT" is the tempera-
ture in the meltC" is the mole fraction of one species in the melt,
and C, is the initially uniform mole fraction in the melt before
crystal growth begins.

The electric current in the melt produces an induced magnetic
field, which is superimposed on the applied magnetic field pro-
duced by the external magnet. The characteristic ratio of the in-
duced to the applied magnetic field strengths is the magnetic Rey-
nolds number,

0.75

F

05

0.25

7"']"'
1

(=
w

-0.25 Rn= #poUR, (4)
wherep,, is the magnetic permeability of the melt. For all crystal-
growth processe®},<<1, and the additional magnetic fields pro-
duced by the electric currents in the melt are negligible.

In the Navier-Stokes equation, the characteristic ratio of the EM
body force term to the inertial terms is the interaction parameter
N=0?B*R/ p2gB.C,, Which varies aB*. Ma and Walke{19] in-
vestigated the role of inertia on the thermally driven buoyant con-
vection during crystal growth and determined the errors associated

) _ . _ with the neglect of inertial effects for interaction parameters be-
E|lg..02 Temperature  7(r,£,t=0) for Bi=10, and d=0.1, and & o0h hetweerN=1.307 andN=6803.5. We found that inertia
significantly affects the buoyant convection for whibl1.037.
As the interaction parameter is increased from this value, the ra-
tios of the inertial force to the EM body force decrease. We found
1 * Nt nr that the error due to neglect of inertial effects is only 2.7% for
T==(-1+ E ano(—>sir{—(§— 1)J, (2a) N=16.59. For molten germanium-silicon witR=7.5 mm, B
2 n=1 b 2 =0.5T, andC,=0.10,N=57.3. This value ofN is sufficiently
small that inertial effects are negligible.

-05

-0.75

//

]

M T

-|0

b
=~ o

2b sin n_W(_ b+d) In an asymptotic solution for Ha 1, the melt is divided into an
dré? b inviscid core, Hartmann layers with(Ha™1) thickness adjacent to

X = o o) (2b)  the boundaries af=+1, and a parallel layer with a®(Ha %/?)
ﬁll(?) IO(F) thickness adjacent to the ampoule surface=at. The Hartmann

layers have a simple, local, exponential structure, which matches
wherelj or I is the modified Bessel function of the first kind andany radial core or parallel-layer velocities @&t +1, which satis-
zeroth or first order. Here is the dimensionless vertical distancefies the no-slip conditions at the solid-liquid interface and at the
between the crystal-melt interface and the vertical position whesarface of the ampoule, and which indicates thain the core or
the adiabatic and hot-zone meet, while Bi is the Biot number fqrarallel layer isO(Ha™) at £=+1. Analysis of the parallel layer
the heat transfer from the furnace through the ampoule wall. Somgreals that its thickness is actuald}(b/Ha)*2] while the axial
typical isotherms for Bi=10d=0.1, andb=1.0 are presented in velocity is O[(Ha/b)4]. Sinceb can be as large as 35 at the
Fig. 2. The thermal gradients are concentrated in a region of thgginning of the Bridgman-Stockbarger process, the parallel layer
melt near the crystal-melt interface because this region of thenot actually thin as assumed in the formal asymptotic expansion
ampoule is adjacent to the furnace’s thermal-gradient zone. TR Has 1. While a formal asymptotic analysis for Bl is not
remainder of the melt, which lies adjacent to the hot-zone is isgppropriate, the numerical solution of the inertialess Navier-
thermal at the hot-zone temperature. Stokes equation with all viscous terms is not necessary. The Hart-
The model is idealized because we have assumed that fignn layers represent an extremely small fraction of the melt
crystal-melt interface is planar. The heat flux is primarily axial ifength and have a simple exponential structure. There is no need
the thermal-gradient zone where the crystal-melt interface ligg. numerically duplicate this simple exponential structure. There-
Since the thermal conductivity of the solid germanium is less thggre e use a composite core-parallel-layer solution that does not
half that of the melt, the crystal represents a thermal barrier caygsyme that the parallel-layer thickness is sii20]. We discard
ing some of the heat flux to flow radially outward to the ampoulg,e viscous terms H252v/ 922 in the Navier-Stokes equation, we
wall near the interface. This local radial heat flux causes the lo ax the no-slip conditions &&=+ 1 because they are satisfied by

isotherms and the crystal-melt interface to be concave into g Hartmann layers that are not part of the composite solution,
crystal[5]. Future research will investigate the effect of the curveg,q e apply the boundary conditions

crystal-melt interface on the solutal convection.
v,=0, at{==+1. (5)

3 Solutal Convection Here,v=uv,f +v,Z is the velocity normalized by, wheref andZ

We assume that the temperature differences and compositiofd® the unit vectors for the cylindrical coordinate system. Since
variations are sufficiently small that all the thermophysical proghese conditions neglect ti@Ha ") perturbation velocity due to
erties of the melt can be considered uniform and constant excépg Hartmann layers, we also discard the other viscous terms in
for the density in the gravitational body force term of the momeribe radial component of the Navier-Stokes equation because they
tum equation. In this Boussinesg-like approximation, the charagre O(Ha™!) compared to the radial pressure gradient in both the
teristic temperature differenddT), and characteristic mole frac- core and the parallel layer, and we already hav©éna™) error.
tion variation(AC), are assumed to be sufficiently small that th@here areO(Pe, %) species-diffusion boundary layers adjacent to
melt’s density is a linear function of temperature and compositiothe crystal-melt interface and adjacent to the surfaces of the am-
given by poule. Matching the solutions fdC in the Hartmann layers, the
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boundary conditions at the crystal-melt interface and at the top of 'c
the ampoule are "
2% _peke-1C, at¢=-1 (6a) a2
baog oS ‘ o -
05
JC C
—_— = = + -
P 0, at¢ 1, (6b) 025
where Pg=U R/D=wPg, is the growth Péclet number aid is E
the segregation coefficient. ~ oF
Therefore the dimensionless equations governing the composite C
core-parallel-layer solution, which assumes that the Hartmann lay- 0.25F
ers have negligible thickness and which hasCiiia™l) relative E
error, are C
0.5
;Y 28y 3Py 39 47 T dC -
e 20200 370 S00) 4y T, g :
art rar® regrc r2ar) bl ar - ar -0.75F
(7a) -
-1
_ BAT), ° o8 '
Y= (7b) r
BCCO
Fig. 3 Streamfunction (r,¢,t=0) for B=0.5T and a=1
aC
S tv-ves Pe, VC, (70)

rises near the periphery of the melt, flows radially inward along
the top of the ampoule, axially downward along the centerline of
" X the ampoule, and either solidifies or flows radially outward along
boundary conditions along the impermeable surfaces of the e crystal-melt interface. THe(Hal'?) axially upward flow in the

poule arei- VC=0. arallel layer is reflected in the crowded streamlines adjacent to
We use a Chebyshev spectral collocation method in order Q4 y J

solve Egs(7a) and(7c) with Gauss-Lobatto collocation points in Ohce crystal growth begins, the crystal-melt interface absorbs

rand{. We use a sufficient number of collocation points in ordegjicon and the melt adjacent to the interface is silicon depleted.
to resolve the large velocity and concentration gradients neagypen g 259 of the crystal has grownta0.9059, the crystal has
=1. All values of B require a significant number of collocationgpsorhed some silicon as reflected in the contours of the concen-
points since Ha is proportional 8, while Pe, is proportional t0 yation in the melt in Fig. 4, in which the minimum value of the

B™". For the time derivative in Eq(7c), we use a second-order concentration is 0.636. The silicon-depleted melt has only dif-
implicit time integration scheme to integrate frdm0 to a time  fysed or convected a short distance from the crystal-melt interface
which is slightly less tham/w. We chose a large enough numbeg; this early stage of growth and most of the melt remains at the
of time steps so that the results are not changed by increasing ji\@a| concentrationC=1. At this early stage, the contours of the
number of time steps. We found 41 collocation points in the radighncentration are nearly horizontal due to diffusion of the silicon-
direction, 41 collocation points in the axial direction, and 12,808ch melt towards the interface. The strong axially upward flow

time steps were enough to resolve the velocity and concentratigiacent tor=1 has convected the silicon-depleted melt axially
gradients in the melt. Further increasing these numbers did not

change the results.
At the beginning of crystal growth, the melt concentration, nor- 1

whereC is the mole fraction of silicon in the germanium-silico
mixture normalized by the initial uniform mole fractid®,. The

malized by the initial uniform concentration, &(r,{,t=0)=1. C
Thus, the amount of solute initially in the melt is obtained by 075:_
integrating across the ampoule’s volume, giving a total solute con- A
centration equal tera. We verify that the sum of the total solute -
in the melt and in the crystal is equal tma at each time step. 05
Assuming that there is no diffusion of solute in the solid crystal, C
the solute distribution in the crysta4(r,z), normalized by the 025
initial uniform solute concentration in the melt, is given by
z o o
Cs(r,Z):ksC(r,éz—l,t:—>, (8) C
w -
whereks=4.2 for silicon in a germanium melt. 025
4 Results sE
We present results foB=0.5 T, C,=0.10, andUy=23 um/s, 275 -
for which U=0.008334 m/s, Ha=165.9, Re3,125, Pg=8.625, - :' 0.999—o
v=0.09246, andv=0.00276. Foma=1, the dimensionless time to - 0.914———]
grow a crystal isa/ w=362.3. 154 ‘0'5' s

Initially at t=0, the concentration in the melt is uniform and the r
buoyant convection is driven entirely by thermal gradients as re-
flected in Fig. 2 foB=0.5 T ando=1. At this time, the maximum Fig. 4 Concentration in the melt  C(r,¢,t=0.9059) for B=0.5T
value of the streamfunction is 0.00686. In Fig. 3, the hot fluidnd C,=0.10
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Fig. 5 Streamfunction

=0.10

upward so that the concentration near the periphery is lower tl
the concentration near the centerline. The shapes of the stre
lines resemble those of Fig. 2. With solutal convection alone, t
lighter fluid adjacent to the centerline would rise while the heavi
fluid adjacent to the periphery would sink, thus creating a cloc
wise circulation that opposes the counterclockwise thermal ¢
vection. Therefore, the maximum value of the streamfunction h
reduced to 0.00678, which is lower than that for a doped melt

TTT

Y(r,L,t=72.47) for B=0.5T and
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Fig. 7 Concentration in the crystal
C,=0.10

Cy(r,z) for B=0.5T and

hgﬁ thermal convection would have convected the silicon-depleted
éﬂ(?_lt over the entire meli21]. However, for the present alloyed
rqéystal, the opposing solutal convection has decreased the convec-

jve species transport so that a pocket of the melt medr and
=+1 still remains at the initial uniform concentrati@=1. The
xial position corresponding to the maximum value of the stream-
ction in Fig. 5 has moved to axially upward. In Fig. 5, there is

g opposing circulation adjacent to the crystal-melt interface

which the melt motion is driven entirely by thermal convectioff@uséd by the concentration gradient.

[21].

We present the streamfunction and concentration in the melt&tS
t=72.47, when 20% of the crystal has grown, in Figs. 5 and
respectively. In Fig. 5, the maximum value of the streamfunctio
has decreased to 0.000442. In Fig. 6, the minimum and maximu
values of the concentration are 0.255 and 1.0, respectively
minimum value of the concentration is small because the segre
gation coefficient is large. By this stage of growth for a dopeﬁ
crystal, the maximum value of the concentratiorCis. 1 because
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Fig. 6 Concentration
and C,=0.10

in the melt
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C(r, £, t=72.47) for B=0.5T

For most of the remainder of growth, the shapes of the contours
treamfunction and concentration resemble those of Figs. 5 and

, respectively. The average concentration in the melt continues to
%’ecrease as the crystal-melt interface absorbs silicon continuously

oughout growth. Near the end of growth, the melt is left totally
epleted of silicon because the segregation coefficient is large.
In Fig. 7, we present the contours of the concentration in the
rystal. The bottom of the crystal solidified with a relatively radi-
ally uniform composition because the silicon-depleted melt did
not have time to convect away. As growth progressed, the con-
tours of the concentration became more curved because the axi-
ally upward flow near=1 convected the silicon-depleted melt
away from the interface. Near the end of growth, the average
concentration in the melt is small due to the absorption at the
interface. In addition, the compositional variations in the melt are
small compared with earlier stages of growth so that the crystal is
relatively radially uniform neaz=0. The axial composition in the
crystal decreases @sncreases.

5 Conclusions

We have developed a method to treat buoyant convection and
species transport for alloyed crystal growth in a strong magnetic
field. We found that the buoyant convection due to compositional
variations opposes the buoyant convection due to thermal varia-
tions. Thus, the alloyed germanium-silicon crystal solidified with
less radial segregation than a doped crystal grown under the same
conditions. Because of the large value of the segregation coeffi-
cient, the axial variation of the crystal composition is large. Future
research will compare asymptotic model predictions to experi-
mental results.
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_300& Cdomp_lex_proglded by thed DoCI;D ngrlll Pe:,?gﬂﬁnchggomgm- 6 = unit vector in the azimuthal direction
Ing Mo ernlza_tlon rogram _un er Grant O.. ar_1 on nw = dynamic Viscosity of the melt
the IBM pSeries 690 provided by the National Computational _ ; bility of th |
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Behavior of Short Lateral Dead
Xa“a‘”” Ends on Pipeline Transients:
- ezt | A Lumped Parameter Model
e | and an Analytical Solution

Martin F. Lambert
Senior Lecturer
By integrating the continuity equation over a short lateral dead end, the effects of a short

Angus R. Simpson lateral dead end side branch on pipeline fluid transients can be lumped into a node. The
Assaciate Professor analytical solution to a linearized equation shows that a pipeline transient can be ex-
pressed as a Fourier series and presence of a lateral dead end reduces the frequencies of
Center for applied modelling in Water the harmonic components. The impact of the lateral dead end on the observed transients
Engineering (CAMWE) School of Civil and depends on a parameteg,Svhich is related to the location of the lateral dead end, the
Environmental Engineering relative volume, and the wave speed of the lateral dead end with respect to the pipeline.
The University of Adelaide, Adelaide, SA 5005, A lumped parameter approach that can be incorporated into the method of characteris-
Australia tics has also been developed in this paper. It has been found that it is possible to take

account of the effects of a short lateral dead end in an accurate and computational
efficient manner{DOI: 10.1115/1.1899171

1 Introduction 2 Lumped Parameter Numerical Model

When a branch in a network is closédr example, by shutting  The unsteady flow behavior of a fluid in a pipeline can be
a valve, a lateral dead end is created. In steady state analysigjescribed using conservation of continuitgas$ and momentum
lateral dead end in a network system can be ignored since the flg). The simplified equation of continuity for unsteady pipe flow is
in it is zero and the lateral dead end has no influence on the other 5
parts of the network. In transient analysis, the lateral dead ends oH + a =0
should normally not be neglected. Pezziidé and Karney and at  gAIX
Mcinnis [2] have shown that lateral dead ends in a pipe SySIegr]]d the simplified equation of motion for unsteady pipe flow is
can amplify the transients under some conditions. In addition, P q Yy pip
applications of the inverse transient analysis for leak detection and H 14Q fQQ|
pipe system calibration require accurate and efficient forward — 5=
simulation of transients in a pipe system that may include lateral ox gAdt 2gDA
dead ends. If the length of a lateral dead end is close to the normadere H=piezometric head,Q=average flow rate,t=time,
pipe sections in a pipe network, the lateral dead end can be je=distance, g=gravitational acceleration,f=the steady state
cluded in a transient simulation model as a normal pipe secti@arcy—Weisbach friction factob=internal pipe diameteA=pipe
[3]. However, very short lateral dead ends, not uncommon in pigeoss-sectional area, aagwave speed. The value of wave speed
systems, can cause difficulties for the transient analysis in relatigna pipe can be calculated £3,5]
to the number of computational reaches. For example, if a control

1

@)

valve at a branch as shown in Fig. 1 is closed, a very short lateral K

dead end section is created. If this short dead end is considered to p

be the normal computation unit in a numerical model, e.g., the a= KD (3
method of characteristicdOC), the entire network must be di- 1+—c,

vided into many computational sections of very small lengths if Ee

the Courant numper is to pe c!ose to unity. Otherwise, the ac%hereEzYoung’s modulus of pipe materiag=thickness of pipe
racy of the numerical solution is not guaranteed due to the eroLi  k=pulk modulus of fluid p=density of fluid, and

induced by the interpolationgt]. As a result, alternative ways . —cqefficient related to the pipe anchord@es).
must be found in a transient model to consider the effects Of g 5 short lateral dead end, the distribution of the pressure can
lateral dead ends on a transient event both efficiently and effggs assumed uniform along the dead end during a transient event

tively. In this paper, a lumped parameteP) model that can take 3] |ntegrating the continuity equation E6L) along a dead end
account of the effects of a short lateral dead end is developed.dfjes
addition, a linear analytical solution is developed and this analyti-
cal solution provides an explanation about the effects of a short IHg oWy
i i | Q=-—5 (@)
lateral dead end on a transient event. The analytical solution and d ot aﬁ
the lumped parameter model are compared to the typical numeri-
cal model in which the lateral dead end is simulated by dividinghere aj=wave speed in the lateral dead end sectidv
the pipeline into a great number of computational units. =77D5Ld/4:vo|ume of the lateral dead erdy=diameter of lateral
dead endLg=length of lateral dead end)s=flow rate into the
T Commited by the Fluids Endineering Division f blication in therde lateral dead end anHg=pressure head in the lateral dead end,
ontrioute y the Fluids Engineering Division Tor publication In toerRNAL OF H H H i
FLuibs ENGINEERING. Manuscript received by the Technical Committee on VibrationWh.ICh IS as.sumed uniform along the lateral dead endi The conti
and Sound April 7, 2004, Revised manuscript received December 9, 2004. AssocRHITY equaFlon .at the.nOder where the lateral dead end is connected
Editor: J. Katz. as shown in Fig. 1, is
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* 5

oH J .
-+ Q*+RQ2:O (12)
Closed valv T ox ot
) T in which
d
L, 2
fL a‘W,
IQ R= Qo andC = : d (13)
‘ d " 2DaA agAL
O 0 whereR=friction damping factorC=lateral dead end parameter.
H out

e 1 ExpressingH” andQ" as steady state values plus transient fluc-
tuations gives
Fig. 1 A pipe section with a short lateral dead end

H'=Ho+h', Q' =Qu+q =1+q (14
Substituting Eq(14) into Egs.(11) and (12), and assuming that
Qin = Qg+ Quut (5) the transient magnitude is smat|" <1.0) gives
Equation(5) can be incorporated into the method of characteris- . ..0h" o _
tics [3,5], in which Q4 is treated as a node flo@emand bound- [1+Calx - Xd)]? v 0 (15
ary condition. The validity of this lumped parameter is investi-
gated against the typical numerical model, in which the lateral o oq .
dead end is considered as a short pipe section by dividing the s +—+2Rq =0 (16)
pipeline into a greater number of computational units. Two nu- ax. at
merical examples are given in Sec. 4. Applying J[Eq.(15)]/t" - Eq.(16)]/ox" gives
. . . . oht @ aq’
3 Analytical Solution [L+C8(X - Xd)]ﬁ aiPv ZRaj* =0 (17)

For the pipeline with a short lateral dead end branch as shown . P
in Fig. 1, the continuity equation for the unsteady flow in thdloticing thatdq /ax =-[(1+Ca(X —xg)]oh"/at" from Eq. (15),

pipeline may be expressed 6 Eqg. (17) is simplified as
oH QoH aiQ a° #h" P h* oh"
—t St === ~Xg) = 5 =[1+CaX - X)l(—5 + 2R— 18
2t A TgAax  gal XX =0 © Pl X X))+ 2R (18

where 8(x—xg)=Dirac delta function,xs=location of the lateral For a pipeline connected between two reservoirs with constant

dead end along the pipeline. For a pipe with a lateral dead eW@ter levels, the boundary conditions for the problem defined by

branch perpendicular to the pipe axis, the conservation Bfl-(18) are

x-direction momentum is (0. =0, andh'(1,t)=0 (' >0) (19)
H, 1Q 1Q, fQ? &Q Sx-x)=0 (7) Supposinga transientis initiated in the pipeline, such initial con-
ox gAdt gA?gx 2DgA? gA? e ditions are

The following dimensionless quantities are used to nondimen- . w . oh"(X',0) .
sionalize Eqs(6) and(7): h (x',0) =f(x) andT =g(x) (20
H (¢ 1) = HxH Q') = Qxy .t in which f(x") and g(x') are known piecewise continuous func-
' He ' ' Q L/a’ tions in the range of &x" >1. By applying a Fourier expansion

(8) (details are given in the Appendixthe solution to Eq(18) is

* X * * <]
X =7, (X —xg) = dx—xgL ¢ . e »
L ( @ = X h ()=, {e‘R‘ [A, cogAt") + B, sin(\t")]sin(nax )}
in  which H'=a nondimensional piezometric  head, n=t
H,=aQ,/gA=Joukowsky pressure riseQ'=a nondimensional (21)
flow, Qu=steady state flowl.=the pipe lengthx"=dimensionless ‘
distancet"=dimensionless time, anx{izxd/deimensionless lo- inwhichA=n#/V1+S, (n=1,2,3,..) (22
cation of the lateral dead end. ;
L . . and the lateral dead end parameter is
Substituting Eqs(4) and (8) into Eqgs.(6) and(7) gives P .
Sy = 2C sirf(nmxy) (23

aH Vo ,oH aQy, dQ" a’wd_ , ., oH"
—Q =+ AX = X%g) P 0 (9 The values of Fourier coefficients, andB,, in Eq. (21) are cal-
culated using the initial conditions as

* *

— +
" a = X  gAHgax  AL&

oH"  aQy dQ" V, .0Q fLQF o L
o Tgan ot T al ax T 2gDAn.S 2 A = 2[0 FOO)sinnmO)dX (1=1,2,3,.....)  (24)
* 52
+ \ﬁQ*ﬂa—Wfa(x* -%X)=0 (10 1t
e B,= —[J 2g(x)sin(nmx)dx + A,R] (n=1,2,3,.....)
in which Vy=Qy/A=steady state velocity. Becau$g/a is nor- Mo
mally small, the second term in E¢P) and the third and the last (25)
terms in Eq.(10) can be neglected. The dimensionless equations
become The analytical solution in Eg21) shows that the presence of a
. . lateral dead end in a single pipeline reduces the frequencies of the
[1+CoX _X;)]i + Q =0 (11) Fourier components. The magnitude of the frequency reduction
at X depends on the parame®y defined in Eq(23), which is related
530 / Vol. 127, MAY 2005 Transactions of the ASME
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14 -
= L= Pipe length=1000 m
. D= Pipe diameter=0.2 m
12 4 D H=25 f = Friction factor =0.02 S
. ; a=Wave speed=1000 m/s J}IFIS m
10 A [a] Y
L4
a I\ Dead end
L,=10m,D,=0.2 m, a,= 1000 m/s
* 8 S — :
tp 6 ﬂ 250 m 750 m
@ 4 Experiment Results Fig. 4 A single pipeline with a lateral dead end
48 O Analytical Solution
2 (X'=0.0 andx"=1.0) of the pipeline. Because the wave speed is
mainly influenced by the low frequency, for a tank-pipeline-valve
0 . : . . . T . system, a lateral dead end adjacent to the fagk=0.0) has no

o 005 01 015 02 025 03 035 04 jnfluence on the transient speed while a lateral dead end close to
the valve(xy =0.5 has the maximum influence.
w/W

. . . . 4 Numerical Examples
Fig. 2 Comparison of the experimental periods [1] and the ] ) ) )
analytical results Two numerical examples including a slow and a fast transient

event are presented in this section to visualize the effects of a
short lateral dead end on fluid transients. In addition, the accuracy

to the location of the lateral dead end, the relative volume ar?é the lumped par_ametéLP_) model and analytical solution pre-
wave speed of the lateral dead end with respect to those proper ggted in the previous sections are verified by comparison with the

in the pipeline. A lateral dead end with a greater length and larg &céirt:eo dngls l\gongrrigf;)ci);ghségtgzizzéhtﬁ;a;?prgllir?:?sd d?\zgeij iﬁ?cr)]-a

cross-sectional area, and smaller wave speed will have stron .
influence on the frequency reduction. aolrge number of reaches. Details of the MOC approach can be
fo&nd in many textbook§g3,5].

As a lateral dead end pipe can reduce the frequencies o L ; .
or the pipeline connecting two constant-head reservoirs as

transient event, a flexible pipe connected into a pipeline system i L .
| : -shown in Fig. 4, there is a lateral dead end located 250 m from the
frequently employed as a method for transient control by reduci u%stream reservoir. The length of the lateral dead end is 1% of the

the system’s wave spedd,3]. As the frequencies of a transient T > .
can b)é calculated fror% E3), this analyt?cal solution provides a PiPeline length(Ly=10 m L=1000 m, and the diameter of the
simple method to estimate the wave speed in a pipeline withl3eral dead end is the same as the diameter of the pipélige
short lateral dead end. The wave speed of a transient is determifiddF 0.2 M. The wave speed in the lateral dead end is the same as
by the fundamental frequendn=1) while higher frequencies in- that in the pipelingla;=a=1000 m/$. To include such a lateral
fluence the shape of the transient. For the experimental resultsléd end in a normal MOC simulation and keep the Courant num-
Pezzinga and Scandufa], the analytical solution calculated us-ber close to unity, the longest pipeline reach in the pipeline should
ing Eqs.(22) and(23) are given in Fig. 2, wherg,=Ty/(L/a) and b_e cI_ose to the_ Ieng_th of the lateral dead end. In this example, the
T4=transient period with the lateral dead end. Given that vigiPeline is divided into 100 reaches and the lateral dead end is
coelastic influence is not considered in the analytical solution, tfé&/ided into one reach giving a Courant numberG#1.0.
analytical solutions are reasonably accurate compared to the ex! the first example, a slower transient event is generated by
perimental results. chang!ng the_water level at t_he d_ownstream reservoir in a manner
In addition to the volume and wave speed of the lateral de&y Which a sinusoidal transient is generated in the pipeline. For
end, location of a dead end also has a significant influence orth§ convenience of comparison a sinusoidal format transient is
transient event. The influences by the lateral dead end location #0sen here. The variation in water level at the downstream res-
the different frequencies are different as shown in Fig. 3. For ti§gvoir is defined as
frequency ofn=1, the maximum influence occurs in the middle H,=15+5sif(0.57t) (0<t<2.0) (26)

(X"=0.5) of the pipeline, while the influences are zero at two ends . ) ) ) .
in which units ofH, are meters and the dimensionless magnitude

of transient(q’) is 0.035. The mean velocity in the pipeline is

14 Vp=1.40 m/s giving the friction damping coefficienR
=(fLVy)/(2Da)=0.070. The lateral dead end paramefeand S,
12 TR e n=2 n=3 are calculated a€=a?W,/aW=0.010 andS$,=2C sird(nmx;
o/ ag . and §=2C sinr(nmxy)
14 . =0.010 givenn=1. The dominant frequencgn=1) of the pipe
) N / transient is 1.& without the lateral dead end and 0.98@ith the
08 § lateral dead end based on the analytical solufieq. (22)]. The
E B transients calculated by the MOC are presented in Fig. 5 for both
> 081 cases of with and without the short lateral dead end. The effect of
8 044 : K : 5 the lateral dead end on the transient is not very significant. How-
’ ; . ) , ever, by zooming in, a phase shift between two cases is evident.
024 [/ % The total time shift within 40 20 period$ is 0.2 s giving the
"\ frequency difference of 0.06627/(40/20-27/(40.2/20] for
0 ' T ' **  the two events. This frequency difference is in agreement with the
0 02 04 08 08 1 analytical solution in Eq(21) for n=1.
The effects of the lateral dead end can be considered by a
Dimensionless location of dead end (x,") lumped parametefLP) model, in which a smaller number of
reaches can be used for the pipeline. In this example, the pipeline
Fig. 3 Influence of the lateral dead end location is divided into 16 reaches. The transients calculated using the LP
Journal of Fluids Engineering MAY 2005, Vol. 127 / 531
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Fig. 5 Effect of lateral dead end on a slow transient (MOC)

model, the MOC, and the analytical solution are given in Fig. &ffects of the lateral dead end on the fast transient event are more

The results based on these three methods are virtually identicagjnificant than for the slow transient event case. A reflection from

which shows that the effect of a lateral dead end on a slowtre lateral dead end is obvious, and the transient form becomes

transient event can be adequately considered by the LP model, anthplex after several periods due to the interaction of the re-

the linearized analytical solution is accurate givgre 1.0 (in this  flected and transmitted transients by the lateral dead end. The

example q” <0.035. Because the LP model can use a muchaximum pressure in the pipeline with a lateral dead end is larger

smaller number of reaches, the computational time used in [ifan that in the pipeline without the lateral dead end.

model is significantly less than the normal MOC model. For this The effects of the lateral dead end on a faster transient event

example, the computational time used in the highly discretizexhiculated using the MOC and the LP model are presented in Fig.

MOC model(101 reaches and simulation time period of 40.@s 8. For a faster transient event, the effects of unsteady friction are

163.64 s on a Pentium 11l 600 MHz personal computer, and in thiportant. Therefore, an unsteady friction mofig] was applied

LP model(16 reaches and simulation time period of 40,Gtss to the MOC and LP model. The large valuedf(q"=1.0 in this

0.41 s, which is approximately 400 times faster. This improvesxamplg invalidates the assumption @f <1; as a result, the

ment is more important when the transient model is used in analytical solution is not suitable for this example and is not in-

inverse calculation in which a great number of transient runs ackided in Fig. 8. Generally speaking, the results based on the LP

involved. model are in good agreement with those based on the normal
In the second example, a faster transient event is initiated MOC model.

closing the valve at the downstream end of the pipeline as de-

picted in Fig. 4. The valve is closed instantaneously from a paé- .

tially open position that gives the steady flow dR, Conclusions

=0.005 n¥/s. The transients calculated using the MOC are given The presence of a short lateral dead end may significantly in-

in Fig. 7 for both cases with and without a lateral dead end. Tlilience a transient event. A linear solution expressed as a Fourier

02 [
o5 5 —— MOC 0.04 ———MOC
. H ! eravewme Lumped parameter modei F mwsens - Lumped parameter model
---- Analylical solution r -+ - - Analytical sokition
01 [ H
7}
o
" 0.05 .
. [
» -
5 ¢ 3
-
£z L
-0.05 ©
01 [
045 [
[ -0.04 |~
. F
.0.2 " P 1 1 .} l 1 | L i L
] 10 15 20 25 30 35 40 30 32 34 36 38 40
t i

Fig. 6 Comparison of the lumped parameter  (LP) model and analytical solution with the MOC for a slow transient
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Fig. 7 Effects of lateral dead end on a fast transient event
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(a): 0<t'<10, (b): 30<t'<40

series has been developed for transients in a pipeline with a shelrip provided by the University of Adelaide for the first author,
lateral dead end. The analytical solution shows that the presemah of which are gratefully appreciated.

of a lateral dead end changes the frequencies of the harmonic
components. The significance of the effect depends on the param-

eterS, defined in Eq(22), which is related to the location of the Nomenclature

lateral dead end, relative volume, and wave speed of the lateral
dead end compared to the pipeline. In a tank-pipeline-valve sys-
tem, a lateral dead end closer to the constant head tank has less
influence on the pipeline transients compared to a lateral dead end
close to the valve. For slowdismoothe) transient events that
have less harmonic components, the effect of a lateral dead end
appears as the reduction of wave propagation speed. For faster
(sharpey transient events that have more harmonic components,
the presence of a lateral dead end significantly changes the tran-
sient shape and may amplify the transient magnitude. A lumped
parameter model, which can be easily included in the MOC solu-
tion and can use larger computational reaches, has been developed
to effectively simulate effects of a lateral dead end on a transient
event.
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K = bulk modulus of fluid(N/m?) »

L = length of pipeline(m) b (X, t) = >, T(t)sinnmx’) (0<x <1) (A5)

n = component number in a Fourier series n=1

Q = flow rate(m*/s) _ Integrating Eq(A1) over a small neighborhood on either side of

Qin,Qout = upstream and downstream discharg@s/s) the lateral dead end gives
Qq = flow rate into a lateral dead end during a tran- . N
sient even{m?3/s) xte #ht (% #h' oh" .,
Q" = dimensionless flow rateG/Q LA, (Gt RodX
Xd—8 Xd—E

g = discharge ratio in a pipe junction

g = dimensionless flow rate disturbance Xgte g2 oL,
R = pipeline friction damping factor; linear regres- +j Cl—7 + 2R—=)8(X — xg)dX
sion parameter Xy-e at at
Re = Reynolds number (A6)
S = lateral dead end parameter
T = natural period of pipelings) Letting e approach zero, the first integral on the right-hand side of
T" = dimensionless period of transienTAL/a) Eq. (A6) is zero. Thus Eq(A6) becomes
t = time (s | e . « S e
t" = dimensionless timet#(L/a) ’?h* T (cégt1 +2Rc‘9h*) fxd S(X = xgdx'
T4 = transient period with the lateral dead efsi X | xme Jtz CLI PSR
t, = dimensionless periodF/(L/a) (A7)
Vo = steady state flow velocity in the pigen/s) X
W = volume of the pipeliném?) . Given the definition of Dirac delta function gf(xi’fs(?(x*—x;)dx*
= N
Wq B vplume of a Iater_al Qead er) =1, substituting Eq(A5) into the right-hand side of EqA7)
x = distance along pipeliném) ;
A . : . gives
X = dimensionless distancexA.
Xq = position of a lateral dead erdh) Ih oh * ot dT
Xq = dimensionless lateral dead end positiof /A — - " = 2 [(C *2” + 2RC—*”)sin(nwx;)}
5 = Dirac delta function X Ixee X e L dt dt

N = angular frequency (A8)

p = density of fluid(kg/m?)
The coefficient functiorT,, in Eq. (A5) can be expressed by inte-
grals aq 8]

Appendix . L o g

PP ) ) ) ) » T,(t)= Zf h' (X' ,t")sin(nmx )dx
The partial differential equatiofP.D.E), boundary conditions o

(B.C.), and initial conditiong.C.) for the transients in a pipeline

(with a short lateral dead epdnder constant boundary conditions KT e "
are repeated here =2 hy(x',t")sin(nmx )dx
0
N o . . L
P.D.E-G=[1+CoX -x)llo7 +2R77]  (AD) . 2] 6 £ )SIn) = Togl) 4 Tt
X;+s
B.C.h'(0t")=0, andh’(1,t) =0 (A2) (A9)
L. where
oh (x',0)

1.C.h'(X,0=f(X) —— =9(X) (A3) X,
Jt T (t)=2 f hy (X, t)sin(nax’ ) dx (A10)
For a pipeline with a lateral dead end, the pipeline can be consid- 0
ered as two portions divided by the lateral dead end with a small
neighborhood 2 as shown in Fig. 9. X !
For all points in the pipe except the position of the lateral dead Todt) = Zf
end, the linearized equation E@A\1) becomes a wave equation
PR o and the subscript on theh™(x",t") refers to the region to the left
5=y T2R— (A4) of the lateral dead end, and subscripefers to the region to the
ax<c at at right of the lateral dead end.
Differentiating Eq.(A10) twice leads to

h, (x",t")sin(nx")dx’ (A11)

*

Xgte

Noticing the boundary condition as those in E&2) and the
continuity of pressure at the lumped lateral dead [@jdthe tran- @ Xgme 2h’ Xt
sients in the pipeline can be expressed&s T;‘e = J (t—z sin(nax’)dx (A12)
d
0

Differentiating Eq.(A10) and multiplying R leads to

= * & o & * = * P
x*=0.0 x, X,/ + =10 dTh X7t ghy(x,t) o
T 2R——=2 2R——— sin(nwx")dx (A13)
dt 0 at
Fig. 9 A pipeline with a lateral dead end Adding Eqgs.(A12) and (A13), and substituting Eq.A4) gives
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&1, _ dT, f xe Phy(X 1)

- T, _ dT N dr,
5 t2R— =2 ——5—sin(nmx)dx (Al4 n n-_ k K)si ) |si :
a2 ™ i w2 Sinnm)dx (AL4) G2 PR 2§=‘, (C@ *+2RCF)sin(kax;) |sin(nmx;)
Applying integration by parts twice to EGA14) gives - (nm)?2T, (A22)
d?T,, . 2RdTn{ - ahy(x" 1) sin(nmx’) e Taking thenth term out of the summation and rearranging
dt dt’ X o
y [1+2Csir(n x*)]ﬂ + 2R[1 + 2C sird(n x*)]d-rn + (nm)2T,
= (Nm,(x,t)cognarx) [+ T g2 g T
oo R Y dTy. . . .
- (nm)> J ’ h}(x*,t*)sin(nwx*)dx*} =~ 2sinnm) >, [(c 7t 2Rc§k>sm(kwxd>] (A23)
0 k=1
(A15) k#n
in which The general solution of EqA23) is

ahy(xX',t)

e ot
— sin(nzx’) = M
X

*

. 2 2
sin(nmxy) - 0 T(t) =eR[A, cosy/ (nm)” _ R%" + B, siny/ (om)” _ R%t']
1+ 1+

0 IxX X;—s
(A16) + Tt (A24)
- o [XgE PN . in which
(nmh,(x',t")cognmx’) o = (nmh,(xgt )cognmxy) — 0
(A17) Sy = 2C sirf(nrxy) (A25)
due toh’(0,t")=0 according to the boundary conditions in Eqis the lateral dead end parameter, dpgt’) is a particular solu-
(A2) and tion to Eq.(A23) and has no influence on the solutiontfx”,t")
Xie * due to orthogonality. Since normally the value Bfis much
(nﬂ)2f h,(X",t")sin(nax")dx’ = (mr)2§Tn€(t*) smaller than unity, Eq(A24) can be simplified as
0
(A18) T,(t") =€ R (A, cosnt” + B, sinit) + T {t)  (A26)
Substituting Eqs(A16)—(A18) into Eq. (A15) gives
* kK nm
d?T,, dT,, (X' ,t) ) . in which \ = —= (A27)
- T2R— =2| ———— sin(nrx, /
dt2 dt K e nnmxy) VIt Sy
Substituting Eq.(A26) without T,Jt") into Eq. (A5) gives the
- (nw>h2<x£,t*)cos<nwx;>] ~(nm?T,, ~ general solution
o , . . (A19) h (1) = D {e R (A, codAt’) + B, sin(At)sin(nx) }
Similarly for Eq.(A11) that applies on the right side of the lateral n=1
dead end, (A28)
d?T,, dT,, oh, (X't .
- t2R— =2 —-——— sin(n which is Eq.(21).
dt” dt X Xire () 9.2
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The Effects of Polymer Solution
Preparation and Injection on Drag
R. Sun Chee Fore Reductlon

J. Szwalek

- 1 The understanding of drag reduction by injection of polymer solutions requires an ad-
A. 1. Sirviente equate and accurate polymer solution preparation process as well as a thorough under-
standing of the effects that the delivery system might have on the polymer flow. Mass
Department of Naval Architecture and Marine production of polymer solutions for engineering applications could be more cost effective
Engineering, University of Michigan, Ann Arbor, if large batches of highly concentrated polymer solutions are prepared and then diluted to
MI 48109-2145 the final concentrations of interest. However, as shown in this study, depending on the
type of polymer used this procedure might be more or less adequate. This study also
corroborates that the presence of macro-molecular polymer structures induced by inject-
ing highly concentrated polymer solutions into a shear flow translates into a drag in-
crease and substantial degradation endurance especially at high Reynolds numbers in
comparison to homogeneous polymer solutidi¥Ol: 10.1115/1.1905644

1 Introduction Sureshkumar et aJ16], Dimitropoulos et al[17], among otherns

. . - A few experimental studies have also been conducted on polymer
The pioneering work of Tomgl] documented the ability of a drag reduction on external flows, such as flow over a flat plate

Sm?"{ amourfltt ofbs?luté)le_ pollg?/mer afdl\?'t'vfs to r:d.léce '\t/lhe f”t%t'o .e., Fontaine et al.18], Somandepalli et a[.19]).
resistance ot turbuient pipe flows ot Newtonian fiuids. Viany theo- Experimental studies concerning heterogeneous drag reduction

ries have been developed since then to explain the way in Whiﬁpinternal flows have also received attention in the Pe&tggaar
polymers reduce drag. The approach that has found support.iny Tel[20], Smith and Tiedermaf1], Bewersdorff et al[22],

most of the experimental results that followed thos_e of Toms, éﬁnong others In these studies, highly concentrated polymer so-
that Of. Lumley[2] yvho proposgd thgt the mechanism for dragigng of long chain, high molecular weight polymer, were in-
reduction was an increased viscosity near the wall, caused

. : ¥ted into the core region of a turbulent pipe or channel. For a
elongational deformation of the molecules by the turbulence. NgW,-in range of concentrations, it was observed that a single co-

arguments based on the kinetics of the molecules have beenfgren; thread was formed that preserved its identity for long dis-
cently introduced in the development of drag reduction theorigg, es after injection. The recent studies by Shen de4l.and
(Ryskin[3], De Genne$4] and Tabor et al[5]). Kim et al.[24] address comparisons of homogeneous and hetero-
The drag-reducing abilities of polymer solutions are known t9aneous drag reduction cases for the same concentration at the
be triggered by a critical level of shear stress parameterized by f}&ynnel test section but with the polymer injected at the wall. The
so-called “onset Reynolds number.” Such condition should hgier studies concluded that a substantial increase of drag reduc-
enough for the flow to stretch the polymer, which in turn introgion could be accomplished by heterogeneous polymer solution
duces an anisotropic effect by which the turbulence structure\jgrsys the homogeneous polymer solution. Those studies also
changed, and drag reduction induced. The behavior of polymg{owed that polymer structures, even if not present in the pre-
solutions is governed by many parameters. The most obvious oR@seqd solution, could be induced by the injection system. The
being the solvent type, the polymer concentratioery dilute \york of Viachogiannis and Hanratfg] concludes that lower con-
polymer solutions have been shown to have viscosity that is vegéntrations of Hydrolized Polyacrylamide can achieve very large
close to that of watetKoskie and Tiedermaf6]), the velocity and |evels of drag reduction when polymer structures are present in
length scales governing the flow and the type of polyfeBarac- the solutions prior to injection.
terized by its chemical composition, molecular weight distribu- Today, PAM and PEO are probably the most widely used water-
tion, and polydispersity index among others soluble polymers in commercial applications. Both are linear,
A large number of studies reported in the literature regardirfexible molecules, which can be obtained in a wide range of
polymer drag reduction are concerned with homogeneous polynmeslecular weights. Studies indicate that PAM is able to endure
solutions. Most of them involve the study of fully developed turshear degradation better than PBabyt, [25]). Experimental re-
bulent channel flows where either a polymer ocean is establistsgts with hydrolized or partially hydrolized polyacrylamides
(Den Toonder et al[7], Vlachogiannis and Hanratt}8] among (HPAM) can also be found in the literature, though not as fre-
otherg or polymer is injected in such a way to achieve a homaguently (Warholic et al.[26], Den Toonder et a[.27], Gampert et
geneous distribution of the polymer at the test sectidortuna al. [28], among othens
and Hanratty{9], Reischman and Tiederm&t0], McComb and In general, the procedures followed by different research groups
Rabie[11], Tiederman et al[12], Willmarth et al.,[13], Luchik to prepare the polymer solutions are different even for the same
and Tiedermah14], Wei and Willmarth 15], among othes Most  type of polymers. Little information is however reported in the
of the numerical studies in this area consist of direct numericliterature regarding preparation procedures of polymer solutions
simulation (DNS) of polymer flows in turbulent channels.e., and tests designed to ensure their consistency. Also little attention
is given to the shelf life of the prepared polymer solutions. The
- majority of the studies performed in the past in channel and pipes,
73§%ggsgggging author(asirv@engin.umich.edu Tel: (734-647-9411; Fax: aimed at establishing homogeneous polymer solutions at the test
( Contributed by the Fluids Engineering Division for publication in therNAL OF section. This is g.ene.ra”y accomplished by continuously injecting
FLuibs ENGINEERING. Manuscript received by the Fluids Engineering Division marchthe polymer solution in the flow to always have fresh, undegraded
4, 2004; final manuscript received March 16, 2005. Associate Editor: Dennis Siginpolymer in a certain region of the flow. As pointed out by Den
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Fig. 1 Schematic of the recirculating channel

Toonder et al[7] this can be fairly impractical from an economi-optimize the setup. However, it has been argued by Kim ¢24].

cal point of view. In their work, special attention was paid to théhat the shear induced in the polymer delivery system might also
effect of the pump as a main degradation contributor and, tkentribute to the formation of macro-molecular polymer structures
investigators were able to find that with a disc pump a constaaid these have been shown to improve the drag reduction perfor-
drag reduction could be attained after an initial period of degrghance of the polymer solutions. It has also been argued that the
dation, which was not possible with a centrifugal pump. Effegyresence of such structures prior to injection can contribute to
tively a polymer ocean was established in their experiment fqlnprove the drag reduction abilities of the polymer solutiovig-
lowing the initial injection of the polymer solution. Most of thechogiannis and Hanrattjg)).

experimental setups r_ep_orted in the literature make use of C€NThe aim of this paper is to first establish a preparation proce-
trifugal pumps. Establishing a polymer ocean with such pumps ig, o ot holymer solutions that is consistent and translates into

not simple although possibléVlachogiannis and Hanratt}8]) o : . .
and consequently continuous polymer injection is the alternati\l/cz)ang enough shelf-life _for the solutions. This proc_edure W!” be
that has been most commonly followed in the past. compared for three different types of commercially available

One of the most obvious consequences of injection is the p&qumers PEO, PAM, and HPAM. First, the study reports on the

sibility of inducing degradation of the injected polymer solutioninconsistencies foynq for solutions With. concentrations lower than
Degradation translates into the loss of the polymer drag reducihg® PPM for the ionic polymers testdde., PEO and HPAWM
abilities. Mechanical degradation refers to the shearing effect igecondly, the effect of the polymer delivery system and the mix-
duced by solid surfaces, walls, pumps, etc., which potentially c4#J Process tha_t takes plgce_ln a channel prior to_the_test section is
translate into the breaking of the polymer, thus reducing its mgvaluated for different injection concentrations yielding the same
lecular weight and drag-reducing effectiveness. Chemical red€st section concentration. It is corroborated that the presence of
tions could potentially induce changes in the polymer structure Bxcro-molecular polymer structures induced by injecting highly
well, and contribute detrimentally to their drag-reducing behaviozoncentrated polymer solutions into a shear flow increases drag
Consequently, it is important to assess if degradation is inducestiuction with respect to homogeneous polymer solutions. More

by the injection system, the pump, etc. and then to adequatétyportantly it is shown that the endurance to degradation of such
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Fig. 2 Schematic of the polymer consistency apparatus
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Fig. 5 Comparison of drag reduction abilities of 100 ppm solutions ob-
tained by diluting 10,000 and 1,000 ppm master batches: PAM (open
symbols ) and HPAM (solid symbols ). Data represents stable solutions
for each dilution.

structured solutions is significant especially for large Reynoldscated on both sides of the channel at 22.86 cm downstream of
numbers. It should be noted that a detailed flow characterizatigie test section entrance. They are 0.25 cm wide, 59.94 cm high
including laser doppler velocimet(y.DV) measurements, as welland are inclined at an angle of 25 deg to the wall. A pneumatic
as turbidity and birefringence measurements for a structured angy@tem drives the polymer solution from storage tanks to the in-
nonstructured polyacrylamide polymer solution was presented f¢tion slots. A schematic of the channel can be found in Fig. 1.
the authors in Kim et al[24] and Shen et al.23]. The present * The polymer solution is injected during a short period of time
study builds upon the findings presented in those studies. It, holy-ensure that no polymer build-up takes place in the channel. This
ever, focuses_on the |.mpI|cat|ons related to procedures.foIIowedig)monitored by measuring the pressure drop at the test section of
prepare consistent highly concentrated polymer solutions, and channel and making sure it remains constant. Before it starts to
e_llso demonstrates _the better a_lblllty that structured polymer so ift, the injection is stopped and the polymer is run through the
tions have to sustain degradation. pump until it is fully degraded. The channel reference velocity is
monitored continuously with a GF-Signet 5100 flowmeter. The
2 Experimental Apparatus and Procedures pressure taps are connected to a W0602/IP-24T Scanivalve and a

The experiments reported in this study were conducted at tHi9i-Key 287-1027-ND temperature compensated pressure sen-
Marine Hydrodynamics Laboratory of the University of MichiganSCF: With £4 in HO range and a Pentium Il PC is used to collect
One of the facilities was a recirculating water channel, where ti§'d process the signals. During the experiments, the temperature
flow is driven by a 1200 gallons per minut®.076 n#/s) cen- IS held constant at 221 °C. Thechannel water, polymer solution,
trifugal pump into the 5.99 cm wide by 59.94 cm high and 6.35 @Nd room temperatures are measured using Type K thermocouples
long channel test section. The bulk velocity in the test section c#fth 0.1°C resolution. More detailed information regarding the
be up to 2.11 m/s, leading to Reynolds numbers based on gfannel setup and th_e polymer injection process can be found in
channel’s width up to 1.28 10°. Settling chambers are located atShen et al[23] and Kim et al.[24].
each end of the test section and connected to it through a one different experimental setup was used to test the polymer
dimensional planar contraction-expansion. In the upstream sgglutions and conduct degradation tests. It consists of a copper
tling chamber, there are two stainless steel screens to help brgée of 1.6 cm in diameter through which the polymer is gravity
up large eddies, reduce small scale turbulence and produce a fe@- The pressure drop and flow rate measurements in this pipe
bulent wake to aid in the development of fully developed turbigive a quick measurement of the wall shear stress and conse-
lent flow in the test section. Twenty-one equally spaced pressureently of the drag reduction induced by the polymer. This setup
taps are located on one of the test section walls to monitor thows for a quick and reliable way to test the consistency of the
pressure gradient. The test section aspect ratio is 10:1, and ¥aeious polymer solutions prepared throughout the life of this ex-
measurement station located 88.5 channel wifBt@8 m down- perimental work. The measurements involve the use of a U-tube
stream of the test section entrance. The polymer injection slots ananometer with 2 mifiH,O) error and an Omega Engineering
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Fig. 6 Consistency test for 10, 50, and 100 ppm PAM solutions

Model FTB791 flowmeter with a linear range of 1-10 g3 No molecular characterization of this polymer was done and con-
X 107°-6.3x 107* m3/s) with £0.04 gpm(0.25X 10°° m3/s) er- sequently only the information reported by the manufacturer is
ror. The errors related to the calculations of the correspondititgluded herein. The number average molecular weight is 15
friction factor coefficient and Reynolds number are well withinX 10° g/mole.

4.5% for all cases reported in the study. A schematic of this ap-

aratus. referred to as the DolVMmEr CONSISIENCY AppAratus .3.2 Polymer Solution Preparation and AssessmentThe
P A ; poly >y app ’p|l paration of the aqueous solution of Hyperfloc used in this study
shown in Fig. 2. Koskie and Tiedermg6] used a similar proce- follows a procedure similar to the one followed by Kim et[2M4]
dure to ensure consistency of the prepared polymer solutions yeparation of the polymer solution involves the preliminary de-

. X . R J
ngcuﬁl?gsigﬁt the drag reduction obtained was within 10% for eaggration of filtered tap water by heating it to 34—38°C while

stirring magnetically and subsequently allowing it to settle. The
: polymer in granular form is suspended on a small percentage of
3 Polymer Solution Study isopropanol and then mixed into filtered tap water to produce a
3.1 Polymer Type.In this study three commercially avai|ab|eSO|Uti0n of the.des_il'ed Concent.ration. The mixing is done with a
polymers were used, a polyacrylamitRAM), a polyethyline ox- Nuova magnetic stirrer for the first ten minutes and then rolled by
ide (PEO and a hydrolized polyacrylamid&lPAM). The weight & Bellco Cell Prc_Jdu_ction Roll Apparatus. The_ rollers nee_d to pro-
average(M,,) molar mass and average radius of gyratiofR, ,) vide enough agitation to avoid clumpling without causing shear
of PAM was measured by multi-angle laser light scattefbgwn degradation of the polymer solution. The time the solution is al-
EOS, Wyatt Technologi¢sFurther details of this procedure canloWed to hydrate while being rolled has proven to be a critical
be found in Kim et al[24] for the results concerning PAM, and in factor. Isopropyl alcohol is an anti-microbial agent and the pur-

Islam et al.[29] for the results concerning PEO. No such meaR0Se behind its use is to avoid biological degradation to the fur-
surements were conducted for the HPAM. thest extent possible and increase the stability of the solution. The

The nonionic polyacrylamide used in this study is HyperfloEOWmer solution is stored at ambient conditions in the laboratory
NF301 purchased from Hychem In€Tampa, FL.. The molar
mass moments reported in Kim et {24] are summarized herein. (22°0)
The weight average molecular weight is X5 g/mole, and the )

Rgz=170 nm. 3.2.1 Effects of Hydration TimeThe effects of hydration

The polyethylene oxidéPEO used in this study is purchasedwhile stirring the prepared polymer solution or master batch were
from Polysciences, Inc(Warrington, PA. The number average tested by extracting samples from the solution after selected roll-
molecular weight is 3.2% 10° g/mole, the weight average mo-ing times. This helped to determine the period of time required for
lecular weight is 4.7X 1P g/mole, and the polydispersity indexthis process to yield a stable condition. The tests were performed
(My/M,) is 1.44. by gravity feeding the samples through the polymer consistency

The ionic polyacrylamidéHPAM) used in this study is Super- apparatus and measuring the corresponding pressure drop and
floc A-110 Flocculant purchased from Cyt@&fest Paterson, NJ flow-rate to determine the drag reduction induced by the polymer
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Fig. 7 Consistency test for 10, 50, and 100 ppm HPAM solutions

solution. Tests were performed at different Reynolds numbers andThe PolyEthylene OxiddPEO displayed a strong tendency
water characteristics were used in the calculations of the Fannimgvards clustering when preparation of highly concentrated solu-
friction factor and Reynolds numbers. tions was attempted following the same preparation procedure as
The results obtained for the nonionic Polyacrylami@M) with PAM and HPAM. Such solutions required rolling times of at
showed that a stirring time of at least twelve hours was neededi¢@ast two weeks in order for them to become visually homoge-
yield adequate mixing and stable characteristics in time, forraous. Consequently only solutions with concentrations of
10,000 ppm solution. Such results are shown in Fig. 3 for 000 ppm and lower were tested when using PEO. Additionally,
100 ppm sample obtained from a 10,000 ppm master solution #ite polymer preparation procedure was slightly altered regarding
lowed to roll for 4, 8, 12, 16, and 24 h. The samples were testélde conditions of the solvent, since PEO has higher phase insta-
right after dilution was performed. The figure shows the variationility with increased solution temperature. As a result all PEO
of the Darcy friction factor, defined dg=(2dAp)/(pLV?), (based solutions were prepared with cold deionized tap water. Results
on the pipe diameted, the pressure drofip, the lengthL, of the corresponding to a 100 ppm sample diluted from a 1,000 ppm
pipe, the fluid densityp, and the bulk velocityV) with the Rey- solution of PEO are shown in Fig. 4 for a period of two to eight
nolds number(based on the pipe diametd, and the bulk ve- hours of rolling time. A zero-hour test was not conducted due to
locity). Such results correspond to a Reynolds number rangetbe visual nonhomogeneity observed in the solution. The data
5.23X 10°<Re<1.54x 10*. The analytical solution developedshow that after two hours of mechanical mixing and hydration
by Blasius for water pipe flowfp=0.316 R@l"‘) is also shown in drag reduction (_:onsistency is achieved. Similarly to HPAM the
the figure for reference. The results indicate that at low Reynolf@sults are consistent throughout all Reynolds numbers tested.
numbers, the hydration time required to achieve consistent levelgAssessment of the experimental error associated with the poly-
of drag reduction seems to be slightly longer. Overall consistefer solution preparation process is important to properly interpret
results(within +5% for 5000< Re< 15,000 seem to be achieved Polymer drag reduction results. Turbidity measurements con-
after twelve hours. ducted on the most concentratedd,000 ppm quiescent solution
Similar results for the ionic Polyacrylamid@&PAM) are also of PAM employed in this study did not show appreciable polymer
shown in Fig. 3 for 100 ppm samples from a 10,000 ppm mastgiructure formatior{Kim et al.[24]). Consequently if the process
batch. The samples were obtained in the same way as explaigégreparation of the polymer solution indeed yields homogeneous
earlier for PAM. It is remarkable to note that the rolling time didsolutions, it should be expected that samples of the same concen-
not seem to have much effect on the drag reduction abilities wétion prepared either directly or from 10,000 or 1,000 ppm mas-
this polymer in the range of Reynolds numbers tested. Howevertét batches, or from a 1,000 ppm solution obtained by diluting a
should be noted that visual inspection of the solution througholi®,000 ppm master batch should yield consistent results. Such a
the first eight hours of the stirring period indicated that the solstudy was done by comparing the performance of corresponding
tion was not fully mixed. It is possible that the polymer aggregatd0 ppm samples in the polymer consistency apparatus.
early on in the preparation process, due to its charged characteifo conduct the latter experiment however, tests assessing the
and the rolling time is not sufficient to affect this state. hydration time needed to consistently dilute concentrated polymer
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Fig. 8 Consistency test for 10, 50, and 100 ppm PEO solutions

solutions to a lower concentration were done similarly to whdtatch down to 1,000 ppm, also included in Fig. 5, showed consis-
was described earlier for 100 ppm samples from 10,000 ppm masacy (within £3% for 5500< Re< 10,000 right away and up to
ter batches of PAM and HPAM and 100 ppm samples from & least twenty-seven hours thereafter, despite the fact that within
1,000 ppm PEO master batch. These tests were needed to rulegigitit hours of hydration the solution was not visually homoge-
the effects of dilution time due to differences in initial concentraaeous. Figure 5 gives a comparison of all the 100 ppm solutions
tion. It was found that 100 ppm solutions of PAM obtained bynentioned above and shows that all 100 ppm solutions are con-
diluting a 10,000 ppm master batch give consistent re$within  sistent within +7% for 6508 Re< 10,000.
+10% for 5500<Re< 15,000 right after dilution and up to six  Similar tests to those indicated earlier were not conducted for
hours thereafter. A 100 ppm solution obtained from a 1,000 ppREO due to the long time required to prepare highly concentrated
showed consistent resultsvithin £5% for 4000<Re<15,000 solutions as indicated earlier in this section.
right away and up to at least three hours of hydration. The results . ) )
showed more consistent agreement, that is less scattered data m2-2 Polymer Solution Consistency for Concentrations Lower
time by comparison to the results from the 100 ppm solution off?@n 100 ppmOnce the procedure for preparation of the polymer
tained by diluting a 10,000 ppm master batch. They were al§glutions was sorted out, tests were cor_wducted to ensure batch to
more consistent at the lower range of Reyno|ds numwgo_ batCh COI‘ISIStency fOI’ Varlous_con(_:entratlons, |O\N-er.than 100 ppm,
8500. A 100 ppm sample taken from a 1,000 ppm solution odor the three polymers us_ed in this study. A preliminary study to
tained by diluting a 10,000 ppm master batch was also studiépsess the proper hydration time required was conducted when-
The hydration time to get consistent resultsithin +6% for €Ver pertinent. While the res_ults for PAM followed th_e expected
7000< Re< 15,000 for the 1,000 ppm solution was two hoursrénds, the ones corresponding to PEO and HPAM did not.
The corresponding 100 ppm samples from the 1,000 ppm solutionigure 6 shows the changes of the Fanning friction fadtor,
were consistentwithin +5% for 4000< Re< 15,000 for at least [defined ad=(1/4)fp] with Reynolds number in Prandtl-Karman
three hours. The final results for each of the 100 ppm solutioggordinates(i.e., 1/f versus Re/f) for 10, 50, and 100 ppm
mentioned are plotted together in Fig. 5, along with the analyticaplutions. These solutions were obtained by diluting samples from
results from Blasius for water as a reference. The limit of stabf#fferent 10,000 ppm PAM polymer solutiorigvo of these, de-
drag reduction is slightly different for each dilution case, but thegwted as batches 1 and 2, are shown in the figiifigure 6 also
results are all consistent within +5% for 708@Re< 15000. shows the drag reduction interval as that between the Prandtl—
The results obtained for 100 ppm solutions of HPAM dilutedfarman curve for watelrl/,f=4 log(Re /f)-0.4] and the Virk's
from 10,000 and 1,000 ppm are also compared in Fig. 5. Thdaximum Drag Reduction Asymptote [MDRA; 1/ /f
hydration time for both 100 ppm solutions obtained by diluting19 log[Re / f)—32.4]. The results showed drag reduction consis-
10,000 and 1,000 ppm batches, respectively, does not seem tadrey within 4%, among the samples from the different batches
a critical factor since consistent resultwithin £4% for 6000 with the same concentrations. They also reflect the expected trend
< Re< 14,000 are obtained right away and throughout the periodf higher drag reduction with higher concentrations.
tested, at least eight hours. For 100 ppm solutions, testing theThe results obtained for similar tests performed with HPAM are
hydration time required for dilution of the 10,000 ppm mastepresented in Fig. 7. Drag reduction consistency among samples
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Fig. 9 Consistency test for 10, 50, and 100 ppm HPAM solutions with
and without 0.1 molar concentrations of salt

from different batches is within 5%. They show consistency fdsetween that corresponding to 10 and 50 ppm with 50 ppm giving
solutions with the same concentrati@or instance, batches 1 andthe largest drag reduction. Hydration tests were performed for the
2 shown in the figurg but inconsistent overall drag reduction10 and 50 ppm solutions to assess the proper time for solution
trends. Data corresponding to 10 ppm solutions were closer to tie@mogeneity to rule out this variable as the one responsible for
MDRA than that corresponding to 100 ppm, which was closer the inconsistent results. The pH levels corresponding to the 10, 50,
the water results. The results corresponding to the 50 ppm scéird 100 ppm solutions were within the interval 92@H<9.35
tions fall in between the 100 and 10 ppm results. The influence afid the temperature differences well within +1°C.
the hydration times for the 10 and 50 ppm was tested and did notThe ionic character of these polymeis., HPAM and PEQ
appear to be an issue. The same trends and quantitativéddate might translate into the formation of polymer aggregates. It is
reduction within 7% for all concentrationsvere obtained for 10, possible that such aggregates are not disrupted by the gentle roll-
50, and 100 ppm solutions diluted from 1,000 ppm solutions. Fuirg process to which the solution is subjected during mixing, ex-
ther confirmation of this unusual trend was evident from testinglaining the very consistent data obtained throughout the hydra-
25 and 75 ppm samples. Their results showed the drag reductiiwm process shown earlier in Section 3.2.1. If that is indeed the
corresponding to the 75 ppm solution between the data cormase, the size of these aggregates versus the size of the pipe of the
sponding to 50 and 100 ppm and the drag reduction for tilymer consistency apparatus where these solutions were tested
25 ppm solution between the 10 and 50 ppm. The sensitivity ofight play a significant role on the overall drag reduction ob-
Superfloc to changes in the solvent conditions due to its ioniained. The consistency on the results corresponding to different
nature was thought to be a potential explanation for this anomalyatches of the same concentration is remarkable. To test this
However, the pH levels corresponding to the solutions with cospeculation an attempt was made to neutralize the ionic behavior
centrations in the range 10-100 ppm were within the intervaf the polymers(both PEO and HPAM by preparing polymer
9.31<pH<9.36 and the temperature differences well withirsolutions with salt water instead of tap water. The preparation
+1°C. These changes in the solvent conditions did not seem tofm@cess of such solutions involved premixing small amounts of
significant enough to explain the reported unexpected trend. water with salt and slowly adding polymer solution while stirring
The tests conducted for PEO also showed unexpected resultsoénsure that the salt does not settle to the bottom. The results for
a similar nature to that seen for HPAM. Drag reduction consi$iPAM with 0.1 molar concentration of salt solution are shown in
tency within 6% was found among batches of the same concdtig. 9. The effect of the salt is to increase the drag reduction for
tration obtained by diluting 1,000 ppm polymer solutions to 1Ghe 100 ppm to be within error of the 50 ppm. The results for the
50, and 100 ppm. The measured data is shown in Fig. 8 where 8&ppm solution are practically unchanged with salt addition and
maximum drag reduction asymptote and the Prandtl-Karman lalae 10 ppm data has decreased drag reduction such that it is
are also shown for reference. Two different 1,000 ppm solutiostightly above the 100 ppm solution without salt. The salt test
are shown in the figure and denoted as batches 1 and 2. Howesglgws that the ionic behavior is partially responsible for the re-
the drag reduction measured for the 100 ppm solutions falls werse trend associated with the HPAM solutions. Tests were also
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Fig. 12 Comparison of degradation for the fifth pass of 14 ppm PAM
solutions obtained by injecting into the channel

performed with PEO solutions with 0.02 molar concentration of Effects of Injection of Polymer Solutions
salt in anticipation of the weaker ionic bonds compared to HPAM.
No effect on the drag reduction results shown in Fig. 8 was se
and, therefore, a larger salt concentration corresponding

; le
0.1 molar concentration of salt was tested. However, the resu@‘sﬁI et al. [24] associate the presence of macro-molecular PAM

again did not change substantially with respect to those shown lymer structures with a substantial enhancement in drag reduc-
Fig. 8 and the same trends were obtained. The abnormality in sﬁ%y 9

high levels of drag reduction obtained from the 50 ppm solutio on when compared to that correspond_lng to an equwalenti aver
compared to the 100 ppm did not seem to be associated with £ homogeneous polymer concentration at the test section. In
weakly ionic properties of PEO. Further studies are required ose studies thg polymer struciures were |nduged by Injecting a
characterize with certainty the reasons for the abnormal treng@mogeneous highly concentrated polymer solution into the same
observed with both HPAM and PEO for concentrations lower thakater channel flow used in this study to achieve a concentration of

; ot ; .14 ppm at the test section for a Reynolds number of<&L6*
100 ppm when obtained by diluting highly concentrated solutio ; . .
= thgpran\éve 1,000—|10,00(>)/ pIerjnl_ g gy riwsased on the channel width and the centerline velocity. The pres-

ence of such macro-molecular polymer structures was proved in

3.2.3 Shelf-Life TestShe shelf-life of the prepared solutionsthe above mentioned studies via laser induced fluorescence visu-
is considered an important parameter both to designing timalization and Birefringence measurements for injection concentra-
efficient experiments involving polymer injection and also to asions above 3,000 ppm. No appreciable polymer structures were
sess the practicality of polymers as drag reduction agents in re@tected for lower concentrations even though that does not pre-
engineering applications. Tests were conducted to try to captwi@de their existence. If present, however, their size should be
the life span of polymer solutions prepared following the stepsuch smaller than the wavelength of light as explained by Kim et
indicated earlier and stored at lab conditiof®2°C) in sealed al. [24].
containers. Polymer solutions of PAM, 1000 and 10,000 ppm A degradation study consisting of measuring the drag reduction
were prepared and tested in the polymer-consistency apparatosresponding to homogeneous and heterogeneous polymer solu-
every few days. The results showed consistency for at least 15 aiaths with the same average concentration after passing them sev-
52 days, respectively. Solutions of PEO, 1,000 ppm showed caral times through a pipe was performed. This study was con-
sistency for at least 16 days. The tests conducted for 10,000 ahdtted to further assess the impact that formation of polymer
1,000 ppm solutions of HPAM showed stable drag reduction chatructures have on the overall performance of polymer solutions
acteristics for at least 31 and 16 days, respectively. All the shefbr various Reynolds numbers. The study was done only for PAM
life experiments were conducted in the range of Reynolds nurand the injection concentrations were chosen based on the results
bers corresponding toX410°<Re<1.6Xx 10% of Kim et al. [24] that established the injection concentration

r]Injection of homogeneous highly concentrated polymer solu-
ﬁ8ns into shear flows can result into the formation of macro-
cular polymer structures. The studies of Shen €i28]. and
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Fig. 13 Comparison of degradation for 14 ppm PAM solutions for the
tenth pass obtained by injecting 10,000, 8,000, 5,000, 3,000 ppm solu-
tions into the channel along with the fifth pass from injection of
1,000 ppm

threshold needed for macro molecular polymer structures to beuctured polymer solution. As shown in the figure the data can
present in this channel flow. The solution without polymer strude quite well approximated by the straight lines indicated, corre-
tures was induced by injecting a 1,000 ppm polymer solution Bponding to least-squares regressions of the data with correlation
the channel at an injection rate corresponding to an average teséfficientsr, of at least 0.94. The difference between the slope
section concentration of 14 ppm, following the conclusions of thef the curves corresponding to the polymer solution and the sol-
mentioned study. The solution with the polymer structures wagnt was referred to as slope incremefitby Virk (1975. The
induced by injecting polymer solutions in the range oflope increments corresponding to the first pass of the structured
3,000-10,000 ppm in the channel. The injection was done at b&iimples tested for injection concentratioBis=(10,000, 8,000,
channel walls well upstream the test section at a flow rate cori®poo, and 3,000 ppmare §=(25.5,25.8,20.4,19)5 The slope
sponding to an average 14 ppm concentration at the test sectiprement corresponding to the nonstructured solution is 9.6. For
Sampleg were extracted from the channel just down;tream o” fection concentrations within 3,000 ppaC; < 10,000 ppm, s

test section. Samples from both polymer solutions with and withls 5 jeast double that corresponding to the nonstructured polymer

out polymer structures were then tested in the polymer cons 5lution(C,=1,000 ppm for the same average concentrations. As
tency apparatus. Flow rates and pressure drops were measured jor L

each case and the results from several passes through the § ect'ed,'the' results confirm that th'? !eve_l of polymer structure
recorded and compared. rmation is highly dependent on the injection concentration. For
The outcome from such degradation tests are shown in Fi(%ilgf.a same _R_eyn_olds numbers,_ lower drag reduction is obtained at
10-13 for injection concentrations of 10,000, 8,000, 5,000, 3,000 lOWer injection concentrations. The mean value of Reor-
and 1,000 ppm and a corresponding average concentration"$fPonding to the onset of drag reduction,/Rg, and the slope
14 ppm at the test section. Each figufégs. 1012 shows the ncrements of the curves shown in Fig. 10, corresponding;to
drag reduction versus Reynolds numbierPrandti—Karman, PK, =10,000 and 8,000 ppm are 459+13 and 25.65+0.15. Similarly
coordinatesachieved by each of the polymer solutions for passéde mean results fo€;=5,000 and 3,000 ppm are 504+11.5 and
one, three and five through the pipe. Figure 13 shows the resdi%95+0.45 for both intercept and slope. The mean values of
corresponding to ten passes through the pipe. and Re f|, corresponding to all the structured cases tested and
The results shown in Fig. 10 corresponding to the first pasgown in Fig. 10, is 22.8+3.3 and 481.75+35.75. The change
through the polymer consistency apparatus show that the levelvgth respect to the corresponding values for the nonstructured
drag reduction attained by the structured polymer solutions $slution is 40% and 5%, respectively. In other words, trends
drastically different from that achieved by the nonstructured polghown in Fig. 10 indicate that the onset of drag reduction for the
mer solution for all Reynolds numbers tested. The results cormenstructured solution takes place at a slightly higher Reynolds
sponding to the largest injection concentration translate intmimber or corresponding critical wall shear stregg, than that
roughly double the drag reduction of that achieved by the norequired for the structured polymer solutions to become effective
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Fig. 14 Degradation for 14 ppm PAM solutions obtained by diluting
1,000 ppm compared to a samples taken from injection of 1,000 and
10,000 ppm into the channel

drag reduction additives. The most striking outcome, however, éghange in the molecular weight of the solution and a consequent
the similarity in both slope increment and Ré, for all the struc- increase of the critical wall shear stress and decrease of the slope
tured solutions and the substantial change in slope with respect ¢thegk [30]). While the critical wall shear stresses also increase
nonstructured solution while the onset of drag reduction is vetyith more passes through the pipe for the structured samples the
comparable. change is much larger compared to that endured by the non-
The overall endurance to degradation is considerably better &fuctured sample for the same number of passes.

the samples with polymer structures as it is shown in the resultsFigure 13 shows the results correspondingCe 1,000 ppm
corresponding to consecutive passes through the [iigs. after five passes through the pipe in comparison with the data
10-13. For all passes, the structured polymer solutions shoyyrresponding to all the other injection concentrations tested after
higher levels of drag reduction for all Reynolds numbers testggh passes through the pipe. The slope increments corresponding
than those corresponding to the nonstructured solution. The ongeh| the structured polymer solutions after ten passes are still at
of drag reduction becomes relatively closer between the variofig,s; double of that corresponding to the nonstructured polymer
structured samples and the nonstructured one the more passggiion after five passes. On the other hand the onset of all the

through the pipe. In fact by the thirtFig. 11), and fourth pass g\ ,cryred samples are within 2%, and within 12% of the onset
(not shown due to space constrajritse results corresponding to

Il of the structured les indicat bl corresponding to the nonstructured solution after five passes
all of the structured samples indicate a very comparable onsel gl p, tareg place at a lower wall shear stress. The latter translates
drag reduction to that corresponding to the nonstructured sam

) " 0 the structured solutions still being more effective after ten
For the first two passes the critical wall shear stress correspond"li;é;sses at larger Reynolds numbéRe> 14,000 than the ones

to the nonstructured polymer solution is larger than that corr L .
sponding to the structured samples. By pass four the trend §ted in this study. For the range of Reynolds numbers shown in

reversed and the onset of drag reduction takes place now at higilgr 13 (6,000<Re<14,000 the percentages of drag reduction
critical wall shear stresses for all the structured solutions wiflown by the structured solution after five passes and the non-
respect to the nonstructured solutions. structured polymer solutions after five are comparable.

The process of degradation of the structured polymer solutionsFigure 14 shows the data corresponding to a similar degrada-
and that corresponding to the nonstructured polymer solutions & test to those mentioned earlier, but now performed on a
deemed to be substantially different. In the case of the structurbd Ppm sample obtained from direct dilution of a 1,000 ppm
polymer, it is speculated that the majority of the degradatiapolymer solution. These results are compared in Fig. 14 with
comes initially from the breakup, or disentanglement, of the polyhose corresponding to the channel test section sample for an in-
mer structures while some breakup of the individual polymer malection concentration of 1,000 ppm and an average test section of
ecules will most likely also happen. In the case of the homog#&4 ppm. The data corresponding to the first pass through the pipe
neous polymer solution, degradation comes from the breakupajfa sample from the channel test section corresponding to an
the polymer molecules, which in turn comes associated withigjection concentration of 10,000 ppm, is also shown in Fig. 14
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Table 1 Summary of slope increments, onset points, and correlation statistics for all PAM 14 ppm solutions both structured and

unstructured

Pass C [ppm] Onset ReF® 05 Slope increment Twe IN/M?] r

1 10,000 prepared 364 9.8 15.6 0.3573 0.9832
1 1,000 prepared 337 9.7 12.9 0.3056 0.9795
1 10,000 446 10.2 255 0.5377 0.9885
1 8,000 472 10.3 25.8 0.6006 0.9965
1 5,000 493 10.4 20.4 0.6545 0.9967
1 3,000 516 10.5 195 0.7186 0.9935
1 1,000 533 105 9.6 0.7657 0.9937
2 1,000 prepared 539 10.5 10.1 0.7841 0.9896
2 10,000 552 10.6 21.0 0.8227 0.9934
2 8000 557 10.6 22.6 0.8367 0.9918
2 5,000 570 10.6 15.9 0.8757 0.9946
2 3,000 590 10.7 155 0.9396 0.9892
2 1,000 600 10.7 8.3 0.9711 0.9903
3 1,000 prepared 596 10.7 8.2 0.9593 0.9680
3 10,000 612 10.7 20.7 1.0111 0.9940
3 8,000 606 10.7 21.6 0.9917 0.9897
3 5,000 635 10.8 15.8 1.0875 0.9906
3 3,000 635 10.8 15.4 1.0862 0.9922
3 1,000 622 10.8 7.0 1.0451 0.9722
4 1,000 prepared 552 10.6 4.2 0.8233 0.9925
4 10,000 652 10.9 18.1 1.1464 0.9772
4 8,000 651 10.9 19.6 1.1422 0.9931
4 5,000 662 10.9 13.9 1.1832 0.9949
4 3,000 659 10.9 12.7 1.1712 0.9926
4 1,000 634 10.8 6.2 1.0852 0.9777
5 1,000 prepared 547 10.6 3.8 0.8072 0.9722
5 10,000 682 10.9 17.6 1.2557 0.9952
5 8,000 688 11.0 18.7 1.2776 0.9725
5 5,000 702 11.0 13.1 1.3309 0.9904
5 3,000 674 10.9 12.0 1.2247 0.9538
5 1,000 652 10.9 5.6 1.1466 0.9448
10 10,000 801 11.2 12.5 1.7286 1.0000
10 8,000 750 11.1 13.5 1.5171 0.9913
10 5,000 762 1.1 9.5 1.5664 0.9932
10 3,000 751 111 10.3 1.5198 0.9944

for comparison. The results corresponding to the first pass throutje number of passes through the pipe is shown in Table 1. In the
the polymer consistency apparatus for the directly preparedme table, the data corresponding to the 14 ppm solution ob-
14 ppm sample and that corresponding to the nonstructured cheined by direct dilution of a 1,000 ppm sample for passes one
nel sample show important quantitative differences in their levelsrough five is also included. From the data presented in Table 1 it
of drag reduction. This is to be expected due to the degradatican be observed that after ten passes the slope increment corre-
endured by the nonstructured channel polymer solution from ieponding to the structured solutions is roughly double than that
jection to the channel test section located 84.3 channel widtbsrresponding to the nonstructured solution after five passes. This
downstream from the injection slot. The slope increments corrganslates into larger drag reduction efficiency on the part of the
sponding to both first passes are 12.9 and 9.6, respectively. Bauctured solutions, roughly an average 10% higher for all Rey-
spite the initial difference in drag reduction levels, it is interestingolds numbers tested by pass five. The change in slope increment
to note that the results corresponding to subsequent pasf®sall structured solutions is larger in the first pass than after-
through the pipe render very similar trends and characteristics. @ards when the changes become very comparable from pass to
the other hand the comparison of the results corresponding to fhess in the range tested. The nonstructured solutions experienced
first pass of the directly prepared sample and the structured polery similar changes for all passes. The only exception being pos-
mer sample for the channel test section display what might seaibly passes 4 and 5 of the directly prepared solution when

at first quantitative similarities. However, quantitative comparipractically remains constant. It is also noticeable that the critical
sons are not justified, as mentioned earlier, due to the fact that tiiear stress is larger for all the channel samples and for all passes
channel samples endure degradation from injection to the test ssisewn in comparison to that obtained for the directly prepared
tion. It is interesting to note though, the similarity in the slopes gfolymer solution. The range of change of the critical shear stress
the cases corresponding to the nonstructured solutions and thleibughout the degradation process corresponding to the nonstruc-
discrepancy with respect to the slope increment correspondingttwed channel sample is considerably smaller than that corre-
the structured polymer samplé=25.5. sponding to all the structured samples.

Similar results to those obtained from the directly prepared
sample from a 1,000 ppm solution were obtained from a directly
prepared 14 ppm sample by diluting a 10,000 ppm solutiat
shown in Fig. 14. The results corresponding to the first pas .
through the polymer consistency apparatus of both samples show Conclusions
slope increments of 12.9 and 15.6, respectively, and the resultfreparation procedures as well as solution stability and shelf
obtained from their subsequent passes through the polymer clife- have been examined for three different polymer tyesm,
sistency apparatus show again good consistency. This is to BWEAM, and PEQ. It is found that it is crucial to determine the
expected as discussed earlier in Section 3, where the consistem@yper hydration or rolling time needed to produce a fully mixed,
of prepared PAM polymer solutions was addressed. homogeneous and hence consistent polymer solution. Hydration

The data corresponding # Re, f|, and 7, for injection con- time changes with polymer type and with concentration. A consis-
centrations of 10,000, 8,000, 5,000, 3,000, and 1,000 ppm versest, repeatable procedure was established and tested. The perti-
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nent errors associated with the process were also assessed andOrigins of Drag Reduction,” Internal Report of the Department of Applied

i ; ; ; B Physics, Columbia University, New York.
discussed. The shelf lives of all polymer solutions prepared In thl%G] Koskie, J. E., and Tiederman, W. G., 1991, “Turbulence Structure and Polymer

study were at least fifteen days. Drag Reduction in Adverse Pressure Gradient Boundary Layers,” Technical

When attempting to produce polymer solutions of concentra- Report PME-FM-91-3, Purdue University, West Lafayette, Indiana.
tions 100 ppm and lower of PEO and HPAM from highly concen- [7] Den Tq‘onder, J. M., Draad, A. A., Kuiken, G. D. C., and Nieuwstadt, F. T. M.,
trated solutiongi.e., 10,000 ppm and lowgit was found that the é%%i’ctigﬁgi;ag?;g";lgxgc,,tigglPg‘é}?RF;c;g';‘e;plsgé“_tgo;s on Turbulent Drag
expected monotonic trend of larger drag reduction for larger con{s) viachogiannis, M., and Hanratty, T. J., 2003, “Influence of Wavy Structured
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traced to temperature changes or the pH effect of the solvent, Pp. 685-700. ) _
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tempted by using a small concentration of salt. These results do sge.

not seem to be fully conclusive but it does seem plausible that [f.0] Rieschman, M. M., and Tiederman, W. G., 1975, “Laser-Doppler Anemometer
polymer aggregates are present in the highly concentrated solution 3M699a5£3mems in Drag-Reducing Channel Flows,” J. Fluid Me@®,, pp.
despite the mixing p_I’OCESS_, the process of dilution .WIH result_ Ir[ll] McComb', W. D., and Rabie, L. H., 1982, “Local Drag Reduction Due to
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difficult to determine. pp. 547-557.
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concentrated polymer solution i a charnel flow was studlied fo et 0 oG fecueton ) Fua et go 410457
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structuredl homogeneousy solutions of the same average Concélﬁl Luchik, T. .S" and Tieder_man, W. G., 1988,"“Turbu_lent Structure in Low-
trations. Degradation tests were performed with nonstructured and gggcemra“o“ Drag-reducing Channel Flows,” J. Fiuid Med80, pp. 241~
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Optimum Bifurcating-Tube Tree
for Gas Transport

Tianshu I-,lu This paper describes optimality principles for the design of an engineering bifurcating-
Department of Mechanical tube tree consisting of the convection and diffusion zones to attain the most effective gas
and Aeronautical Engineering, transport. An optimality principle is formulated for the diffusion zone to maximize the
Western Michigan University, total diffusion mass-transfer rate of gas across tube walls under a constant total-volume
_ Kalamazoo, MI 49008 constraint. This optimality principle produces a new diameter distribution for the diffu-
e-mail: fianshu.liu@wmich.edu sion zone in contrast to the classical distribution for the convection zone. In addition. this
paper gives a length distribution for an engineering tree based on an optimality principle
for minimizing the total weight of the tree under constraints of a finite surface and elastic
criteria for structural stability. Furthermore, the optimum branching angles are evalu-
ated based on local optimality principles for a single bifurcating-tube
branch.[DOI: 10.1115/1.1899168

Introduction sidering hydrodynamic detail8-9]. An optimality principle for

. . . the minimum power gives a classical diameter-generation relation
A biological respiratory system for gas transport can be consi

ered as a bifurcating-tube trg@ronchial treg¢ consisting of a

number of branching generations of tubg$,2]. Hence, a dpoc 2773, D
bifurcating-tube tree can served as a biologically inspired modghered, is the tube diameter in theth generation and is the

for gas transport in engineering applications. Here, we want ¢@neration number. This result has also been derived based on
devise an engineering bifurcating-tube tree for the most effectigamilar optimality principles for the minimum volumet], mini-

gas transport based on optimality principles and scaling analysegim entropy productiofi7], and minimum resistandd0-12. In

As shown in Fig. 1, the diameter, length, and wall thickness offact, Eq.(1) is an asymptotic distribution in the convection zone
bifurcating tube are three basic metric quantities, and the brand¥€re resistancéentropy production or wopkis a legitimate tar-

ing angle is an angular quantity characterizing the geomet @t for minimization. Naturally, a question is whether we can
structure of a bifurcating-tube tree. Since trees are not necessaﬁ;I ive another asymptotic distribution of the diameter in the dif-

planar to avoid intersection with each other, another parametef {§/0" Z0ne based on appropriate optimality principles.
the azimuthal rotational angle of a tube branch relative to t he objective of this work is to formulate appropriate optimal-

. . . . y principles for designing an engineering bifurcating-tube tree
preceding branch. The biggest tube is designated as the gener 'Eéas transport rather than providing a teleological explanation

0. The successive left and right branches are designated as the fijisthe architecture of bronchial trees. Based on these optimality
generation, and so on. Therefore, the total number of tubes in %ciples, we deduce a diameter distribution for the diffusion
nth generation is 2 Consider an engineering bifurcating-tube tregone of a tube tree and a length distribution for the entire tree.
in which tubes are circular and tree bifurcation is symmetricalloreover, the optimum branching angles are determined for both
and steady flow through it is driven by a constant pressure difféhe convection and diffusion zones.

ence between the generation 0 and the end generéatidike
periodic flow in bronchial tregsAn engineering tube tree is dis- _. . . . .
tinctly divided into the convection and diffusion zones. Tubes aBlameter Distribution and Maximum Gas Diffusion

bigger in the convection zone where the generation number isAn optimality principle for the diffusion zone of an engineering
lower than a critical value for division. Since the Péclet number Rfurcating-tube tree is formulated based on scaling analyses of
large, the dominant physical process is convection while diffusicivrface, volume, and gas concentration. We consider the ad hoc
is negligible. For simplicity, it is assumed that tube walls in th&olutionsd,2P" and o 279" for the diameter and length, re-
convection zone are impermeable. As the generation number SRECtively, and/, = 2" for the total volume of thaith generation,
ceeds a certain critical value for division, diffusion becomes \g{h(_are the_parametqﬁ s defined asf=1-2p-q. Clearly, the
dominant physical mechanism in the diffusion zahégher gen- m?zlgrtﬁfiﬁ gsntjopiertrﬁrerg;arllg :Sgepvsgﬁllrsni(;t?rr{?gi?fﬁsion zone, accord
efa“°r?5" where Wb.es are fine and hlg_hly permeab_le. Separatlc_)n. f to Fick's law, the diffusion mass-transfer rate of gas from the
atree_ln_to two d'St.mCt Zones where_z dlffgrent physu_:al mechar_u_srm%de to the outside of tubes in timth generation is

prevail is convenient for an engineering analysis. The critical

number for division between the two zones depends on the Péclet My, = Dyit(Ae)nACH/ Ny, (2

number indicating the relative importance of convection to diffuyherep; is the gas diffusion coefficient of wall materidd, is

sion. The core problem is to determine the diameter, length, wgde wall thickness(Aq), is the effective diffusion area\C, is a

thickness, and branching angle of tubes as a function of the g@fange in the gas concentration across a tube wall, and the sub-

eration number. script n denotes thenth generation. For simplicity, it is assumed
Strikingly, a diameter distribution in the convection zone hagat the gas concentration outside tubes is zero; A€,=C,,.

been obtained based on simple optimality principles without coGenerally, to consider nonhomogeneous diffusion surfaces, the

effective diffusion area is expressed as a power-law function of

_ ) S o the total surface of tubes, i.dAqtp)h* ALY, WhereA, is the total

Contributed by the Fluids Engineering Division for publication in therNAL oF

FLuibs ENGINEERING. Manuscript received: December 31, 2003. Final manuscript réurface ?{ea in thenth generation. The p05|t|v§ equnem
ceived: January 24, 2005. Review conducted by: Joseph Katz. =An(Aet), Td(Agsr)n/dnl/ (dA,/dn) represents the increasing rate
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Fig. 1 Geometry of tube bifurcation

d m2-3n/16
-4} n
of the effective diffusion area relative to that of the total surface
area in thenth generation. For homogeneous permeable surfaces, -50 5 10 15 20 25
the exponent is simply=1. Generation number

In addition. we generally consider the fractal surface of tubes;
hence, an area-volume relationdiss VP23 [13], whereD, is the Fig. 2 The theoretical diameter distributions for an engineer-
fractal dimension of the surface of tubes awis the total vol- ing bifurcating-tube tree along with measured data for bron-
ume of tubes in the nth generation. The non-fractal surface Ggial trees
treated as a special case@§=2. Therefore, the effective diffu-
sion area igAqt), > V,?P23. According to structural stability cri- ) , ) ,
teria for a tube described in the subsequent section, the tube wafnterestingly, this result does not depend on the intermediate
thickness should be proportional to the tube diameter; he., Parameters |ntr0d_l;|]/c3ed in the analyses. Figure 2 shO\iver/qg diameter
«d,. Furthermore, using a length distributidge 2-V4(q=1/4) distributionsd, o« 27"* for the convection zone ardj,« 2 for

derived in the subsequent section, we have a relation between %dlfqulOI’l zone in an engineering tree along with measured data

total volumeV,, of tubes in thenth generation and the wall thick- V?{)JZE b&%ﬂﬁgI?*ériiignbsu?r?)?{cﬁi(g’tpeaemféiryb?gggrﬂl (t)rg;as of
nesshy; i.e., Vo 2Md2| o 237402 oc 2304R2, ’ '

: . dog, hamster, and rat do not follow the theoretical distribution for
Using the estimates(Aei) Va2, hy< 27"V and C, thegdiffusion zone in an optimal engineering tree.
= V)7 given in Appendix A for the concentration distribution, we \We should examine the underlying assumptions made in the
have a power-law relation between the total diffusion masgphove analyses. First, we assume the ad hoc exponential distribu-
transfer rate and the total volume of tubes in tiie generation  tjons for the diameter and lengtid,=27P" and 1,279 in the
i = B. 238\ /L/s 3) d@ffusion zone. From a_v_iewpoint of engineer_ing desi_gn, these
nT =l n: distributions enjoy simplicity that makes analytical solutions pos-
where the parameteris defined as=(aD,/3-y-1/2tandB; sible. However, we cannot exclude the existence of more compli-
is a positive proportional constant. Settin,g:Vﬁ’S, we have the cat.ed solutions for the same .opti_mization probler_ns; thgrefpre, the
total diffusion mass-transfer rate of gas across tube walls in tHgiqueness problem of solution is worth further investigation. In
diffusion zone Appendix A, to estimate the concentration distribution, a
bifurcating-tube tree is considered as a discrete system in which
M= > M= D) WX, (4) the cross-section-area-averaged concentration is constant in each
) o o generation. Further, using an approximatieyr (C,-1+Cy+1)/2,
where the weight coefficients ave,=B;23"%. Thus, an optimiza- e find that the diffusion mass-transfer fluxes into and out a tube
tion problem is to maximize the cost function; subjected by a along the axial direction are approximately equal; i, 5~ 0.

total volume constraint These results are reasonable as first-order approximations. A
Sv.=S s power-law estimate&, V" for the gas concentration in the dif-
V=2, % =By, (®)  fusion zone is another major approximati¢gee Appendix A

This is based on an exponential function approximation for the
asymptotic behavior of a complicated product function in higher
generationgn € [0.5N,N]). The fitting error is typically 1-4% in

a semi-log plot.

whereB, is a positive constant.

As shown in Appendix B, fos>1, there is an optimum solu-
tion to maximize the total mass-transfer rae in the diffusion
zone

(Vn)g’pS:ByswﬁKs-l)(E Wg(s—n)‘l’s_ (6) ;eng_:h Distribution, Minimum Weight, and Structural
tability

From the viewpoint of structural mechanics, a bifurcating-tube
tree can be modeled as an elastic tree on which a single segment
(My)op = BlB%/323n/8W:|/(s—l)(2 Wg(s—l))_llsl (7) Isidealized as an elastic tube. Similar to McMahon's analysis of a
botanical tred 14], we suppose that an elastic tube must satisfy
Because ofn,= (M), at the optimum state, we know the consetwo necessary elastic criteria to form a stable tree structure under
quences of— +o and y=aD,/3-1/2. Fors— +x, the condi- the grgvitational forc_e. One criterion is tha_t a tube should be stab_le
tion s> 1 for the maximum value is always satisfied. Therefore, then its outer wall is pressed by a certain amount of force. This
the optimum state, the total volume of tubes in titke generation requires the wall thickness of a tube proportional to the tube
is (Vp)op 278, Using the relationV,, o 2°d2l,, 23V4d2, we obtain diameterd, i.e.,h>d, where the prefactor is related to the critical
a diameter distribution at the optimum state for the diffusion zorfg©SSuré 15]. Another criterion is that a cantilever tube on a tree
cannot exceed a critical length beyond which the tube no longer
d,, oc 27316, (8) extends further due to the bending force by its own weight. The

Substitution of Eq(6) into Eq. (3) gives an optimum solution for
My
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respectively. For a symmetrical bifurcation, the optimum branch-

o Eg:‘“"“‘”e ing angles given by the four principles are, respectively,
6 |
2 E'f”.‘;&er code) =R1-1, (min. surface, (13
§ta D> Rat A > .
cod¢) =2R,"—1, (min. volume, (14)
4l J
’E cogd¢)=Ra/2-1, (min. powej, (15)
£3 4
£ codg) =Re/2-1, (min. drag, (16)
5 A
? z ] where Ry=2d2,,/d? is a ratio of the total cross-sectional areas

between successive generations. In the convection Zdpe
%273 andR,~ 1.26) where all the four principles are plausible,

] Egs.(13) and (16) predict the same optimum branching angle
~102°, while both Egs(14) and(15) give ¢~ 75°. For simplicity

] of design, a single branching angle, such as the average value of
the branching angleg~ (75° +1029/2~89°, could be used for

the convection zone in an engineering bifurcating-tube tree.

-
T

(=]

'
-
4

2 . N .
0 5 10 15 20 25

Generation number qu the diffusion zone in which gas Qiffusion is the dominant
physical process, three of the four principles can be excluded. The
Fig. 3 The theoretical length distribution for an engineering optimality principles for the minimum power and drag are not
bifurcating-tube tree along with measured data for bronchial strong constraints for the diffusion zone where the Reynolds num-
trees ber (as well as the Péclet numbéas small. In addition, the opti-

mality principle for the minimum surface is clearly inapplicable to

the diffusion zone where the total mass-transfer rate of gas across
critical length for bending obeys a power-law relatibpe h?/3 tL.Jbe surfaces $h.OU|d be maximized. Henc.e,. the optimality prin-
[14]. If tubes in a tree tend to achieve the maximum length teiple for the minimum volume is the remaining one that seems
occupy as large space as possible, a combination of these critdfguisible; in the diffusion zonéd, 273716 and Ry~ 1.54), the
leads to a length-diameter relation for a single tubé,«h?3 optimum branching angle given by Eq4) is ¢~ 99°.
o« d?/3. Furthermore, since the weight of a single tub&\is 1d2, a At the branching angle of 89°, tree branches may intersect with
length-weight relation for a single tube lis WA, which is valid €ach other after some bifurcations if a tree is strictly two dimen-

for tubes in all the generations. sional. Therefore, to avoid such intersections, a tree must be con-
An appropriate optimization problem is to minimize the totaptructed in three-dimensional space by choosing a suitable distri-
weight of a tree bution of the azimuthal rotational angle of a branch with respect
to the preceding branch. Since no physical mechanism constrains
WT:E (Wp)n, (9) the azimuthal angle, the determination of a distribution of this

. . . angle in a tree can be considered as a pure geometric problem to
while the total surface area remains constant, wiiéfg, is the  construct the most compact tree without intersections. This non-
net weight of tubes in theth generation. According to a area-trivial problem will be investigated in the future.
weight relationA,, = VP23« (W) P23, the total surface constraint
can be written as

E (Wy),,223 = const, (100 Conclusions

where D, is the fractal dimension of the surface. This weight A biologically inspired engineering bifurcating-tube tree, which

minimization problem is the same max-min problem discussed g divided into the convection a_md d_lfo_Slon ZOnes, 1S designed

B. Because 0D,/3< 1, there is an optimum solution to minimize 225€d on the proposed optimality principles to achieve the most

th.e total weighl%N i e' effective gas transport. In the convection zone, the classical diam-
T 1€,

eter distributiord,, o« 273 holds for minimizing the energy expen-
[(Wr)nlop = 2"W, = const (11) diture of gas transport. In the diffusion zone, the diameter distri-
butiond, 27316 is derived based on the optimality principle for
maximizing the total diffusion mass-transfer rate of gas across
tube walls under a constant total-volume constraint. In addition,
the length distribution, 274 is given for the whole tree based
on the optimality principle for minimizing the total weight of a
[, 0c 274, (12) tree under a constant total-surface constraint while the elastic cri-
teria for structural stability are satisfied. The estimated optimum
branching angles for the convection and diffusion zones88fe
and 99°, respectively.

where W, is the weight of a single tube in theth generation.
Combination of Eq(11) with a length-weight relatioty, = W' for
structural stability yields a length distribution for a bifurcating
tube tree

Figure 3 show a length distributiolyc 274 for an engineering
tree along with measured data for bronchial tré@sman, dog,
hamster, and raf2,8]. Equation(12) is in good agreement with
data for the human branchial tree, but deviates significantly from
data for dog, hamster, and rat.

Appendix A: Gas Concentration in Bifurcating-Tube

Branching Angles Tree

An optimization problem for the branching angtds generally To estimate the gas concentratiGp in the nth generation, we
formulated for a single bifurcation bran¢h6—18; in this sense, consider an ideal cascade process in which a bulk of gas mass
the optimum branching angle can be determined independergquentially distributes from a lower generation into a higher gen-
when the diameter distribution is given a priori. In a study oération of tubes. From the continuity equati®nu=0 for steady
arterial branching geometry, Zanjit6] proposed four local opti- incompressible flow, we give a relation for the cross-section-area-
mality principles that minimize surface, volume, power, and dragyveraged axial velocity,, in the nth generation
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Un/Ug = 27(do/d,)?, (A1) formance measu}eP:ZLann for a system that is characterized
by a set of the positive quantitigg,}(n=1,2,...,N), where{w,}

are the positive weight coefficients. We want to find the optimum
state to maxmize or minimize the cost functi@hsubject to a
IqonstraintEﬂﬂxﬁ:B, whereB is a positive constant anslis a
Rpsitive exponent. Fos# 1, the use of the Lagrange-multiplier

whered, denotes the tube diameter in thitn generation. Integrat-
ing the mass-transfer equati® (uC)=-V -f over a volume of a

tube in thenth generation, and applying Gauss theorem and
zero-normal-velocity condition on the periphery wall, we obtai
the diffusion mass-transfer flux across the periphery wall for

single tube method gives an optimum solution
N -1/s
fn,peri = (dy/ 4 Hun(Croy — Crip) + Afn,ax}: (A2) (X)op = Bllswﬁ/(sfl) E Wﬁ(sfl) (n=1,2,...,N).
where Af,, 5, is a difference between the diffusion mass-transfer : n=1

fluxes into and out a tube along the axial direction. Here, the flux (B1)
f=-Dy;;;VC is the diffusion mass transfer rate per unit area.

When a tube tree is considered as a discrete system in which Wben s>1, Eq. (B1) gives the optimum state maximizing the
cross-section-area-averaged concentration is constant in each gest functionP, while it minimizesP whens<1. Particularly, for
eration, an estimate &, 5, (Cp1~Cp)—(C,—Cps1). Using an W,=1, the optimum solution is simplyx,),p,=B**N"'*=const.
approximation C,= (Cy,_1+Cps1)/2, we know Af,,,~0. This The consequence of the above analysis is used to formulate the
means that the diffusion mass-transfer fluxes into and out a tugtimality principles for the design of an engineering bifurcating-
along the axial direction are approximately equal. Therefore, webe tree.

have the mass-transfer rate across the effective diffusion surface

of tube walls in thenth generation2" tubes References
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New Physically Based Approach

of Mass Conservation Correction
T in Level Set_ Formulation for
e |- [NGOMpressible Two-Phase Flows

Jadavpur University,
Calcutta-700032, India
A novel physically based mass conservation model is developed in the framework of a

Suman Chakrahorty level set method, as an alternative to the Heaviside function based formulation classically
Member, ASME employed in the literature. In the proposed “volume fraction based level set approach,”
Department of Mechanical Engineering, expressions for volume fraction function for each interfacial computational cell are de-

Indian Institute of Technology, veloped, and are subsequently correlated with the corresponding level set functions. The
Kharagpur-721302, India volume fraction function, derived from a physical basis, is found to be mathematically

e-mail: suman@mech.iitkgp.ernet.in analogous to the Heaviside function, except for a one-dimensional case. The results

obtained are compared with the benchmark experimental and numerical results reported
in the literature. Finally, transient evolution of a circular bubble in a developing shear
flow and rising bubbles in a static fluid, are critically examined. The Cox angle and the
deformation parameter characterizing the bubble evolution are critically examined. An
excellent satisfaction of the mass conservation requirements is observed in all case stud-
ies undertaken[DOI: 10.1115/1.1899172

1 Introduction served in their implementation. Chang et [&l] first proposed an

A large variety of engineering problems involves interaction ffective conservation of mass approach appropriate for level set
9 y 9 9p rmulation. Kaliakatos and Tsangari$7] employed the

two fluid phases across a continuously evolving interface, Whi?-ﬂf
t

includes motion of droplets and bubbles in channels, motion aviside-function approach as a measure of the pertinent level
p ’ 8t “distance function” that effectively interpolates fluid properties

blood cells in capillary tubes, free surface deformation of a moltq(p)r simulation of motion of deformable drops in pipes and chan-

arc-weld pool, evolution of active interfaces under chaotic mixmﬂels Sussman et 48] further improved the level set method by

f all h bl is that a i N the Tl " I.kﬁwtroducing an iterative procedure to conserve mass locally. How-
of afl such problems IS that a jump In the Tow Propertes ke, o, thejr formulations were not very successful is ensuring mass
density and/or viscosity exists across the interface, and transient <o vation Bourlioux9] introduced a coupled level set and

ume-of-fluid (CLSVOPR method for tracking material inter-

evolution of the field variables strongly depends on the resultav |
es, and exploited a combination of the superior mass preserva-

inter-fluid interaction mechanisms. Therefore, an accurate
physically based computation of interface evolution is critical foﬁon characteristic of the VOF approach with a superior topology
reservation property of the level set method. Sussman and Pucket

successful solution of these problems.
0] subsequently developed a three-dimensional and axisymmet-

Classically, two broad types of interface-evolution algorithm
hgv_e been employed by researchers in their '.“”'“phase flow PR "cLSVOF method for computing incompressible two-phase
diction procedure$1], namely, the “front-tracking method2],  f15,ys with large density ratios, utilizing the inherent essence of
an_d the “volume tracking approach. T_he so-called “volume-of~| svyOE. Son and HuFL1] also developed a CLSVOF approach
fluid (VOF) method"[3] evolved as a variant of the volume track-y, p,6vancy driven flows. Later, Sussmgi®] proposed a sec-
ing approach, which tracks the motlon of the interior region rath fd order CLSVOF method, in an effort to obtain more accurate
than th? boundary .Of the evolving fron_t. Alt_hough com_pl_lcat_e olutions to generic interface evolution problems. It can be noted
topological boundaries can be handled in this method, it |s.d|fh- re that all the above authors effectively used the Heaviside
cult to calculate curvature of the front from such representation i, ion to correct local mass imbalances, without resorting to any
boundaries. Additionally, extension of this algorithm t0 threegjng of physical basis. Further, major difficulties can be encoun-
dimensional problems is not stralghtforwar_d. Such limitations a8 aq in the implementation of the CLSVOF method, with respect
greatly overcome through a class of techniques commonly Knowe reconstruction of the interface, for accurate advection of the
as the “level set method,” originally introduced in this context by, fynction and reinitialization of the level set function.
Osher and Sethiapd]. This method relies on a level set partial  peyiating from the abovementioned Heaviside function based
differential v_squatlon to descrlbe_ the motion of a propagatlng IRipproach, Shin and Jurfd3] modeled a three-dimensional mul-
terface, which may be approximated by borrowing technologyshase flow involving changes in phase, using a front tracking
from numerical solution of hyperbolic conservation laws. Bynethod. Their mass correction procedure essentially employed the
viewing the interface as a level set, this method handles topologbntinuity equation, coupled with an interfacial mass flax].
cal complexities of the evolving front naturally, yielding a correctjowever, for evaluation of the material properties, they used an
limiting entropy-satisfying solution. Sussman et [&] used this ngicator function, which is equivalent to the Heaviside function.
approach for computing solutions of incompressible and immigyight et al.[15], for the first time, used a hybrid particle level
cible two-phase flow. However, mass of the bubble was not coget method for interface capturing. Their method employed La-
grangian marker particles to rebuild the level set function, based
mted by the Fluids Engineering Division for publication in tberNAL oF .On a basic pnnuplg that the marker particle should nOt Cross the
FLuibs EnGiNEERING. Manuscript received by the Fluids Engineering DivisionApril 8, interface unless it is c.:ompUt_ed wrongly. However, this method is
2004; revised manuscript received March 7, 2005. Associate Editor: S. Balachandet easy and convenient to implement.
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It can be noted here that although the mass correction ajpn for advection ofé. In fact, this can only be ensured at the
proaches, mentioned as above, mathematically smoothen out ditial time when the location of the interface is explicitly known
continuities across the artificially smeared interface, no pertineaid the values o at all other points of interest are accordingly
physical basis can be directly established. Consequently, the ¢atculated. The values @f at subsequent time instants are calcu-
sultant “correction” terms employed for enforcing local mass conated by using Eq(3). Although the interface is still represented
servation in the vicinity of the interface are not physically basety the reference value, the other valuesdofis obtained out of
although they are mathematically “intuitive.” The aim of thesolution of the abovementioned equation might not be the corre-
present work, accordingly, is to develop and establish a nesponding distances from the interface. In order to resolve this
physically based approadiwhich can be termed as a volume-situation, another scalar variable needs to be introduced and sub-
fraction level set approaglas an alternative mathematical formu-sequently solved. This variablé) must be physically constrained
lation of the Heaviside function classically employed for property constitute a distance function having the same interface value
evaluation and mass conservation correction. This is effectived . In effect, a physically realistic and consistent solution for
achieved by developing expressions for volume fraction in eagiithe end of a discretized time step can be arrived at by obtaining

computational cell that can distinctively identify the pertinenj pseudo steady state solution for the following transient transport
phases and their properties, and effectively replace the Heavisige ~iion ofy (T being a pseudo-time variable

function. In other words, role of each phase on the physical be-

havior and mathematical calculations is directly represented by i .

identifying their relative quantitative presence in an elemental a Sign(y)(1 -[V ¢) ®)
control volume. The physical basis of this approach lies in the fact

that logically the volume fraction, which is a relative quantitative —JZs 2

measure of amount of fluid in a control volume, is much more where| V | \(Lp’z‘Jr Lﬁi) 6)

relevant than any other physical quantities to be used for intergequation(5) is subjected to the following initial condition:
lation of physical properties. #(x,0) = p(x,t + At) (7)

2 Mathematical and Numerical Modeling It is clear fror_n I_Eq.(5) that the “pseuo_lo steady _state” solution of
) ) the same satisfies E(3), and hence it can be interpreted as the
For mathematical analysis, we assume a system of two fliidsired distance function. The initial value gfeffectively en-
phases constituting a two-dimensional domain. The individugres that the interface value of the same is identical to the inter-

fluid phases are assumed to be incompressip!e, but deformablga% value ofg. As a result, the pseudo steady state valueg of
shape on account of shear stresses prevailing between varigus ihe values of at the time instant+At.

fluid layers as well as fluid-solid interfaces. We assume the flow

field to be two dimensional and laminar. 2.2 Interpolation of Interface Properties and Formulation
2.1 Governing Equations.Continuity: for Mass Correction. It can be noted here that the success of
mass correction effected by E¢p) depends on the accuracy of
ap + dpyy) -0 1) interpolation of physica! properties such as density across the in-
at X terface and representation of the same in mass correction formula.
Classically, this has been mathematically postulated by calculating
Momentum Lo . -
a property¢ (such as density, viscosity etavithin a control vol-
au; pU; J au; ap ume as
P T =\ o TPt k(P hdg)
i O i/ oX §=[1-H(¢)J&+H(P)&, (8)
(i,j=1,2 (2)  whereH(¢) is the so-called Heaviside function. The exact value

It can be noted here that the Dirac delta function is replaced Y2 Property in a control volume, however, depends on the choice
volume fraction in our formulation. In this formulation, a scalaf! the Heaviside function. In the literature, to date, different ap-
variable, called the level set function, is used to identify the inteRroximations have been followed in this regard leading to various
face between the two phases, and consequently, to act effectii@§ms of the Heaviside functiof6,8]. It can well be recognized

as the distance function. Since the interface between the two fif@e that although different choices of Heaviside function satisfy
phases may be assumed to be advected by the fluid motion, $§&tain mathematical requirements for accommodating jump con-

equation governing “transport” of the interface can be written aditions across an interface, they are, by no means, obtained from
any physical basis. Therefore, there is no guarantee that a mass

b I _ 3) correction formula incorporating such a function would automati-
cally lead to the desired mass conservation, although mathemati-

. u - - cally they might all ensure asymptotic stability criteria. Accord-
Whereq&()ﬁ’t) Is the so-called Ie_v_el se't fun_ct|on prescrlbmg po'ingly, in place of the Heaviside function, we propose to use the
sition of interface at any specified time instant. Following th

. . Boncerned phase volume fractions as appropriate interpolating pa-
suggestion of Sussman et f8], ¢ is taken here to be the normal .y eters. The basic idea of this proposition is based on the fact

distance of the pertinent location from the interface. To be Spgya; the mass within a control volume is proportional to the vol-
cific, if the value of ¢ at the interface is taken to be zef@s me fraction and density. Therefore, the basic task here boils
adopted in the present study effectively becomes a “distance gown to correlate the volume fractid, to the distance function
function” satisfying ¢. In the present work, this is systematically developed as fol-
[Vel=1 (4) lows. First, the volume fraction for a one-dimensional control vol-

. . . L ume is presented. This is followed by the formulation of the vol-
Since the value of at the interface is zerap has opposite signs ,me fraction for a two-dimensional control volume.
in the two phases of concern. It is extremely important to recog-

nize here that for the level set formulation to work propetly, 2.2.1 One-Dimensional Control Volume&igure 1 illustrates
must remain a distance function at all instants of time within thide one-dimensional geometry for a control volume whose size is
time domain of interest. Although this seems to be rather obviousX. Cartesian coordinates are used in this demonstration. For the
this is by no means trivially satisfied by the mathematical formypurpose of demonstration and without loss of generality, let us
lation, since the physical notion of distance function is not expliconsider a situation where phase 1 occupies#hke0 region and

itly justified by sole description of the governing differential equaphase 2 occupies thg> 0 region. In Fig. 1w ande represent the
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Fig. 1 One-dimensional control volume with fluid interface at | < -

left (wes) boundary, and righteas} boundary of the control vol-
ume.P andl represent the central node of the control volume and ) ] ] ) ) )
position of the interface, respectively. The fluid for which th&i9- 3 Orientation of an interface cutting the adjacent sides of
volume fraction is being sought fills up the space betwieandw € control volume, = A;A;>A,A; and A1 A, <AXI2, AA;<AYI2
and the distance betweéhand| is the distance functiowp.

The equation for the one-dimensional volume fraction for Fig. 1
is given by

Hence,Hy=1.0-3(B+C)?tan / (AXAY)
H=0.5 +i 9 On further simplification, we obtain

AX
Hy=1.0-H;, where

2.2.2 Two-Dimensional Control Volumé&he control vol- _ 2
ume in a two-dimensional flow field has the length and breadth as Hy=a(|4))* +b(|)) +c (10
AX and AY, respectively. The volume fraction for such case it the above expression
dependent on the orientation of the interfétte interface is con-

sidered to be linear within the cellin the control volume. The a= 1 __ (AYcosf+AXsin 6)
orientation can be of different type depending how the interface sin 26(AXAY)’ sin 20(AXAY)
intersects the control volume sides and accordingly the aile

between the vertical central line of the control volume and per- _ (AY cos#+AXsin §)®
pendicular from the center of the control volume to the interface €= 4 sin 20(AXAY)

changes. There can be two major orientations, namely, when the

interface intersects adjacent sides and when it intersects oppoli@Se follows from the above that

sides. Each of these two orientations may again correspond to ( AX  AY AY 1
different interface configurations, which need to be addressed or¢p=|\—-—tanf+ ——
separately, and the resultant conclusions are to be combined to 2 2 2 singcosd
develop a generalized formulation that is valid under all situa- | )

tions. This is achieved in the present study by detailed analysis of + v2(1.0 -Hy)(AXAY)/tan 0>sm 0 (10a)
the various possible cases, to be described as follows.

. . . . ) . Next, let us considep<0, so that we havél,,<0.5. Here,
Case | (Refer to Fig. 2 for pertinent interfacial orientatiorin

Fig. 2, the perpendicular fro@ to AjA; (i.e., the interfacgor the _1(AX AY AY RS
perpendicular distanc®A is the level set value at the center of Hv= 2\ 2 2 tang+ 2sin cosd sino tang/(AXAY)
the control volume(i.e., atO) and it is denoted by). The angle (11)

between the centerline of the control volur@,; and OA is
denoted byé. In effect, the volume fractiofd, needs to be pre- Now, following analogous inverse methods for reevaluatior)of
scribed asH\=f(¢, ). First, let us considewp>0, so that we (as depicted fokp>0 case, we get
haveH,,>0.5. Now, volume of the trianglé\lAzAg:%(B+C)E, AX  AY AY
where,B=A,Ag, C=A¢A;, andE=AA3. |p| = (7 ey tanf+ 2 sindcosd F V2H(AXAY)/tan 0)sin 0
Or, volume of the fluid=(B+C)?tan¢ Sinecos
(12)
where ¢p=—|¢|.

Case Il (Refer to Fig. 3 for pertinent interfacial orientation)
First, let us considety>0, so thatH,>0.5.

Here,
Hy=1.0-3(B+C) cot 6/(AXAY)
Substitution of various geometrical parameters in the above ex-
= pression, as before, yields
1/AY AX AX
Hy=1.0-=(—-—cotg+ ———
- - 2\ 2 2 2 sinécosé
¢ 2
——) cot 6/(AXAY) (13
cosf
Fig. 2 Orientation of an interface cutting the adjacent sides of Now, following inverse methods for reevaluation ¢f we get
the control volume, A;A,>A,A; and A;A,<AX/2, A,A;<AY/2  from Eq. (13
556 / Vol. 127, MAY 2005 Transactions of the ASME
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Fig. 4 Orientation of an interface cutting the adjacent sides of
the control volume, A;A,>A,A; and A1A,>AX/2, A,A;<AYI2

Fig. 5 Orientation of an interface cutting the adjacent sides of
the control volume, A;A,>A,A; and A;A,<AX/2, A,A3>AY/2

d= cosa(A—Y - ax cotg+ _AX
= 5 7 25 1(AY  AX 2
siné cosd Hy=1.0 __<_ A - ¢ ) cot 6/(AXAY)
2\ 2 2cotf# sinfcotd
T v2(1.0 =Hy)AXAY/cot 0) (14 (20
Next, let us consides<0, so thatHy <0.5. Here, Now, applying inverse method for reevaluation éfon Eg.(20)
we get
cotof AY AX AX 4l \? ’
v= [ EX 2% coth+ — - I(AXAY) AY  AX
2 \2 2 2sinfcosfd cosé ¢=cosfl — + ——— F \2(1 -Hy)AXAY/cot g
(15) 2 2cotd

Next, let us consider the case wi#h<0, i.e.,Hy,<0.5.
Necessary evaluation of pertinent geometrical parameters, for
this case, reveals

AY AX AX
| = <__— coth+ ————— 7 \/2HVAXAY/cow)cose H J(ﬁ@ﬂ-&
2 2 2 singcos6 V72\ 2 " 2coté sindcoth

Also, applying the inverse method for reevaluationdgfwe get

and ¢=-|d|
= cose| ¥ + 2% < \PHAXAYIcots
Case lll (Refer to Fig. 4 for pertinent interfacial orientation) |41 = cosd 2 * 2 cotd VZHAXAY/cot g (22)

When, ¢>0, H,,> 0.5, we have, for this case
and, p=—|¢|.

Hy=1.0 —}(B+ C+D)?tan0/(AXAY) Case V (Refer to Fig. 6 for pertinent interfacial orientation)
2 From Fig. 6 it can be observed that Case V is identical with Case
Proceeding in a similar manner as outlined before, for the preséiht so far as formulation of the Heaviside function is concerned.
case it follows that

Now, following analogous inverse methods for reevaluatiorpof
we get from Eq(15)

2
) cot6/(AXAY) (21)
(16)

Case VI (Refer to Fig. 7 for pertinent interfacial orientation)

B 1/AX AY ¢ 2 This case, as apparent from Fig. 7, is identical with case IV, and
Hy=1.0 ‘5(7 > tand  cosdtan 0) tan 6/(AXAY) the same Heaviside functions hold good here.

17
Now, following analogous inverse methods for reevaluatiorbof 0l

as before, we get from E@17)

AX AY
¢$=sin 0(— + F V2(1 -H)AXAY/tan 0)

2 2tané
Next, let us considetp<0, H,,<0.5. Here,
1({AX  AY || )2
Hy==| —+ - tan 6/(AXAY 18
v 2( 2 2tand cosftand ( ) @® Y 4N Y
The inverse methods for reevaluationgfas applied to Eq(18),
yield
AX AY o 4y
=si — + — ¥ V2H,AXAY/t 19
|¢| sm@( > *2tang * V2V an6> (19
ie., ¢=—|¢|.

Case IV (Refer to Fig. 5 for pertinent interfacial orientation) Fig. 6 Orientation of an interface cutting the adjacent sides of
First, let us considegy>0, i.e.,H>0.5. For this case, we get the control volume, A;A,>A,A; and A;A,>AX/2, A,A;>AY/2
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! Fig. 9 Interface cutting vertical opposite sides
)

L AX/2
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! Moor=Mo = Mc = 2 paHvoAXAY = 2 pHycAXAY

' (26)

Fig. 7 Orientation of an interface cutting the adjacent sides of
the control volume, A;A,>A,A; and A1A,>AX/2, A,A3>AYI2 .
whereMg, Mc andHy,o, Hyc are mass and volume fraction func-

tion at time,t=0 andt=t+At respectively. It can be noted here
that since the functiomdy, is now physically derived from basic
considerations of volume fraction, the mass correction formula
represented by Edq26) is a physically consistent measure of the
satisfaction of mass conservation for constituent phases present in
the domain. The concerned mass correction procedure can be
broadly outlined as follows:

Case VIl (Refer to Fig. 8 for pertinent interfacial orientation)
For this case, first let us considér- 0, so thatHy > 0. Carrying
out the necessary steps, it follows that

1 ¢
v=ot =
2 sinfAX

@3 (1) First, the control volumes containing the interface are iden-
tified. Let the number of such control volumes he N

2) The volume fractions at the above control volumes are cal-
culated by the appropriate expressions

For the situation of interface cutting vertically opposite sides, we (
may refer to Fig. 9, and analogous calculations reveal that

(3) Current instantaneous massy,,s) of each such control vol-
Hy = 1 + ¢ (24) umes and total current mag#;,o) of all N such control
2 AYcosé volumes are calculated using Eq. (25), and the mass cor-

rection (M,,) is obtained
2.3 Mass Correction.As already mentioned, solution of Egs.

4
(3) and(5) does not guarantee the satisfaction of conservation of
mass. To account the mass loss or gain out of numerical artifacts

A fraction of the correction massmy,s/ Mo Mins) propor-
tional to its current instantaneous mass is added or de-
ducted to each such control volume depending on whether

in interface representation, a new methodology is introduced here.
In this situation, a mass correction tetM,) needs to be formu- (5
lated that enforces satisfaction of conservation of mass to the limit
of computational precision desired. For the purpose of this discus+g)
sion, let the reference phase be the phase withO and p=p,.

The total mass of this phase of the fluid is

Mcor iS poOsitive or negative, respectively
) The volume fractions are re-calculated with the new mass
(old mass-distributed or deducted massgnd
From the updated volume fraction, the corrected distance
function is reevaluated by inverse method

It can be noted here that in this entire mass correction proce-
dure the interface geometry is modeled by piecewise line seg-
ments, which is first order accurafee., O(AX)], intercepting

e of the computational control volumes. However, while re-
istributing the deficit mass or subtracting the excess mass for

M = py(Hy)AXAY (25)

In the case of mass imbalance, there are two possible cases. T

are: h . . ; e
implementation of the mass correction formulation, position of the
() mass loss, in which case addition of mabk.,,>0) will nterface may change. In that respect, the mass balamureec-
ensure mass conservation. and ° tion) may have to be distributed to the more than one adjacent
(i) mass surplus, in which ca’se removal of m <0) control volumes, depending on the respective interface conditions
’ aNS:OI'

after redistribution of the excess or less mass. This is because,

will lead to mass conservation. Therefohd., can be while adding or subtracting the mass, the new volume fraction

written as may become more than unity or less than zero, which is physically
unrealistic, and this issue needs to be addressed with care. For
example, in Fig. 1®), the “dashed line” indicates the position of
4,1p
REN :
- !
7
4
o / 7 7 —i 4 //
o 3 [
[ ’ / '
6 Fig. 10 (a) Change of interface within control volume. (b)
Change of interface to the next control volume. (c) Change of
Fig. 8 Interface cutting opposite horizontal sides interface adjacent control volumes
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interface without mass correction, while the continuous thick line 4.0
represents the corrected interface. Similar adjustments need to be ;'::"c:o"""
made in other cases as well. . = = Volume 0.8

. . Fraction
2.4 Overall Solution Procedure. The solution procedure

adopted for the coupled equations consistent with the present for-
mulation can be summarized as follows:

(1) specify the location of the interface(s) at timed ¥ 700 ¥ ¥

(2) calculate the normal distance for all nodes from the inter- 15 0.5 0.5 15 25
face Normalized Distance Function

(3) specify the properties at all nodes using Eq.; (8)

(4) solve the continuity and momentum conservation equations
[given by Egs. (1) and (2)] at#t+At;

(5) solve forg [Eg. (3)] using the velocities obtained in step 4

(6) solve for the pseudo steady state[Eq. (5)] using the
values of¢ from step 5 as the initial values

(7) setp(x,t+At)=y(x); and

(8) Repeat steps 3-7 for all time steps

Heaviside function,Volume
fraction

&
o

Heaviside
Function

------ Volume Fraction

0.5 -0.25 0 0.25 0.5
Normalized Distance Function

Heaviside function, Volume
fraction

It can be noted here that the governing differential equations,
coupled with appropriate boundary conditions, are solved using a
pressure based finite volume method, as per the SIMPLER algo-
rithm [16]. Convection-diffusion terms in the conservation equ

tions are discretized using the power I&%6] scheme. aFlg. 11 (a) Distribution of Heaviside function and volume frac-

tion function for one-dimensional case. Interface width is taken
as 2.5 h for Heaviside function and  h for volume fraction func-
3 Results and Discussions tion. (b) Distribution of Heaviside function and volume fraction
function for one-dimensional case. Interface width is taken as h

3.1 Comparisons of Heaviside Function and Volume Frac- for both Heaviside function and volume fraction function.
tion Function. In order to mathematically compare the Heaviside
function and the corresponding volume fraction developed in the
present study, they are plotted against the normalized distance
functions for various cases investigated, as shown in Figs. 11-&4cellent agreement of these two functions for the same interface
In constructing all of the figures, the following parameters amidth can be obtained for the two-dimensional cases, as apparent
consideredh=0.001,AX=AY=h. It is apparent from Fig. 1b) from Figs. 12b), 13(b), and 14b). A strong dependence of the
that even with the same interface width, the two functions are nabove two functions on interface width is also very clear from
matching each other, for the one-dimensional case. However, Rigs. 1Za), 13(a), and 14a).

5§ c
S 0
i3
€
SE
L
°
= £
.g ] Heaviside Function
© O
K b I A B Volume fraction
2.5 4.5 0.5 0.5 1.5 25
Normalized Distance Function
s c
s O
tg
e
L=
2 'e
% £ ----- Heaviside function
L 35
S 2
83 Volume fraction
=
-1 -0.75 0.5 0.25 0 0.25 0.5 0.75 1

Normalized Distance Function

Fig. 12 (a) Distribution of Heaviside function and volume fraction function

for two-dimensional case with  #=30°. Interface width is taken as 2.5 h for
Heaviside function and h for volume fraction function. (b) Distribution of
Heaviside function and volume fraction function for two-dimensional case

with #=30°. Interface width is taken as h for both Heaviside function and
volume fraction function.
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2 E
e
% E Heaviside function ‘
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:::E >° = = = Volume fraction
25 2 45 4 05 0 05 1 15 2 25 29.ecm
Normalized Distance Function
4

5 c ————Hoavyside

3 % function 0.75 4

€9 | eeee.. Volume

£ J!- fraction 0.5

‘-’g 2 ~——— 584cm 0 0 ——

3
LES
x T Y T T T Fig. 15 Experimental arrangement for studying collapsing of
-1 £075 05 -025 0 0.25 0.5 0.75 1 water column

Normalized Distance Function

Fig. 13 (a) Distribution of Heaviside function and volume frac-

tion function for two-dimensional case with 6=45°. Interface
width is taken as 2.5 h for Heaviside function and A for volume
fraction function. (b) Distribution of Heaviside function and vol-
ume fraction function for two-dimensional case with 0=45°. In-
terface width is taken as  h for both Heaviside function and vol-
ume fraction function.

the present results are matching very well with the experimental
results. Furthermore, a comparison of the leading edge of the wa-
ter column is carried out between the present method and the
results from Koshizuka et d18]. In Fig. 17, the nondimensional
leading edge of the collapsing water column is plotted against the
nondimensional time. Again, the comparison of both numerical
and experimental results is found to be quite satisfactory. Addi-
tionally, in order to study of the effects of variable density ratio,
the collapsing water column is studied for different combinations

order to validate the mathematical model developed here, resfgtids with density ratios of 10:1, 100:1 and 1000:1. From the

from the present method are compared with reported experimerﬂH erical r_esul_ts presente_d in Fig. 18, it can be seen that the fluid
data on collapsing water column by Martin and Moyd&] and systems with higher density ratios collapse at a somewhat faster
rate. This is quite consistent with the physical intuition, since a

Koshizhuka et al[18]. Figure 15 shows the dimensions and fea: ; .
tures of the experimentation. In Fig. 16, the nondimension wer-density secondary fluid should have a slower free fall than a
) Lo eavier fluid under the same conditions.

height of the collapsing water column is plotted with respect . ; .
the nondimensional time. The numerical solutions are carried outIn our next numerical experiment, we have computed merging
using 41X 22 and 82< 44 grids. Although at=2 the experimental
column height began to decrease slightly faster, it is observed that

3.2 Model Validation and Representative Case Studiedn

&  Experimental [17]

4 075 = = Grid size=42X22,dt=0.005
s g Grid sizo=82X44,dt=0.005
ot 05
= 0
g
c
28 0.25
20
S e 0
'2 2 Heaviside function
] g 0 1 2 3 4 5 6
= L S - Volume fraction Yg/a)™0.5
25 2 45 4 05 0 05 1 1§ 2 25 Fig. 16 Height of the collapsing water column, h
Normalized Distance Function =instantaneous height, initial height=2a
e 1
25
LR 0.75 4
a8 3.5 W Experimental [17] B
L =
52 Heaviside function 34 T = Gridsize=41x21,dt=0.005
23 254 Grid slze=82X44,dt=0.005
s | AT eeee- Volume fraction
o > ]
T T T T T T W29
-1 075 05 <0.25 0 0.25 0.5 0.75 1 154
Normalized Distance Function 14
0.5+
Fig. 14 (a) Distribution of Heaviside function and volume frac- 0
tion function for two-dimensional case with 0=60°. Interface 0 0'5 1' 1'5 ; 2'5 ; 35
width is taken as 2.5 h for Heaviside function and A for volume i : ’ "
fraction function. (b) Distribution of Heaviside function and vol- t(2g/a)*0.5

ume fraction function for two-dimensional case with 0=60°. In-
terface width is taken as  h for both Heaviside function and vol-
ume fraction function.
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Fig. 17 Position of leading edge of the collapsing water col-
umn, z=instantaneous leading edge position
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Fig. 18 Effects of density ratio on the collapsing water column height

of two fluid bubbles with the same density under the influence olter fluid are taken to be of the same denglhkg/n?), whereas
gravity. The fluid is at rest initially. Viscosity of the fluid inside their viscosities are assumed to be differéditl kg/m s for the
the two bubbles is equal ©=0.00025 and that of outside fluid is bulk fluid and 0.001 kg/m s for the bubbléThe flow domain is
©=0.0005. The radius of lower bubble is 0.10 units and it iassumed to be rectangular in natdlength=2.5 m, width=1
placed at(0.5,0.39 of a rectangular domain of 1:01.0 unit di- with the inlet(left boundary velocity distribution being subjected
mension. The radius of the upper bubble is 0.15 units and it t§ a shear flowinlet velocity varying linearly from 0 to 1.0 as one
placed at(0.5,0.65 of the same geometry. The density of thénoves from bottom to the topTop and bottom boundaries are
bubbles is 1.0 and that of the background is 10. The grid sizetigken to be rigid walls while the right boundary is assumed to act
256X 256. We have also checked a few results with 8812 as an outlet for the bulk flow. Initial circular shape of the bubble
grid size, and have found no perceptible changes in results jecomes deformed and is displaced with the evolution of the flow.
comparison to those obtained by using 25866 grids. Since the Some of the intermediate transients are depicted in Fig. 21. It can
bubbles are lighter than the background fluid, the bubbles wile noted here that the deformation of the bubble, as applicable in
eventually rise with time, and the different configurations at difsuch a situation, can be quantified with the formation of Cox angle
ferent times are shown in the Fig. 19. Literally, the same numefit9], which can be very nicely captured by the present method. It
cal experiment has been conducted by Chang €ig4l.and the can be observed here that as the “originally circular” bubble con-
present results have matched excellently with their solutiononts an imposed shear flow, it experiences a “lift” fofsemilar
which establishes the validity of present method. Further, we haxethat of an airplane wing perpendicular to the velocity of shear
also executed a convergence study for a single rising bubble, &yd thereby, the stable configuratimith minimum surface en-
employing exactly the same set of problem data as that reporteckiigy) is disturbed. The resultant shape and configuration of the
Sussman et a[5]. The comparison is depicted in Fig. 20, whichbubble is a combined consequence of this lift force, the net buoy-
depicts a reasonable good agreement. The bubble radius for #yigy force, and the drag forces acting on it. In the simulation
problem is 2.5 length units, density of the bubble is 1.0 units, andsults presented here, the bubble is neutrally buoyant with the
that of the background is 1000 units. The viscosity of the bubblefigw, and therefore, the lift and drag forces are the fundamental
0.000 25 units and that of the background is 0.0005 units. factors influencing the bubble evolution. It is also important to
As another case study to test the proposed methodology, wete here that such physical situations can be potential sources of
simulate the evolution of a spheric@ircular in two dimensions mass imbalance in a numerical scheme, predominantly because of
bubble in a bulk flow field. Fluid entrapped in the bubble and thghe variable nonzero orientation angle subtended by the bubble
with the respective coordinate directions. As a check of the rigor-
ousness of the mass correction approach proposed here, we have

numerically calculated mass of the system as a function of time
Q during the flow transients, as well. It has been observed that mass
O O O
© 3 0.4 .
§ 03
=
8 02
-8
0.1
ol
0 0.1 0.2 0.3 04 0.5
Time
4 1] t6
Fig. 20 Position versus time curve corresponding problem
Fig. 19 Two bubbles of same density rising up. Density ratio data reported in Sussman et al. [5]. The continuous and dotted
between the bubbles and the background is 1:10, grid size is lines correspond to results obtained using the present method,
256 X 256, viscosity of the bubbles is 0.000 25 units and that of by employing a 72 X 72 and 36 X36 square grid, respectively,
the background is 0.0005 units, t;,=0s, t,=0.1s, 3=0.18s, t,  while the square marks represent numerical results reported in
=0.24 s, t5=0.28 s, t;=0.32 s. Sussman et al. [5].
Journal of Fluids Engineering MAY 2005, Vol. 127 / 561
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Fig. 21 Transient evolution of a circular bubble in a developing flow field
with inlet shear flow. The different snapshots are computed at the following
instances of time: t;=0s, (,=0.0027s, (;=0.0054s, t,=0.0081s,
=0.0108 s, t,=0.0135 s
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5

conservation requirements are excellently satisfied over the entiig = volume fraction

time domain of simulation, up to a machine precision of'$0 u; = velocity, m/s
p = pressure, N/rh
4 Conclusions Pe = Peclet number

A . . AX = width of the control volume along th¥ axis, m

new physically based volume fraction level set approach is,, . .

developed and established, as an alternative to the Heaviside fuﬁé = Wwidth of the control volume along t.h‘é axis, m

tion based mathematical formulation classically employed for\ — number qf control volum_es containing the interface
property evaluation and mass correction enforcement in a mulfid = acceleration due to gravity, mi's

phase flow situation. Expressions for volume fraction function faflc = corrected mass, kg

each pertinent computational cell are established using conceifte = original mass, kg

of computational geometry, and with an inverse analysis the sanfd = instantaneous mass, kg

is correlated with the level sdtlistance function. This ensures Hvo=original volume fraction

that physical characteristics of each phase are directly represerftesy= corrected volume fraction

in terms of their respective quantitative presence in the respectike = length of the deformed bubble, m

control volumes, leading to physically consistent evaluation oBg = Width of the deformed bubble, m

interfacial properties and a robust implementation of the masst = time, s

conservation requirements. Like all other mass preserving metidt = small time step, s

odologies, the present method also possesses some limitations,

especially in the sense that it corrects the mass globally and there

is a probability of ill distribution of masses in certain cases. Howxeferences

ever, the method is phy5|ca||y Simp|e and understandable, Compdl] Patankar, S.V, 1?92, “Review of Calculation Methods for Single-Phase and
ta}tiona“y cheap and faStZ Future researCh' .therefore’ needs _tO k??] Mrzj\lltg?z??,'Zz‘év?ry:g/?sa'?ne,’gr,tEJ%Z?EIASIE.romTracking Method for Viscous,
directed towards further improvement of this method, especially”  |ncompressible, Multi-Fiuid Flows,” J. Comput. Phy4.00, pp. 25-37.

in an effort to derive a more appropriate local mass redistribution(3] Hirt, C. W., and Nichols, B. D., 1981, “Volume of Flui¢/OF) Method for the

strategy, without sacrificing the underlying physical basis. Dynamics of Free Boundaries,” J. Comput. Phy39, pp. 201-225.

[4] Osher, S., and Sethian, J. A., 1988, “Fronts Propagating with Curvature-
Dependent Speed: Algorithms Based on Hamilton-Jacobi Formulations,” J.
Comput. Phys.,79, pp. 12—49.

Nomenclature [5] Sussman, M., Smereka, P., and Osher, S., 1994, “A Level Set Approach For

¢ = levelset function, m Computing Solutions to Incompressible Two-Phase Flow,” J. Comput. Phys.,
0 = angle between the vertical central line of a control vol- 6] éﬁ‘t pp-Yl4C6—1:9- Ty e B and Osher S.. 1996, “A Level Set
: : : P ang, Y. C., Hou, T. Y., Merriman, B., and Osher, S., , evel Se
ume a_nd normal dll’ef:tlon of the interface r!_idlan . Formulation of Eulerian Interface Capturing Methods for Incompressible Fluid
¢ = half thickness of the interface as assumed in relation Flows,” J. Comput. Phys.124, pp. 449—464.
with Heaviside function, m [7] Kaliakatos, C., and Tsangaris, S., 2000, “Motion of Deformable Drops in Pipes
& = fluid properties such as density, viscosity, etc. aSrLd gphagggelsegging Navier—Stokes Equations,” Int. . Numer. Methods Fluids,
lﬂ = dlj'mmy variable .Of level-set function, m [8] Su’ssman, M., Fatemi, E., Smereka, P., and Osher, S., 1998, “An Improved
6 = Dirac delta function Level Set Method for Incompressible Two-Phase Flows,” Comput. Fluids,
N = Cox angleradian . 27(5|—6>, pp. 663;;580- Counled s | i Alaorithm §
_ : - Bourlioux, A., 1995, “A Coupled Level-Set Volume-of-Fluid Algorithm for
a surfa_ce tension C_OGmCIem’ N/m Tracking Material Interfaces,Proc. 6th Int. Symp. on Computational Fluid
p = density of the fluid, kg/ﬁ;I Dynamics Lake Tahoe, CA, pp. 15-22.
n = viscosity of the fluid, N s/rh [10] Sussman, M., and Puckett, G., 2000, “A Coupled Level Set and Volume of
— Al Fluid Method for Computing 3D and Axisymmetric Incompressible Two-
K _ Curvature.’ m Phase Flows,” J. Comput. Physl62, pp. 301-337.
Der = deformation parameter [11] Son, G., and Hur, N., 2002, “A Coupled Level Set And Volume-Of-Fluid
H = Heaviside function Method for the Buoyancy-Driven Motion of Fluid Particles,” Numer. Heat
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Population Balance Modeling of
Turbulent Mixing for Miscible
Giridhar Madras | FlUids

Department of Chemical Engineering,
Indian Institute of Science,

Bangalore 560 012, India Bler)ding_one fluid into another by turbulent m.ixing isa fundamental operation in flu_ids
g-mail: giridhar@chemeng.iisc.ernet.in engineering. Here we propose that population balance modeling of fragmentation-
coalescence simulates the size distribution of dispersed fluid elements in turbulent mix-
Beniamin J. MCCOV ing. The interfacial area between dispersed and bulk fluids cor_1tro|s the trz_ansfer of a
Department of Chemical Engineering, Louisiana scala_r molec_ular property, for ex_ample, mass or heat, from th_e dispersed fluid eler_nents.
State University, This interfacial area/volume ratio is proportional to a negative moment of the time-
Baton Rouge, LA 70803. dependent size distribution. The mass transfer coefficient, in the form of a Damkohler

number, is the single geometry- and state-dependent parameter that allows comparison
with experimental data. The model results, easily realized by simple computations, are
evaluated for batch and flow vessel®0I: 10.1115/1.1899174

Keywords: Mixing, Diffusion, Dispersion, Mathematical, Modeling, Turbulence,
Blending

1 Introduction by a population dynamics equation with an exact self-similar so-
uéion for the size distribution as a function of time. The similarity

Mixing is an gssentlal unit operation in Chem'cal processes, ag lution[10,17 was also used to investigate two-phase mixing of
also a Cha“eng".‘g. pro_blem n fIU|d_s engineering science. Lammgrtracer[S 12]. Two types of competitive reaction kinetics incor-
and turbulent mixing, involving fluid mechanics and either ma: e

b . orating a diffusion-limited fast reaction were shown to satis
Lrlanzf_er (Cﬁncebntratlohn blet?dlr)gc])(r heat trzfansfer_(t.en]pergturedsﬁon”ne%r differential equations written in terms of moments of tr?cle
blending, has been the subject of scores of empirical and modgis,e_dependent dispersed-fluid size distribution. Applying a com-
Ing st.ut.jles[l].. The Q|ff|culty I!es n deSC“b'“g how the tracer-peqqeq time variable to transform to a simple system of differen-
containing fluid is dispersed into the bulk fluid, and how tracefy| equations readily solved the nonlinear equations. The straight-
diffuses from the dispersed fluid to the bulR,3]. The wide-

forward solutions displayed realistic effects of dispersed fluid

ranging literature on mixing of miscible turbulent fluids has beeo|yme fraction, rate parameters, and initial concentrations. Final
extensively reviewed1]. Joshi and Renade] appraised the ex- fractional conversions, occurring when the limiting reactant is de-
pectations, but also the problems, of applying computational fluiffeted, are functions of the molecular diffusivity through a
dynamics for designing process equipment. Ottino e{@l.as- pamkohler number, volume fraction of dispersed reactant, and
sessed the literature on laminar mixing. _ _ scaled initial conditions. Our present objective is to apply this
Brodkey's[2] explanation of mixing clearly outlined the impor- approach in the absence of chemical reaction to turbulent blending
tant issues, including Danckwert$8] seminal proposals. Mixing operations.
in fluids is characterized by two interdependent proces&Bs: A central quantity in mixing is the mixing time, defined as the
dispersion of fluid elements, measured by a scale of segregatige required to achieve a given degree of mixing when a tracer is
and(2) molecular diffusion, measured by intensity of segregationjispersed into a bulk fluid. We can define the degree of mixing at
This division corresponds roughly with the concepts of macromixime t for the tracer in terms of the initial concentratiag) in the

ing, due to bulk fluid motion, and micromixing, due to local tUrgispersed fluid and the perfectly mixed concentration
bulence and diffusion. The discrepancy becomes important in

modeling mixing processes. Dispersion, which can occur even if T~ _
molecular diffusion is negligible, enhances mixing by providing Em(®) =[Co = c(O)Co~c-] (&
an increased area for diffusid@]. Turbulent eddies are muchwherec(t) is the concentration of the tracer in the dispersed fluid
larger than molecular dimensions, and homogeneity cannot be attimet. For exampleF,(t,,) =0.95 is typically chosen to define
tained in the absence of molecular diffusi@. According to this 1 mixing time[13], ty,
conception, turbulence and diffusion should be treated separatelygeneralized micromixing models for unsteady state flow reac-
rather than as a single micromixing process. tors have been developed using population balance equétighs
The present investigation of miscible-fluid mixing is based og),r model departs from other mixing models by employing a
our recent proposal,8] to describe dispersive turbulent reactivgyopylation balance approach to characterize the fluid eddy size
mixing in liquids by population balance modeling of concurrengistribution. For the batch mixer, this allows compressing the time
breakage coalescence of the dispersed fluid. The work combiRggiable with a moment relationship representing the interfacial
chemical kinetics and hydrodynamics so that dispersed reactagfga of fluid eddies. Then the governing equations for mixing are
interact with the bulk fluid at eVOIVing fluid-element interfacestransformed into standard well-stirred flow-reactor form. We pro-
For the batch reactor the dispersed fluid elements are fragmerme a general approach for either laminar or turbulent systems
in a cascade of increasingly smaller sizes and larger interfao\ml]ereby the dispersed fluid element area per voluaftg, enters
area[9]. The reversible fragmentation coalescence was describggh the mass balance. In laminar mixing very long striations are
created by smooth stretchifif,15,16, whereas in fluctuating tur-
Contributed by the Fluids Engineering Division for publication in therNAL oF bulent flow the fluid elements are fragmented and mei@ed-

FLuibs ENGINEERING. Manuscript received July 20, 2004; revised manuscript receive'@sced- According to this view, miXing is effected by jncreasir]g
December 17, 2004. Associate Editor: Ugo Piomelli. the contact area between the dispersed and bulk fluid, allowing
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diffusion to occur between the®bviously if regions of charac- 1 T
teristic sized in the fluid remain undispersed, then the mixing 0.5

time will scale asé’/Dy,, whereDy, is the molecular diffusivity.

Once the interfacial area as a function of time is determined, g 92

molecular diffusion from the dispersed fluid into the bulk can be i 0.1

formulated. We attempt to develop these ideas in a straightforward 0.05

and computationally efficient manner. The result is an approach

that embodies the essential ideas of mixing in an unexpectedly 0.02 y=104
simple manner, yet captures the important behavior previously

described only by empirical methods. The central concepts are 0.1 1 10 100
population balance modeling and mass transfer. The model is 6

readily converted to heat transfer and the blending of fluids ﬂ

different temperature g.1 Variation of P9(6) with time @for y=107*,107%,1072, 0.1,

0.5 and 1 on a log-log plot showing the asymptotes, Y2, at
large time @ and the asymptotic behavior, (1+ )™, for small and
intermediate time

2 Population Balance Modeling

We have previously reported that fluid elemeR{g) undergo-

ing shearing and merging during turbulent stirring processes canye have previously expressed the solution to the PBE for Eq.
be described quantitatively by population balance modeling. We 1) as dimensionless variables and parameteee Nomencla-
consider that fragmentation and coalescence are uncorrelated, @8 The initial distribution WithP3% 9= 0) = pa'd(t=0)/ pdo=1,

that the simultaneous binary processes can be represented asontaining a given concentration of tracer solution, evolves to the

kp(¥) exact self-similar exponential solutid®,17] in terms of the av-
Px) = PX)+P(x-x) (2.)  erage element mask2'Y6),
k(X" x=x")
P(& 0) =[P4 0)] *exd - &/P*46)] (2.4)

where kp(x) and ky(x’,x=x") represent the rate coefficients for ;
fragmentation(breakagg and coalescencéaggregation respec- Whose moments are simply

tively. The number pf dispgrsgd f_Iuid elements at tima the PW(6) = (P91 (v+ 1) (2.5
mass rangéx,x+dx) is the distributionp(x,t)dx, and the mass of

such elements isp(x,t)dx. Moments can be defined as The similarity variable&/P2¥96) in Eq. (2.4 combines scaled

mass¢ and time 6. The time dependence is thus governed by

* P39 69), which satisfies the differential equation
P = | plx,Hxdx (2.2
0 dPY9de=— (P92 + v (2.6)
such that the number of fluid elementsl®(t), and their average with unity as initial condition. The parameter represents the
mass isp2Y(t)=p®/p©. relative rates of coalescence and fragmentation. Increasing or de-
The population balance equatidRBE) for Eq. (2.1) is first creasingy shows how coalescence or fragmentation of fluid ed-
order for breakage and second order for aggregati@h dies affects the processes. The solution to @) is [10,17,
= P2Y 9) = M2 tanh 92+ tant (v )] (2.7)
Ip(x, D/t =~ ke(X)p(x,t) + 2] k(X )P(X",DQ(x,x")dX’ For y<1, the quantityP®9¢) decreases with time at a rate de-
X pending on the parametet the ratio of rate coefficients for coa-
* lescence and fragmentation, which in turn decreases with in-
—2p(x,t)J ka(x,x")p(x’,t)dx’ creased turbulence. The asymptotic values for small and large
0 values of time are clearly shown in Fig. 1, a log-log plotR5f9
X versusé. Figure 1 shows that the average eddy size at equilibrium
+J k(¢ X = X)X (X = X' )X’ (2.3 decreases ay decreases. Whed<y *?tanfi’(y™*?) in Eq.
0 (2.7, we haveP®9~1, whereas for large time, tanhl and

e N . Pavd~ 412 For smally, fragmentation dominates coalescence and
The initial ((jl)strlbutlon isp(x,t=0)=py(x), which by Eq.(2:2) has the intermediate asymptotic time dependeft® is
momentspOV . The PBE 2.3 reduces to pure fragmentation or pure

aggregation, respectively, whég or k, is zero. The stoichio- PHY6) ~ 1/(1 +0) (2.72)
metric kernel Q)(x,x’), gives the product mass distribution for the

binary fission and satisfies symmetry and normalization condi-

tions[18]. A general breakage kernel has been propd&&tithat s .
can represent the entire range of product distributions from raﬁ- Mixing in Stirred Vessels

dom to midpoint fragmentation, respectively,xl/chosen here In either laminar or turbulent flow, mixing is facilitated if the
and 8(x—x'/2). For a well-stirred fluid the aggregation rate coefdispersed fluid elements increase their interfacial area in contact
ficient should be relatively independent of the masses of the caith the bulk fluid, thus allowing diffusion of the tracer into the
lescing eddies, thus, in the present work weklgk’ ,x—x')=k,, a adjoining bulk fluid. For generality we formulate the mixing equa-
constant. More general rate coefficients can be handled by solvi#'s for a continuous-flow stirred vessel, and thus include the
Eq. (2.3 numerically. An analytical similarity solutiofil0,11] is ~ case of tracer entering _the vessel du_rlng a finite time. We define
found when the fragmentation rate coefficieky(x), is propor- the average residence time as the ratio of the vessel_ volume to the
tional to x. Other expressions for fragmentation and coalescenglume flow rate,t,=V/Q. The mass balance equations for the
rate coefficient expressions require numerical solutions to tqésPersed fluid concentration(t), and the bulk fluid concentra-
PBE. We define a reference breakage rate coefficient for elemeli@8, Cy(), that incorporate mass transfer at the dispersed fluid

of masspa*=p(”/p?, such thatky,=ky(x=p3'9 and scale the interface can be written as
distributions with the initial conditionspg)) andp§". adc/dt =ci,/t, — kya a(t)[c(t) — c,(1)] (3.1
Journal of Fluids Engineering MAY 2005, Vol. 127 / 565
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(1 - a)dg/dt = —(1 — a)c,(t)/t, + kya a(t)[c(t) — c,(t)] dr=P"(6)do (3.7
(3.2 such that

which reduce to the batch case ift1#0. For consistency, because 0 0

Egs.(2.3+2.7) are for batch dispersal, we formulate £§.1) so 7(6) :f P (g)do=T(1+ v)f [PY99)]"*de (3.8
that no dispersed fluid exits the vessel. Initial conditions cte 0 0

=0)=co andcy(t=0)=Cyo, Wherecy,=0 if the bulk fluid is initially  \when Eq.(2.5) is substituted. Replacingwith rin Egs.(3.4) and
free of tracer. The mass transfer coefficiegt=D\,/ dis related to (3.5) yields the equations for a well-mixed flow vessel

the molecular diffusivityDy, and the diffusion distancé. It is

clear that interfacial mass transfer is determined by this diffusion adCidr= - a xky[C(7) — Cy(7)] (3.9
distance and by the interfacial aredf), both representing com- _

plex physical processes. The appearance of a mass transfer or (1-a)dCy/dr=a xu[C(7) - Cy(7)] (3.10
diffusion coefficient is to be expected, as a Damkohler numberThese simplified equations can be solved analytically. Batch
essential to interpreting mixing behavior. For heat transfer, ofiéending of a tracer into a bulk fluid thus has the solution
tsrl;zztflél:tige?figﬂﬁttl\f/c?k;e.mperature for concentration and a heat C(A)=1+(1 - a)(Cog—~ D1 - exti— 7 k(1 )]}

In a recent study of competitive reactions during turbulent mix- (3.1
ing, Madras and McCoy7] showed how to formulate(t) in
terms of the dispersed fluid volume per vessel volumefor
spherical elements of massand radiusr, the ratio of area to C(n=a+(l-aexd-7ru/l(l-a)] (3.113)
volume is 3f=3(3x/4mp)3=g x° 3, where g=(36mp)*® and  ith
the dispersed-fluid area per vessel volume for elements in the

and for initially tracer-free bulk fluidCyp=0),

range (X,x+dx) is agx Y3p(x,t)dx. When integrated over af, Co(n=a{l -exd- 7 xu/(1-a)]} (3.11b)
the total area/volume ratio is This is an advantage of the present approach to turbulent mixing:
W by resolving the problem into dispersion and diffusive transfer, we
a(t) =gp™(t) 3.3 are able to convert a complex process into equations that are fa-

in terms of the negative fractional momemt< 0), defined by Eq. miliar in chemical reaction engineering. The assumptions that al-
(2.2), and wherev=—-1/3 for spherical elements. Because the fluidpw this simplification arg1) uncorrelated eddy distributions de-
elements are not spherical for turbulent mixing, the coefficients 8€ribe binary fragmentation and coalescent®, immiscible

x” have other forms. For example, for fragmentation occurring §Pntinuous and dispersed phases are well mixed in the vé8sel,
stretching cylindrical fluid elements of radiug) and then sever- concentrations in the continuous and dispersed phases are uni-
ing them into two random segments of area/volume=gte cyl- form- _ , _ _

inder mass in terms of its lengthis X:7TI‘22p, from which 2 & 'I_'he |ntegral(3.8) is also relatgd to the intensity of segregation,
=gx2 whereg=(mzp)*2. I fragmentation occurs by stretching WNich can be definefl2] for a stirred vessel as

flat slabs and then cutting them into two, and if the ribbon-like 14(0) =[C(0) - C.JH[1-C.J2=[(C(0) - &)/ (1 - ) ]?
sheets, or striations, are thin with thicknegsand surface 8, then (3.12
edge areas can be neglected and the element area per element '
volume is 2§. In terms of the element mass=Syp, we have Where for perfect mixingC..=a. Substituting Eq(3.11) into Eq.
2/y=g/x with g=2Sp. In this case the moment with=-1 in Eq. (3.12 and rearranging yields

(2.2) diverges, but we can compute the moment faarbitrarily _ _ _

close to —1. Thusy=-1/3,-1/2, and -1 for thepherical, cylin- 10) = extl= 2 sy O)/(1 ~ )] (313
drical, and sheet geometries, respectively, repreaéitin Eq. The exponentigl decrease with time_ and diffusitivity agrees gen-
(3.3, and govern mass transfer in the mixing system. As the neg¥ally with earlier result$2]. As explained by Brodke{2], Beek

tive moments increase strongly when fragmentation dominates fed Miller [20] relatedls to the energy spectrurBi(k, ), which
mixing proces$8], the results are quite sensitive #toThe vortex decays exponentially with time

structure of eddies in turbulent motion suggests a value loé- %

tween —1/2 and -1, and for most of the illustrative computations 1(0)=(1 _a)-2f E(k, 6)dk (3.14
herein, -2/3 is chosen. 0

The mass balance equations can be cast in dimensionless fgrm . . .
(see Nomenclatuye g ccording to Brodkey[2], | is a function only of the Reynolds

number, which defines the turbulent field, and the Schmidt num-
adCldo = Ci/ 6, — kya PP(6)[C(6) — Cy(6)] (3.4) ber, which defines the relative rate of molecular diffusion. In Eqg.
(3.13 the productxy7 depends on the Reynolds and Schmidt
(1-@)dCJdo=-(1-a)Cy(6)/6, + kya P(V>(0)[c(9) - Cy(0)] numbers. The degree of mixing at timefor the batch is simply
3.5 related to the intensity of segregatidgy,(7)=1-I4n2
' An expression for the degree of mixing follows by substituting
where C(7) from Eq.(3.11a) into Eq. (1.1

kma(t) = kyP"(6) (3.6 E.(6) =1-exf- k(1 -a)] (3.15

As indicated by the definitiorky, is based on the ratio of the massThis has the proper limits;,(#=0)=0 andE,(#— »)=1. Sig-

transfer coefficientky) to the fragmentation coefficiefik,,), and nificantly, E,, exponentiallyapproaches complete mixing as mix-

thus can be termed a Damkohler number. With the asymptotiy time increasefl3], a well-known result in blending technol-

expression, E¢2.7a), the mass transfer term is written simply agy. The mixing time realistically decreases as the mass transfer

1-p coefficient and hence the molecular diffusivity increases. Accord-
kya(t) = k(1 +»)(1 +6) (3.68) ing to Eq.(3.15, we can compute the time for given E,, and a
For thebatch mixen(§, — ), the ordinary differential Eq(3.4)  if we have a relationship foky, and for P29 6).
and (3.5 are homogeneous. The solutions are considerably sim-The integral of Eq(3.8) can be evaluated analytically when Eq.
plified if we define a dimensionless time variable (2.7 is substituted foPaVY(6)
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7(0) = y T(W)[- ,F(1,0/2,1 +v/2,1ly) v
o
+[PYY0)]",F(1,1/2,1 +v/2,P™Y6)%y)] (3.16) 10000
The tabulated hypergeometric function has the series representa- ) 1000 -
tion [21] g 100
10 -1
JFy(ab;cid) =, ()(b) d[(0)k! ] (3.16) /‘" &
k=0 1 (a)
where the Pochhammer symbol is definedag=I"(a+k)/T'(a). 0 2 4 6 8 10
Alternatively, a straightforward numerical integration can be used 6
to evaluate Eq(3.8) for the stretched time.
The integral of Eq.(3.8 is readily evaluated when the 100 (b r=10"4
asymptotic behavior, Eq2.7a), is substituted folP3Y( ) 50
H6) =[(1+6)27 - 101+ /(2 -v) (3.17 ,é,@ "
For long times(6> 1) &, .
(0) =~ 7T (1 +v)/(2-v) (3.17) s
For realistic negative values, <lv<-1/2,7 varies withé to a ¥ - 1 —
power between 5/2 and 3. According to E§.8) the direct ex- 0 2 4 6 8 10
ponential dependence used in previous wdrkis obtained when ]

v=1 so thatr(6)=6.

known values o, and xy, on the right-hand side of E¢3.16, [0 (@ »=-1,-2/3,and ~1/3 with ¥=0.01; (b) y=10",10"%,107%,
one has a value for and can read on the vertical axis. We can 0.1,05and 1 with »=-2/3

also relater and 6 by differentiating Eq(3.16)

dr/de=T"(1+v)[P¥Y6)]"* (3.18

which shows that the slope of the mixing-time curve is propor-
tional to a power of the scaled average eddy size. According to ttieory shows how the mixing length is related to the vessel Rey-
asymptotic limits discussed following E@2.7), the short- and nolds number. This suggests a relationship for the fragmentation
long-time asymptotes of the slopdr/dg, areI'(1+v) andI'(1 rate parameters in terms of the vessel Reynolds number, thus pro-
+v) Y2 respectively. For small, Eq. (2.7a) can be substi- viding a connection between fragmentation kinetics and reactor
tuted for P¥9¢) in Eq. (3.18. vessel parameters. The log-log plotRi*q #) versuse for various
For the case of steady injection of a tracer into a stirred vessellues of y (Fig. 1) shows the asymptotic time dependence at
of constant volume the vessel has a constant volume of liguarge and smalb for the average fluid eddy sizes. The equilibrium
when the injection rate equals the outflow rate. If the exit streaedldy size,y'2, roughly equates to the Kolmogorov microscale at
contains only bulk fluidthe same condition required for the simi-which viscous dissipation occurs. As moments are based on mass,
larity solution to the PBE for dispersed fljjdthen for the or volume, we have at equilibriu@'9~ (/L)3, where the ratio
continuous-flow stirred tank mixer, Eq&8.4) and (3.5 become  of the microscale length; to the macroscale length can be
a(6)dCIIO= Cy /6, — kyya(OT (1 + [P¥(6)]{C(6) — Cy(p)]  Shown[3] to be n/L~Reg** in terms of a Reynolds number
based on the length scale It follows that y~Reg ™, which
(319 ensures thay is very small for moderate values of R&hus, the
and precise value ofy< <1 is not critical in determining mixing ef-

_ ficiency.
[1-a(6)1dC/d6=-[1 - a(O)]Cx(6)/ 6 + ka(O' (1 +7) The plot of P®)(6) [Eq. (2.5)] for negative values of [Fig.
X[PYY6)]"C(6) - C,(0)] (3.20 2(a)] shows the moments increasing with time fgr0.01. Sub-

p, stitution of either Eq.(2.7) or Eq. (2.7a) gives identical plots.
These negative moments are a measure of the area for mass trans-
fer. The valuev=-1 is the highest curve, indicating that shearing

eqf the dispersed fluid into thin sheets is an efficient way to in-
crease the area of mass transfer. Figyb® 2hows the variation of
P(2/3(g) with time 6 for various y. As fragmentation becomes
more significant;y decreases, an”)(¢) increases more strongly

with time. Fory=<1073, the curves in Fig. @) coincide.

. The intensity of segregatiofy, plotted in Fig. 3 as a function of

4 Computations and Results scaled time,f, was determined from Eq3.13. Substitution of

The computations were performed with the softwar€ither Eq.(3.16 or Eq.(3.17) gives identical plots, indicating that
MATHEMATICA® On an ordinary desktop computer. No difficultiesEQ- (2.7) is a valid simplification for Eq(2.7) for small y. The
were encountered in applying routine numerical procedures fparametery, is proportional to the mass transfer coefficient and
solving ordinary differential equations. The CPU time required oifius is related to the Schmidt number, Sc, and Reynolds number,
a Pentiurf? IV machine for solving the system of Eq$3.19 and Re.. As found previously2,20], the difference between gases and
(3.20, was less than 5 s. The effortlessness of the computationdigglids (small and large Sds huge in Fig. 3. Changingy, by an
an obvious attribute of the population balance modeling approactider of magnitude changes the intensity of segregation by several

Population dynamics yields the fluid-elemeatldy) size distri- orders of magnitude. The requirement of no mixing in the limit of
bution, and hence an average eddy size, which is simply relatednéinite Schmidt numbefxy,=0) is satisfied, givings=1 for all
the mixing length through the fluid density. Kolmogorov's scalingime [2]. A similar plot of Beek and Miller[20] suggests the

where the volume fractiom of dispersed fluid now varies witl
time. For a constant injection rate, we haveQt/\V=t/t,=6/ 6,
which is substituted into Eq93.19 and (3.20. Although the
substitution(3.8) is not helpful here because of the nonhomog
neous ternC;,/ 6,, the two nonlinear differential Eq$3.19 and
(3.20 are readily solved numerically witRa96) given by Eq.
(2.7), or the approximation, Eq2.7a).
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1 ommended by other investigators, that increasing the turbulence
0.5 (decreasingy) above the optimum Reynolds number is not an
efficient use of energy.
02 Figures %a)-5(c) show the variation ofr with scaled time g,
= 01 with y as a parameter far equal to -1,-2/3, and -1/3, respec-
0.05 tively. The plots, independent af, indicate the strong effect of
10* Km=1 increasedless negativer.
0.02 Dispersed and bulk fluid concentrations in a flow ve$&ejs.
0.001 0.01 ol (3.19 and(3.20] for a constant injection ratex=0/46,) are dis-

I’ played in Fig. 6. Figure @) shows the time evolution & andC,
in a continuous stirred tank react@STR mixer for given values
of y,v, and . While the dispersed phase concentrati€ng),
initially decreases and then increases, the bulk concentration,
Cy(6), continuously increases with time. At long times, the con-
centrations are equal.

For the CSTR withCy=C;,=1.0, Fig. &b) shows the time evo-

. _ - _ lution of C, when «y is changed from 0.1 to 1000. The graph
magnitudesay =1 for liquids andxy =10 for gases. These Valuesindicates that the influence ofy on the time evolution of the

are nearly proportional to diffusivity, and as expected, differ by &ncentration is substantial. The magnitude of the influence will

factor of 1¢. :
.. . be determined by how mass transf8herwood numbgmdepends
The effects of the parameters on extent of mixigg, are dis- on Reynolds number.

pkl)aye((jj in FIiEg.éLlFigure @]) S?OWS the Yariattri?t% Uy IWith ';MTHE. Figure Gc) shows the variation of the bulk concentration with
[ a?ed' on q.d.ﬂS)_gjon athog Inear sciaexw . (_evot_ume_ raclionime whenv is changed from -1/3 to —1. The concentrations are
a OF dispersed Tuid as the parameter. AS mixing ime INCréasqgy, .,y influenced by the value of, consistent with Fig. 5. Figure

En increases from zero to unity exponentially, consistent with ) snows that the time evolution of the concentration is inde-

earlier studieg13]. To determine the variation of the extent of d ; .
- ) A . ) t of turbulent f tat h | than 0.1, -
mixing with the scaled mixing time§,,, Eq. (3.16) is substituted pendent o tUrbUient fragrmentation whens 1ess than con

. ; 2 sistent with Figs. &) and 4d).
Into Eq_. (3.19. Flgu_re_s 4b.) and 4c) sho_w the variation OEm as A method for relating the present theory to existing mixing
a function of the mixing timed,,, for variousx,, and y and fixed

. : correlations can be devised by relating the mixing timex{gp
values ofy anda. Figure 4c) shows that for large the precise \yhen the asymptotic result of E¢3.17) is substituted into Eq.

value of y<1 is not critical in determining mixing efficiency. (315 the mixing time can be expressed in terms of the mixing
Small ky means that diffusive contributions to mixing are resfficiency

duced, allowing turbulent fragmentatigty) and its enhancement

of mass transfer area to have a greater influence on mixing. As 6,~[1 - k(1 - a)(2 - »)In(1 - E)/T(1 + )Y -1
Fig. 4(d) indicates, smallery diminishes the effect ok, on E,, (3.21)
Therefore, for strong turbulence, whegeis small, the effect of '
further decreasing is insignificant. This agrees with the experi-allowing easy computation @, The mixing time is usually taken
mental observatiofil,22] that the circulation time is constant andto be 3-5 times the circulation tiMi@3] and thus the circulation-
independent of Reynolds number abové.10ne infers, as rec- path model$1,13] are typically based of,,/ 6.~ 3.0. The dimen-

Fig. 3 \Variation of the intensity of segregation, Is, with time, 6,
[Eg. (3.13)] for =1, 10, 50, 100, 500, 10° and 10* and «
=0.2,v=-2/3,y=0.01

1
0.8
0.95 08
0.6
06
0.4
02 o 0.4 =
(@ 0.2
00501 05 1 5 10 )
Kata 02 04 06 08 1
;™
! 1074
= 0.06 y=107%
0.8 0.05
0.6 0.04
of
0.4 "f0.03 .
0.02
0.2 oo
° ©@ " @
0 02 04 06 08 1 0 02 04 06 08 1
Om 0n

Fig. 4 Variation of the extent of mixing, E(0), (@) with k), 7 [Eq. (3.15)] for «
=0, 0.2, 0.4, 0.6, 0.8, 0.9 and 0.95; (b) with @,, for x;,=0.1, 0.5, 1, 5, 10 and 100 and
a=0.2,v=-2/3,y=0.01; (c) with @, for y=107*,10"%,1072, 0.1, 1 and @=0.2,v=
-2/3,Kky,=1; (d) with @, for y=1074,1072,1072, 0.1, 1 and @=0.2,»=-2/3,x,,=0.01
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Fig. 5 Variation of 7 with time, 6, [Eq. (3.16)] with y (=107%,
107%,107%, 0.1, 0.5 and 1) as a parameter for »=-1,-2/3, and
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Fig. 6 Dispersed and bulk fluid concentrations in a CSTR:
C(0), and bulk fluid concentration,
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Fig. 7 Variation of the mixing time with
and -0.9 and «=0.2,E,=0.95

Ky for v=-1/2,-2/3,

sionless circulation timed,, has been related to power input and
primary and secondary flow numbers for particular impellers. By
setting,,=3.0 6. in EqQ.(3.21), one can find a relationship fa,

in terms of 6., for given values ofE. and v. Eq. (3.21) thus
provides correlations for the key parameter in our model and per-
mits one to relate the present model to other correlations. Figure 7
shows the variation of the mixing time witk), for various values

of v.

The parameteky, is a power law function of Reynolds number,
xy ~ Re”. For smally(<1), a relationship between the mixing
time and Reynolds number, deduced from Eg21), is 6,+1
=pRe ¥ where ¢ is a constant dependent enand v. For
large «y;, the mixing time is close to zero, consistent with experi-
mental observationgl,22]. Fang and Le¢24] observed a power
law dependence of mixing time with Reynolds numbéy,
=¢ Re™L, consistent with that observed in this study whgn(2
—-v). The power was found to vary between -1.69 and -2.12 by
application of the incorporation modg25] to experimental data
[24]. Such powers can be obtained by choosing appropriate values
for ¢ and v in our proposed model. Further, a wide range of
mixing times reported in the literatufd,24] can be obtained by
choosing appropriate values for the parameters in the model. For

0.4
(b)
0.3 1
S 02
0.1 Km=10*
0.05 0.1 0.15 0.2
0/0,
0.4
@
0.3 =10
S 02
1
0.1
0.05 0.1 0.15 0.2
6/0,

(a) Time variation of the
Cp(0), in a CSTR

for y=0.01,»=-2/3, and k,=100; (b) Time variation of the bulk fluid concentration,
Cy(0), in a CSTR for «),=0.1, 10, 1000 with y=0.01,»=-2/3; (c) Time variation of the

bulk fluid concentration,

=1; (d) Time variation of the bulk fluid concentration,

=107%,1072, 1 with »=-2/3 and k=1
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Cy(0), in a CSTR for »=-1/3,-2/3,-1 with y=0.01, and &,

Cy(0), in a CSTR for y
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a

Table 1 Experimental parameters ® and values of 6, and k), used to fit the data ? in Figs.

8(a)-8(c)

Figure rpni v,mL/& t,, s 0,=t; Kyo Ky
8(a) 600 1.0 900 90 6
8(b) 600 0.5 1800 180 6
8(c) 200 1.0 900 90 2
*Reference 26].

example, choosingy,=1 and 6 withk,,=0.1 s1,«=0.2, and» rotational speeds. The experimental variables and the parameters
=-2/3 yields typical mixing times of 1-5 s, that are observeselected for the model are listed in Table 1. The valuegyptre
experimentally{1]. consistertt with Eq. (3.21) for typical mixing times of 1-5 s, so
We next investigate how the model agrees with experimentdat fork,,=0.1 s*,@=0.2, andv=-2/3, we havexy,=1 and 6.
observations. Tracer dispersion experimdi28] have been per-
formed to assess mixing in a Taylor—Couette cell. Both the rota- =onclusion
tion speed of the inner cylinder and the input flow rate were varied ) )
in the experimentgTable 1. Increasing the rotation speed de- We have proposed a population balance approach to quantita-
creasesy and increases, causing a more rapid breakup andively represent the fluid eddy size distribution and to characterize
lower values of the bulk concentration. As discussed earlier, tHee time-dependent average interfacial area of fluid eddies by a
influence ofy on the time evolution of the bulk concentration ignoment relationship. Our objective was to explore the hypothesis
minimal. Thereforex, was chosen as adjustable and proportiondP assessl) if such computations can be executed rapidly and
to the rotation speed. The experiments were conducted at two fi§fficiently, and(2) if general experimental observations can be
rates of 0.5 and 1 mL/s corresponding to residence times of «plained by the model. The relationships with other models that

proximately 1800 and 900 s, respectively. Fop=0.1s*, e have discussed are also relevant. We find the model is a
=t kyo is 180 and 90 for the two flow rates Figuré&a)?ré(c; straightforward approach that elucidates experimental and model-
r"™*noo " H

show that the model results match the experimental data satis;%%tiﬂgfgg\?;ﬁgzgoi; ?Aingér:gpﬁ?agiéﬁgfg\gesemc?fdPrr?p?é%ceerlstisﬁ;.t&
torily when ry is 6 and 2, respectively, for the 600 and 200 rp theory. The model assumes that uncorrelated eddy distributions

describe binary fragmentation and coalescence, concentrations in
the continuous and dispersed phases are uniform and that the im-

0.14 miscible continuous and dispersed phases are well mixed in the
0.12 vessel.

. 0.1 Models can be judged by the types of parameters that appear in
% 0.08 the governing equations. In the current theory several parameters
< 0.06 are given by the conditions of the problem: the volume fraction of

0.04 dispersed fluidg, the initial and inlet dispersed fluid concentra-
0.02 tion, Co andCj,, and the initial bulk fluid concentratioiGp,. The
a computational results are relatively insensitive to the coalescence-
002 004 006 008 01 012 0.14 fragmentation ratioy less than 0.1. The parameteis related to
/8, the shape of turbulent fluid eddies, and thus is likely to be in the

range —1/2 to —0.9. The Damkohler numbey;, which is a ratio
of mass transfer coefficient to fragmentation coefficient, is deter-

0.14 mined by comparison with one experimental point, as demon-
0.12 strated here and in our previous report on the population balance
- 0.1 modeling approach to turbulent reactive mixif®j. We have as-
< 0.08 sumed certain conditions for the population balance equation,
© 0.06 namely, coalescence with constant rate coefficient and random-
0.04 kernel fragmentation with rate coefficient proportional to fluid el-
0.02 ement size. These conditions lead to an analyfisahilarity) so-
: lution for the size distribution with time dependence incorporated
0.02 004 006 008 0.1 012 0.14 in the average size and determined by a single parammgte,
8/6, surprisingly simple asymptotic time dependence of the average

eddy size P29~ (1+6)7%, governs the moment behavior and thus
the mass transfer, allowing a straightforward computation of the

0.14 s eee e Y
012 © % mixing time in terms of the two significant parametersaand «y,.
i ) Although based on concepts familiar to chemical engineers, the
¢ U . new approach described here diverges significantly from other
L 0.08 mixing theories and simulations, but realistically describes key
© 0.06 behavior of turbulent blending.
0.04
0.02; Nomenclature
0.02 0.04 0.06 008 0.1 012 014 Cc = concentrat!on of the dlspersgd fluid, mofm
0/6, ¢, = concentration of the bulk fluid, mol/
C=c/cy = concentration of the dispersed fluid
Fig. 8 Comparison of the model [Egs. (3.19) and (3.20)] with (dlmensmn_les)s o )
¥=0.01 and »=-2/3 and the experimental data of Marchisio et Cp=cy/cy = concentration of the bulk fluiddimensionless
al. [26]. The other parameters are listed in Table 1. a = volume fraction of dispersed fluid
570 / Vol. 127, MAY 2005 Transactions of the ASME
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time
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average residence time, astjrV/Q

inlet condition
initial condition

Eng. 1, A10.

[9] Frisch, U., and Orszog, S. A., 1990, “Turbulence: Challenges for Theory and
Experiment,” Phys. Today43, pp. 24-32.

[10] Madras, G., and McCoy, B. J., 2002, “Numerical and Similarity Solutions for
Reversible Population Balance Equations With Size-Dependent Rates,” J. Col-
loid Interface Sci.,246, pp. 356—365.

[11] McCoy, B. J., and Madras, G., 2003, “Analytical Solution for a Population
Balance Equation with Aggregation and Fragmentation,” Chem. Eng. S®;i.,
pp. 3049-3051.

[12] McCoy, B. J., and Madras, G., 2002, “Tracer Mixing Dynamics during Aggre-
gation and Fragmentation,” AIChE J48, pp. 2167-2178.

[13] Patwardhan, A. W., and Joshi, J. B., 1999, “Relation between Flow Pattern and
Blending in Stirred Tanks,” Ind. Eng. Chem. Re88, p. 3131.

[14] Chen, M. S. K., 1971, “The Theory of Micromixing for Unsteady State Flow
Reactors,” Chem. Eng. Sci26, pp. 17-29.

[15] Alvarez, M. M., Zalc, J. J., Shinbrot, T., Arratia, P. E., and Muzzio, F. J., 2002,
“Mechanisms of Mixing and Creation of Structure in Laminar Stirred Tanks,”
AIChE J., 48, pp. 2135-2148.

[16] Ottino, J. M., 1985The Kinetics of Mixing, Stretching, Chaos, and Transport
Cambridge University Press, Cambridge.

[17] McCoy, B. J., and Madras, G., 1998, “Evolution to Similarity Solutions for
Fragmentation and Aggregation,” J. Colloid Interface S0, pp. 200-209.

[18] McCoy, B. J., and Wang, M., 1994, “Continuous-Mixture Fragmentation Ki-
netics: Particle Size Reduction and Molecular Cracking,” Chem. Eng. &8;i.,
pp. 3773-3785.

[19] ziff, R. M., 1991, “New Solutions to the Fragmentation Equation,” J. Phys. A,
24, pp. 2821-2828.

[1] Nere, N. K., Patwardhan, A. W., and Joshi, J. B., 2003, “Liquid-Phase Mixingroq] geek, J., and Miller, R. S., 1959, “Turbulent Transport In Chemical Reactors,”

in Stirred Vessels: Turbulent Flow Regime.” Ind. Eng. Chem. Rég,, pp.

2661-2698.

[2] Brodkey, R. S., 1967The Phenomena of Fluid Motiondddison—Wesley,

Reading, MA, pp. 327, 335, 339.

[3] Baldyga, J., and Bourne, J. R., 199irbulent Mixing and Chemical Reac-

tions Wiley, Chichester.

[4] Joshi, J. B., and Renade, V. V., 2003. “Computational Fluid Dynamics fo
Designing Process Equipment: Expectations, Current Status, and Path F

ward,” Ind. Eng. Chem. Res42, pp. 1115-1128.

[5] Ottino, J. M., DeRoussel, P., Hansen, S., and Khakhar, D. V., 1999, “Mixin
and Dispersion of Viscous Liquids and Powdered Solids,” Adv. Chem. Eng.

25, pp. 105-204. . _ )
[6] Danckwerts, P. V., 1953, “The Definition and Measurement of Some Charad=25] Fournier, M. C., Falk, L., and Villermaux, J., 1996, “A New Parallel Compet-
teristics of Mixtures,” Appl. Sci. Res., pp. 279-296.

[7] Madras, G., and McCoy, B. J., 2004, “Chemical Kinetics and Reactive Mix-
ing: Fragmentation and Coalescence in Turbulent Fluids,” AIChESG, pp.

835-847.

Chem. Eng. Prog., Symp. Sebp, pp. 23-28.

[21] Abramowitz, M., and Stegun, I. A., 1965{andbook of Mathematical Func-
tions Dover, New York.

[22] Voncken, R. M., Holmes, D. B., and Den Hartog, H. W., 1964, “Fluid Flow in
Turbine Stirred, Baffled Tanks—II: Dispersion During Circulation,” Chem.
Eng. Sci., 19, pp. 201-298.

I - )
&?_3] Patwardhan, A. W., Pandit, A. B., and Joshi, J. B., 2003, “The Role of Con-

vection and Turbulent Dispersion in Blending,” Chem. Eng. S&8, pp.
2951-2962.

g[24] Fang, J. Z., and Lee, D. J., 2001, “Micromixing Efficiency In Static Mixer,”

Chem. Eng. Sci. 56, pp. 3797-3802.

ing Reaction System For Assessing Micromixing Efficiency—Determination
Of Micromixing Time By A Simple Model,” Chem. Eng. Sci51, pp. 5187—
5192.

[26] Marchisio, D. L., Barresi, A. A., and Fox, R. O., 2001, “Simulation of Turbu-

[8] McCoy, B. J., and Madras, G., 2003, “Chemical Kinetics in Dispersed-Phase lent Precipitation in a Semi-batch Taylor-Couette reactor Using CFD,” AIChE
Reactors: Effects of Fragmentation and Coalescence,” Int. J. Chem. Reaction J., 47, pp. 664—676.

Journal of Fluids Engineering

MAY 2005, Vol. 127 / 571

Downloaded 03 Jun 2010 to 171.66.16.154. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Unstructured Grid Based

Reynolds-Averaged

Navier-Stokes Method for Liquid
Shin Hyung Rhee Tank SIOShlng

Lead Engineer

Member ASME

Fluent, Inc., 10 Cavendish Ct.,
Lebanon, NH 03766

e-mail: shr@fluent.com

The present study is concerned with liquid tank sloshing at low filling level conditions.
The volume of fluid method implemented in a Navier—Stokes computational fluid dynam-
ics code is employed to handle the free-surface flow of liquid sloshing. The geometric
reconstruction scheme for the interface representation is employed to ensure sharpness at
the free surface. The governing equations are discretized by second order accurate
schemes on unstructured grids. Several different computational approaches are verified
and numerical uncertainties are assessed. The computational results are validated
against existing experimental data, showing good agreement. The capability is demon-
strated for a generic membrane-type liquefied natural gas carrier tank with a simplified
pump tower inside. The validation results suggest that the present computational ap-
proach is both easy to apply and accurate enough for more realistic
problems.[DOI: 10.1115/1.1906267

Introduction fundamental understanding of sloshing was obtained through the
a%téldies. However, liquid sloshing involves in most cases highly

Sloshing in hydrodynamics can be defined as a free-surf . . : . .
flow in a container that is subjected to a forced motion. Tanr&onllnear and transient motions and therefore requires numerical

sloshing problems in ships or offshore structures are increasin%%ﬁ
of concern to naval architects and ocean engineers, as they

directly related to the safety of the ocean structure as well as to R§tn0ds have clear limitations. o
cargo. The recent increase in demand for midsize tankers and Nere have been four major approaches to the numerical simu-

liquefied natural ga§_ NG) carriers entails more attention on the@ion of liquid sloshing:(1) boundary element integral methods,
accurate prediction of sloshing fluid behavior inside tank2) finite element methods for potential flo@) finite difference/
whereby ship motions are more reactive to the external dist)folume methods solving the Euler/Navier-Stokes equations, and
bances and the natural periods of sloshing are longer due to grét-the smoothed particle hydrodynamics method. As of the end of
ing individual tank sizes. Moreover, the popularity of mooredhe last millennium, Cariou and Casefk provided a compara-
floating production storage offloading units, which need to be diive study of various numerical simulation results, and the perfor-
signed to withstand severe sea states and eventually severe slB¥iice of a variety of numerical methods was presented. It should
ing load inside, warrants more complete and general tools for tafR noted that there are other methods certainly worth being men-
sloshing analysis. Besides ship/offshore hydrodynamics, liqui@ned, but not included in Cariou and Caséhd
sloshing is also an important physical phenomenon that needs td he boundary element integral metho5,6 are the most
be considered in many applications; for example, fuel tanks @fficient way of handling liquid sloshing as long as the liquid
spacecraft, liquid tanks on highway trucks and railroad cars, aAtption is very mild and the container geometry is simple. Re-
large oil storage tanks and nuclear reactors under the influencecently, an effort to couple one of these methods with ship motion
earthquakes, to name a few. prediction analysis has shown the viability of these methods in
Experimental studies have been the most popular approach $ome limited applicationf7].
liquid sloshing and have provided valuable insights into the phys-Another approach based on potential flow methods is solving
ics, e.g., Abramson et dl1]; however, it is difficult to scale down the governing equations by the finite element formulation. Oka-
all the physics involved and extend the model test measuremensto and Kawaharg8,9] and Kim et al.[10] provide good theo-
to full scale predictions. Moreover, it takes a huge amount of tintetical background of the finite element method for free-surface
and effort to carry out the tests even for relatively simple geonflows and show fairly good results. However, a large number of
etries and motions. In the following, therefore, only analytic andmpirically determined formulas and parameters are involved and
numerical approaches in relevant studies are reviewed. only limited validations are presented. Moreover, their free-
In the early days of sloshing studies, when computer simulatisurface solution is limited to mildly varying, single-valued inter-
was in its infancy, several analytic methods were proposed, andaae and cannot allow overturning and/or multiple liquid volumes
good review of studies at that time in the 1960s is available in the domain.
Abramson[2]. Later Faltinser{3] proposed a nonlinear analytic The most popular approach for liquid sloshing today is solving
method using a perturbation technique applied to a potential flahe Navier—Stokes equations with a solution method for moving
formulation and many variations followed. Simple and mild sloshfree surface employing the finite difference or finite volume dis-
ing problems were targets of these methods and a great deakidtization schemegl1-18. Many of them present detailed de-
scriptions of numerical methods and show good comparison with
T resented at the 23rd International Conf Offshore Mechan A experimental data and/or analytical solutions. Both interface
e e e o v spaffcking and capturing methodls are used for free-suriace Solution

of Fluids Engineering, October 8, 2004. Revised manuscript submitted, February %, those  studies, but for truly general free-surface motion like
2005. Associate Editor: S. P. Vanka. sloshing, it is acknowledged that interface capturing methods,

ulation methods that can handle unsteady nonlinear free-
ace flows. For those practical situation problems, analytic
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such as the volume of fluiVOF) method, are desired. With the du doQ
recent advent of high speed computing, application of these meth- F=g- o 20 X v=Q X (QXT) (4)
ods is warranted for more general problems, in which the tradi-

tional potential flow based methods have difficulties, e.g., One\fhereg is the gravitational acceleration vectds, and Q the

involving violent free-surface motion, complex geometries, air €y q|ational and rotational velocity vectors of the tank-fixed co-

;reagtr;ment, liquid vaporization, and significant viscous flow efE)rdinate system, respectively, ands the position vector in the

Last, the smoothed particle hydrodynami&PH method was tank-fixed coordinate systerd. and€ are obtained by sinusoidal

. X i . nption formula with given amplitudes and periods.

applied quite recently to sloshing flows. The primary advantage o Once the Reynolds averaging approach for turbulence modeling
employing this method is that its initial volume grid generation ifs applied, the Navier—Stokes equations can be written in Carte-
relatively simple, as the SPH method is based on the Lagranglagn tensér form as
tracking of fluid particles in the computational domain. Applica*
tions of the method show flexibility in free-surface solutions with
favorable comparison to experimental dgt8,20. Yet more thor- @+i( u) =0 5)
ough validations are desired and anticipated. M ax Py =

As Kim et al.[10] have pointed out, operating LNG carriers
and oil tankers at all filling level conditions has become common
in recent years, and issues with the sloshing motion at low filling ¢ d _dp a dup 2 ay
level are raised as a hot topic for the design of those vessels.E(Pui)J'K(Puiui)"&J'g Mo T = 3%
Although many studies have been done for high filling level con- ! o ! ! !
ditions, for which the sloshing motion is of a standing wave type,
only few studies[10,19 have been found for low filling level
conditions, i.e., less than 20% of the tank length or width, for
which the sloshing motion is of a progressive wave type and {ghere 8; is the Kronecker delta, andpt/u the Reynolds
accompanied by hydraulic jumps and wave breaking. Howevefresses. The Reynolds stress term is related to the mean velocity

rigorous validation and generalization of the computational me(tjgradients, i.e., turbulence closure, by the Boussinesq hypothesis as
ods are lacking in those studies: only free-surface shape and/or

peak impact pressure are considered for simple geometries and

simple motions. In order to address all these issues, the present _pW:M(% + @i) _ g(pk+M%>5_ (7
study focuses on the liquid sloshing motion at low filling level 't X 0% 3 tr7xi !

conditions. The objectives are therefof&) presenting a compu-

tational method that can efficiently handle liquid sloshifg), Wwhered; is the Kronecker delta. It is generally accepted that the
verifying the various computational approachg,assessing the Reynol&s averaging approach is valid in most unsteady flow prob-
numerical uncertaintieg4) validating the computational resultslems, as long as the characteristic time scale is much larger than
against experimental daf21] including the whole pressure his-the turbulence fluctuation time scale, which is the case considered
tories, and(5) demonstrating the capability by applying it to ain the present study. The standaket turbulence mode[22],
generic membrane-type LNG carrier tank with a simplified pumyhich is based on the Boussinesq hypothesis with transport equa-
tower inside. tions for the turbulent kinetic energly, and its dissipation rate,

The present paper is organized as follows. The mathematiegds used for turbulence closure. The turbulent viscogjtyvas
modeling and numerical method are described in the next sectieomputed by combining ande as,ut:pCMkZ/s, whereC,, is an
Then the model problem description and grid generation are pempirical constant set to 0.09 here, and inserted iNBdo close
sented, followed by the validation and results discussion. Laglg. (6). The standard-¢ model is a workhorse of practical engi-
some concluding remarks are made with recommendations fagering flow calculations since the time it was proposed. Robust-

J . ==
+ a_xj(_ pu L)) +F; (6)

future work. ness, economy, and reasonable accuracy for a wide range of tur-
bulent flows explain its popularity in industrial flow simulations.
Mathematical Modeling and Numerical Method As mentioned in the first section, the VOF method was em-

) ) ) ployed to handle the free-surface flow of the sloshing liquid. The

The computations were carried out USIRQUENT, a general \/OF formulation relies on the fact that two or more fluids/phases
purpose computational fluid dynami¢SFD) software. The gov- are not interpenetrating. For each additional phase, a new variable

erning equations are written for the mass and momentum consgyat is the volume fraction of the phase in the computational cell is

vation, such that introduced. In each cell, the volume fractions of all phases sum to
ap unity. The fields for all variables and properties are shared by the
T +V -(pv)=0 (1) phases and represent volume-averaged values, as long as the vol-

ume fraction of each of the phases is known at each location. Thus
the variables and properties in any given cell are either purely
ﬁ(p\,) +V  (pw)=-Vp+V - -(D+F (2) representative of one of the phases or representative of a mixture
a of the phases, depending upon the volume fraction values. Based
wherev is the velocity vector in the Cartesian coordinate systeril the local volume fraction of theth fluid, aq, the appropriate
p the static pressure, aridthe stress tensor given by var!ables and properties are assigned to each cell W|th||_1 the do-
main. The tracking of the interfaces between the phases is accom-
plished by the solution of a continuity equation for the volume
fraction of phases. For thgth phase, this equation has the follow-
ing form:

_ 2
7=pu| (Vv+ VvT)—EV-vI 3)

where . is the molecular viscosityl the unit tensor, and the
second term on the right hand side the effect of volume dilation.

In the present study, a moving reference coordinate system with dag + _

. . V- Va,=0 (8)

its origin at the tank center was used. Therefore, an external force o

momentum source term is incorporated to take the proper trans-

formation between the earth-fixed and tank-fixed coordinate sydete that the volume fraction equation is not solved for the pri-
tems into consideration. The external for€g,can be written as mary phase, but based on the following constraint:
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D ag=1 9
g=1

A single momentum equation is solved throughout the domai
and the resulting velocity field is shared among the phases. T
momentum equation is dependent on the volume fractions of
phases through the fluid properties, which are determined by
presence of the component phases in each control volume, €
p:Egzlaqpq. The surface tension can be handled as a body for
in the interface cells, but is not included in the present study.
the case of turbulence quantities, a single set of transport eq
tions is solved, and the turbulence variables are shared by -
phases throughout the field. Imposing boundary conditions w
simple; no-slip condition on the tank walls.

The present CFD code employs a cell-centered finite-volun
method that allows use of computational elements with arbitra
polyhedral shape. Convection terms are discretized using the s
ond order accurate upwind scheme, while diffusion terms are dis-
cretized using the second order accurate central differencifig- 1 Geometry of the tank and positions of pressure taps
scheme. For unsteady flow calculations, time derivative terms &hown in the x-y plane
discretized using the first order accurate backward implicit
scheme. Currently, the first order accurate scheme is the only one ) )
available for temporal discretization of the volume fraction equd/odel Problems and Grid Generation

tion, and its drawbacks are discussed in Rhee and Koutsg&lis  Two model problems were considered in the present study; one
and Rhee and Makard4]. However, it should be noted that thefor validation and the other for capability demonstration. In both
thrust of the present study is the application of the VOF method ggodel problems, fresh water and air at 20°C were selected as the
liquid sloshing and efforts are being made to enable higher ordgjuid and gas in the tank, respectively. For the validation pur-
accurate schemes for the volume fraction equation. The velocippses, the experiments carried out at the National Maritime Re-
pressure coupling and overall solution procedure are based oBearch Institute of Japan were seledt]. The apparatus used in
SIMPLE-type segregated algorithm adapted to unstructured griflese experimental studies of sloshing allows sway, pitch, heave,
The discretized equations are solved using pointwise Gausgnd roll motion to be imposed on the tank, either separately or in
Seidel iterations, and an algebraic multigrid method acceleraigsy combination. The roll motion is centered at the coordinate
the solution convergence. For large computations, parallel preystem origin that is located at the tank center. The dimensions of
cessing based on message passing is possible. the tank are 1.2 m wide, 0.6 m tall, and 0.2 m deep, as shown
For the calculation of face fluxes for the VOF model, the geagschematically in Fig. 1. It was confirmed during the experiments
metric reconstructiofGR) [25] and high-resolution interface cap-that the flow can be considered nearly two-dimensiof2ap).
turing (HRIC) [26] schemes were employed. These two schem@gessure taps for recording pressure variation with time were in-
have produced the most desirable solutions for various typespélled at 14 locations on one sidewall and on the bottom and top
free-surface flow in the author’s other studiest,27,28. Note walls. In Fig. 1, these pressure taps are labeled P1-P14, and their
that the standard interpolation schemes are used to obtain the fegerdinates are presented in Table 1. Note that only the data from
fluxes whenever a cell is completely filled with one phase or afhree pressure taps, P1-P3, were considered in the present study,
other. When the cell is near the interface between two phases, epasidering the low filling level that is even below P3 when there
of the following schemes is used. is no motion. In addition to pressure measurements, video record-
The GR scheme represents the interface between fluids usinggwas conducted over many periods of motion, allowing visual
piecewise-linear approach. It assumes that the interface betweemparison of free-surface deformation between experiments and
two fluids has a linear slope within each cell and uses this linesimulations.
shape for calculation of the advection of fluid through the cell The pure swaytranslation along the& axis) and pure roll(ro-
faces. The first step in this reconstruction scheme is calculatitegion with respect to the axis) motions were considered in the
the position of the linear interface relative to the center of eagresent study. The motions are simply sinusoidal. For all the
partially filled cell, based on information about the volume frac-
tion and its derivatives in the cell. The second step is calculating

the advecting amount of fluid through each face using the com- Table 1 Coordinates of pressure tapsin =~ m
puted linear interface representation and information about the
normal and tangential velocity distribution on the face. The third X y z

step is calculating the volume fraction in each cell using the bal-

- . P1 0.57 - 0.0
ance of fluxes calculated during the previous step. 0.3

The HRIC scheme is a blend of upwind and downwind discreti- Eg 8:2 :8'% 8:8
zations, so that the computed fluxes of volume fraction do not py 06 00 0.0
overflow or underflow the cells. The blending of the upwind and P5 0.6 0.068 0.0
downwind discretizations is determined by the local distribution P6 0.6 0.126 0.0
of volume fraction, the relative free-surface position to the cell E; 8'2 8'%2‘2‘ 8'8
face where the flux is computed, and the local Courant number. pg 0.542 03 00
Two modifications were applied to the original HRIC scheme such P10 0.484 0.3 0.0
that (1) the explicit integration of the volume fraction equation is P11 0.426 0.3 0.0
done within a subiteration loop, art@) instead of using first order P12 0.368 03 0.0

P13 0.31 0.3 0.0
upwind discretization, the one-dimensional bounded version of p14 0.0 0.3 0.0
QUICK [29] is used, when the flow is parallel to the interface.
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Table 2 Computational conditions for rectangular tank cases

Name Motion Filling level Amplitude Period
Sway-base Sway 20% Height 0.06 m 1.94 s
Sway-short Sway 20% Height 0.06 m 174 s
Roll-base Roll 20% Height 10° 225s
Roll-short Roll 20% Height 10° 1.85s

cases, the filling level was 20% of the tank height. Two cases f
pure sway motion with a sway amplitud®, of 0.06 m were
considered; one with period, of 1.94 s and the other with of
1.74 s, referred to asway-baseand sway-shortcases, respec- Fig. 3 Base line 2D structured grid for rectangular tank cases
tively. Similarly, two cases for pure roll motion with a roll ampli-
tude, 6, of 10 deg were considered; one withof 2.25 s and the ) ) ) )
other withT of 1.85 s, referred to asll-baseandroll-short cases, < 60=7200 cells with the first cell size off the tank wall being
respectively. These cases were deemed appropriate for the preS> m. The 3D grid was a simple extension of this grid in the
study, as they reveal the physics associated with sloshing at [8yrd direction, with 120<60x 20=144,000 cells. The coarse and
filling level conditions, the primary concern of the present studfine structured grids were generated by doubling and halving the
Table 2 summarizes the conditions for these cases. grid spacing of the base line 2D structured grid in each direction,
For demonstration purposes, sloshing at a low filling level coiesulting in 60<30=1800 and 248120=28,800 cells, respec-
dition in a generic LNG carrier was considered. It is a simplifie§ively. A 2D unstructured grid was also generated to evaluate the
geometry of a typical membrane-type LNG tank with a pumperformance of the code on unstructured grids in terms of effi-
tower inside as shown in Fig. 2. The tank shape was taken fréi¢ncy and accuracy. Four quadrilateral cell layers were attached
Abramson et al[1]; the 2D tank shape in Fig. 5 of their paper wad0 the tank wall to resolve boundary layers and triangular cells
extruded in the third direction and a cylinder representing a sirfiled the remaining region of the domain, as shown in Fig. 4. The
p||f|ed pump tower was added. The dimensions of the tank We@yerall grld resoll..ltlon IS Comparable to the base line 2D struc-
1.38 m wide, 1.02 m tall, and 1.5 m deep with upper and lowéyred grid, but with a larger number of cells, 13,074. For the
chamfers. The upper chamfer's width and height were bofieneric LNG tank cases, an unstructured grid with 918,830 prism
0.295 m, while those of lower chamfers were both 0.14 m. 8€lls was generated. The first cell size off the tank wall was ap-
cylinder of 0.1 m diameter, which represented a simplified punffoximately 0.001 m. Figure 5 shows a partial view of the grid.
tower, was inserted at 0.05 m from one of the walls along the
center plane. A model scale condition with low filling level was/alidation and Discussion

considered, i.e., with a filling level equal to 12% of tank breadth, First of all, for thesway-basecase, evaluation results of com-

0.166 m, and a combined motion of swisanslation along th&  , ational approaches are presented. Then numerical uncertainties
axis), roll (rotation with respect to the axis), and pitch(rotation  3re assessed in terms of grid and time step size dependence of the
with respect to the axis). Each mode of motion with respect toso|ytions for thesway-baseease. In the last subsection, the com-
the center of the tank was sinusoidal with sway amplitude ftational results for both the rectangular tank and generic LNG

0.015 m, sway period of 2 s, roll amplitude of 10 deg, roll perioghnk cases are presented and discussed, along with validation re-
of 2.5 s, pitch amplitude of 1 deg, and pitch period of 30 s. Theyts against the experimental data.

static pressure history was recorded at the halfway point along the
knuckle of the lower chamfer, P, in Fig. 2. Computational Approaches.For thesway-base&ase, four dif-
Multiple grids were generated to check the validity of the chderent sets of computational approaches were evaluated; laminar
sen mathematical modeling as well as to evaluate the grid dep8aw versus turbulent flow, 2D versus 3D, structured grid versus
dence of the solutions. For the rectangular tank cases, four 2Dstructured grid, and GR scheme versus HRIC scheme. This
grids and one three-dimension@D) grid were generated. The €valuation is deemed to be an essential prerequisite for rigorous
base line 2D structured grid, shown in Fig. 3, consisted of 12@lidations, as these issues need to be understood clearly prior to
the final validation runs. Other computational parameters, e.g.,
under-relaxation factors, turbulence model constants, etc., were
set based on the author’s experience from previous studies, and
their influence on solutions was found to be insignificant in prob-
lems of the present kind. Note that the baseline setup is the GR

Fig. 2 Geometry of the generic LNG tank Fig. 4 A 2D unstructured grid for rectangular tank cases
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Turbulent
------ Laminar

Fig. 7 Comparison of 2D free-surface shapes from solutions
with and without turbulence

static pressure histories at P1 from 2D and 3D solutions. The two
lines are very close to each other and suggest that the 3D effects
are not significant in these rectangular tank cases.
Third, the free-surface shapes from solutions on the base line
) o ) ) structured and unstructured grids are shown in Fig. 11. The VOF
Fig. 5 Partial view of the generic LNG tank grid solutions are nearly the same on both grids, assuring that the VOF
method of the present study performs equally well on triangular
) cells. The static pressure histories are also close to each other.
scheme employed for turbulent flow on the baseline 2D structurgghwever, the unstructured grid consists of larger number of cells
grid with a time step sizeAt, of 0.001 seconds. It takes

1.2 seconds per time step to run gway-basease with the base-
line setup on a 2.6 GHz Linux desktop PC.

First, Fig. 6 displays the comparison of static pressure histori o oas 0.05 0075 0.1 0125 0.15 0175 0.2 0225 0.25 0275 0.3 0325 0.35 0375 0.4 0.425 0.45 0475 0.5
at P1 with and without turbulence. Note that the initial hydrostati :
pressure values are subtracted for the static pressure prese
throughout this study. Only small differences are seen betwe
two curves; however, the laminar solution sometimes shows u
physical fluctuations, which seem to be due to numerical instabi
ties that resulted from ignoring turbulence effects. The same te
dency is also observed in the free-surface shape. As shown in F
7, the free-surface shape from the laminar flow solution exhibi
unphysical irregularities and instabilities. Moreover, the contou
of the root mean square of the turbulent velocity fluctuation,
=\'Fk, displayed in Fig. 8, indicate pockets of non-negligible tur \
bulence levels in both air and water regions, wherein the free
surface is represented by the thick solid line in the domain. In- Fig. 8 Contours of turbulent fluctuation
cluding turbulence effects is, therefore, necessary especially for
low filling level sloshing cases, in which violent fluid motion
brings about significant turbulence.

Second, Fig. 9 shows the free-surface shape at a certain ins
in a 3D simulation. Except for the small areas near the sidewal
the free-surface shape is nearly two dimensional, confirming t
experimental observation. Figure 10 displays the comparison

Turbulent
158 U eeesee- Laminar

Pressure (kPa)
(=]
wn

.-

Fig. 6 Comparison of static pressure histories at P1 with and
without turbulence Fig. 9 A 3D free-surface shape at a certain instant
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Table 3 Averaged impact pressure at P1 from GR and HRIC
solutions

Averaged impact pressutkPg Error (% measuregl

Measured 1.533
GR 1.490 2.80
HRIC 1.328 13.4

cases. For theway-basecase with the base line setup, the local
Courant number, which is based on the tank width, motion period,
and individual cell size, ranges from 4107* to 0.12, well
within the known upper limit of 0.7. It does not necessarily mean,
however, that the base line setup provides the most accurate com-
putational results possible by the present method.

Fig. 10 Comparison of static pressure histories at P1 from 2D
and 3D solutions Numerical Uncertainty Assessmentin order to ensure high
quality solutions, both grid and time step size dependence tests
were carried out. The variable selected for the tests is the averaged
pact pressure at P1. The grid dependence in terms of the rela-
difference,e, between base line and fine grids is less than
6.2%. Note thate is the relative difference in the solutions ob-
ned at two grid or time step size levels considered and defined
C%ez_(‘Pcoarser_ Efiner) ! Priners Whe_reﬁocoarserand ®finer represent th_e
tions at the coarser and finer levels of the two, respectively.
€ results obtained on the coarse grid show 15.3% difference
m the corresponding results obtained on the base line grid and

and accordingly requires more CPU time. For geometries that
be meshed easily using the structured grid generation approaciﬁv
is recommended to utilize this advantage as much as possible
Last, the comparison of the static pressure histories at P1 fr
the solutions by the GR and HRIC schemes is shown in Fig. 1,
The HRIC scheme solution appears smoother and under predi
the pressure peaks, suggesting that the scheme is more diffu
and perhaps more suitable for mild unsteady or steady flows. T IH

behavior is confirmed in Table 3, which presents the comparis re not considered for analvsis. Similarly. the time step size
of the averaged impact pressure at P1. The definition of the av ﬁﬁgendence was estimated vgith .three diff)grAtis base Iinpe
aged impact pressure is presented in the section for Results 190,001, large At=0.002, and extra large\t=0.004. In each

Comparison with Data. It is interesting to see that while the mg: ? - : : ) .
tion of the free surface is not very different for the two schemelMe Step, subiterations were carried out until the solution residu-
s drop at least three orders of magnitude, which proved suffi-

the pressure prediction reveals considerable difference. This ; .
servation is congruent with the general notion that the GR scheff&Nt for general unsteady flow solutions. Normally it takes 10-20
produces a more accurate solution for unsteady flow. Subiterations to achlevg the solution con_vergence_wnhln each time
Based on these computational approach evaluation results,zg%‘o)' The time step size depenc_ience in terms cﬂ_ less than
base line setup, i.e., the GR scheme for turbulent flow on %. Table 4 summarizes the grid and time step size d_ependence
structured grids, was employed for the rest of the rectangular tarr%u'ts' BOth of the de_pende_nce test results pro_vlde ewd_ence that
the solutions are practically insensitive to the grids and time step
sizes in the considered range. Table 4 also presents the estimated
order of accuracy,p, which is defined asp=Inl(¢medium
—————— Structured ~ @coarsd! (Pine = Pmedium 1/ IN(r), Where @eoarse Pmedium 8Nd @fine
...... Unstructured are solutions at coarse, medium, and fine levels, respectively, and
r is the refinement ratip30]. Even though the theoretical orders
of accuracy are two and one in space and time, respectively, the
values ofp based on the selected variable are somewhat different
and indicate that the present computational approach has an order
¢ of accuracy somewhere between one and two, which is the gen-
eral tendency also observed in other CFD codes, e.g., see Wilson
et al.[31]. In the following sections, the results obtained on the
base line grid and with base lingt are presented and validated.

Results and Comparison with Data.In this section, the com-

Eing'thlel baig”ﬂﬁ:r;?”c?frgg ;Le;'sﬁsr{?‘c; Srgfépersi dfsrom solutions puted results for the rectangular tank cases are presented first with
uctu unstructured g comparison to corresponding experimental results, especially in
2 detail for thesway-basecase, and then discussed with respect to
L5
Table 4 Grid and time step size dependence results
& 1
Ef 05 Grid Averaged impact pressu(kPa €
E Fine 1.588 6.17%
0 Base line 1.490 15.3%
Coarse 1.262 p=1.22
05
) ) . Time step size Averaged impact press(kBa £
o 0.5 1 15 2
VT Base line 1.490 0.94%
Large 1.504 2.46%
Fig. 12 Comparison of static pressure histories at P1 from GR Extra large 1.541 p=1.40
and HRIC solutions
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Fig. 13 Comparison of 2D free-surface shapes from the experiment and computation

the effects of different modes of motion and lengths of the periodoth measurements and computations, as pointed out in Abramson
The results for the generic LNG tank case are presented nextetaal.[1] and Kim[16]. The above averaging, which is similar to
round off the demonstration of the capability. the measure used by the Bureau Veritas, is a relatively simple, yet
The predicted free-surface shapes at different times are coguite meaningful, measure for structural design, as it is crucial in
pared with experimental visualization. Although the free-surfacgructural design to have comprehensive and reliable information
deformation varies from one period to another, observation of tieé both the probable impact pressure and whole time histories of
flow over several periods suggests that these variations are réteal pressure and total force on the walls. The raw pressure his-
tively small and that no important new features appear in differetdries show that, at a given location, peak pressure values are
periods. Therefore, figures showing instantaneous free-surfaynerally in the range of 1.5 and 5.5 times the averaged impact
shape from the simulation are compared with experimental vispressure. As for the whole histories, the agreement between mea-
alization at approximately the same time within one period. Figusaired and computed values is excellent.
13 shows typical results for theway-basecase. The figures of  In addition to the pressure histories at individual pressure taps,
computed results also display velocity vectors colored by statice force histories on the tank walls were also recorded. As indi-
pressure. The agreement is very good in terms of free-surfaddual pressure histories at specific points are important for the
shape. Also in the computational results, the regions of high presructural analysis aspect, the total force histories on the tank
sure are identifiable and the fluid motion due to the traveling wavealls are important for the interaction of liquid sloshing with the
is clearly observed in the liquid region. motion of the floating body on which the sloshing liquid acts.
For thesway-basease, Fig. 14 shows the comparison of statiEigure 15 presents the computed force historNion the right
pressure histories at three pressure taps, P1-P3, which are locatewtl side wall. It is observed that the force history generally
inside the region where the effects on the wall of the sloshingsembles that of the individual pressure histories, but with milder
liquid are large. The overall agreement is very good both quanfieaks.
tatively and qualitatively. Note that there are two spikes in each The results of the other rectangular tank cases are presented
period, which represent the impact of the sloshing liquid whemow. Figure 16 shows the comparison of static pressure histories
there is the first hit by the traveling wave and the second by tla three pressure taps, P1-P3, for shey-shortcase. The agree-
momentum change due to the liquid falling down that onceent is as good as for trevay-basecase.
climbed up along the sidewall. Another point to note is the pres- The same comparison is made for the roll motion cases. Figs.
sure history at P3 in which the pressure is zero for approximately and 18 present the comparison of static pressure histories at the
0.7 T in each period. This zero pressure indicates the time wheame three pressure taps for tfd-base and roll-short cases,
the pressure tap is above the free surface and dry. respectively. For theoll-basecase, the comparison is fairly good,
The comparison of averaged impact pressure from the expaithough the first peak pressure in each period is overpredicted
ment and computation is presented in Table 5. The averaged iamd larger than the second, unlike the trend in measurements. The
pact pressure is obtained by averaging the highest 10% presstomparison for theoll-short case is the least favorable of the four
values for the periods considered, which is over at least five pecases considered for rectangular tank sloshing. This seems to be
ods. It is well known that there is a need to filter out the noise idue to the faster movement of blobs of fluid lumped together by

578 [/ Vol. 127, MAY 2005 Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.154. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Present

5 . Experiment 5 \

Pressure (kPa)

0 [ L L s s i s s " ) 1 N " s " 1

0 0.5 1 1.5 2 2.5 0 0.5 1 5 2
vT vT
4 Fig. 15 Total force history on the right hand side wall— sway-
base case

Present
Experiment

[ — Present
Experiment

Pressure (kPa)

g
I
1 1 1 Il 3
0 0.5 1 1.5 2 2:5 §
T &
4
Present P " . "
Experfnent . 0 0.5 1 1.5 2 25
3F : vT
H
H
4
2F Present

Pressure (kPa)

—_
T

2 2.5

Pressure (kPa)

0 W
n n " n 1 N " 1 1
0 0.5 ] 1.5
YT
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the rolling motion with the shorter period. Finer grids and smalle
time step sizes may be required to handle this behavior with t
momentum source term, E¢4), and produce better simulation
results in this case.

Compiling all the results computed for the four cases involvin
the rectangular tank sloshing, it can be summarized (@athe =
effect of different periods is cleath) the second pressure peaksg
are sharper when the period is shorte); the receding speed of o
fluid from one sidewall is slower when the period is longer, it @

Pres:

Table 5 Comparison of averaged impact pressure from experi-
ment and computation

Location MeasuredkPa Computed(kPa  Error (% measureg

P1 1.533 1.490 2.80 vT
P2 1.355 1.471 8.56
P3 1.398 1.345 3.79 Fig. 16 Comparison of static pressure histories at P1 (top), P2

(middle ), and P3 (bottom )—sway-short case
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. strictly equal any of the input periods provided by the motion
other words, the slope of pressure history after the second prggrameters, which is obvious due to the combined motions in
sure peak is milder with a longer perlo(ij)_ overall trends in e modes, i.e., roll, sway, and pitch.
computational prediction agree fairly well with that in experimen-
tal measurements; arl@) better agreement is obtained for sway, .
motion cases and it is attributed to the more stringent requir oncluding Remarks
ments for grids and time step sizes, which results from the moreLiquid sloshing at low filling level conditions is studied using a
complicated momentum source term for rotating motions, cf. Etlavier—Stokes solver. The VOF method is implemented in the
(4). CFD code to handle the free-surface flow of liquid sloshing. The

Last, the results of the generic LNG tank case are presentgéometric reconstruction scheme for the interface representation
Unfortunately there are no experimental data available for cons-employed to ensure sharpness at the free surface. The governing
parison and only computational results are discussed. Two snapuations are discretized by second order accurate schemes on
shots of free-surface shape at different time steps are displayediivstructured grids. Several different computational approaches are
Fig. 19. Apparently 3D effects are significant, and the influence @érified and numerical uncertainties are assessed and summarized:
the pump tower on the sloshing liquid is clearly seen. Also wortlor the problems where 3D effects are not significant, 2D results
noting is the irregular free surface that reveals the burst of larggow good comparison with experimental data; because of the
air bubbles that were trapped during the wave breaking. The statiockets of high turbulence due to the violent motion of liquid,
pressure history at P is presented in Fig. 20. The trend is largélybulence effects should be taken into account in mathematical
the same as that in rectangular tank cases, but the period doesmodleling and computational methods; the present CFD code’s
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gest that the sway motion cases are more forgiving in terms of
grid and time step size requirements, perhaps due to the simplicity
of the momentum source term for coordinate transformation. The
capability is demonstrated for a generic membrane type LNG car-
rier tank with a simplified pump tower inside. Although valida-
tions are not possible due to the unavailability of experimental
data, the results show fairly reasonable behavior of liquid sloshing
under a general tank motion. The overall results suggest that the
present computational approach is both easy to apply and accurate
enough for more realistic problems. Important outstanding issues
for future work include improvement of numerical methods for
faster solution procedure, handling of the fluid-structure interac-
tion due to the insulation system on tank walls, modeling of the
liquid compressibility and cushioning effect of bubbles, and cou-
pling with external motion of the floating body on which the
sloshing liquid acts.
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Influence of Wall Proximity on the
e rene | LIt @nd Drag of a Particle in an
sk et | OSCillatory Flow

Mathematics and Computer Science Division,

Argonne National Laboratory, We report on the lift and drag forces on a stationary sphere subjected to a wall-bounded
Argonne, IL 60439 oscillatory flow. We show how these forces depend on two parameters, namely, the dis-

1 tance between the particle and the bounding wall, and on the frequency of the oscillatory

Juan M. Restrepo flow. The forces were obtained from numerical solutions of the unsteady incompressible
e-mail: restrepo@math.arizona.edu Navier—Stokes equations. For the range of parameters considered, a spectral analysis
Department of Mathematics and found that the forces depended on a small number of degrees of freedom. The drag force
Department of Physics, manifested little change in character as the parameters varied. On the other hand, the lift

University of Arizona, Tucson, AZ 85721 force varied significantly: We found that the lift force can have a positive as well as a

negative time-averaged value, with an intermediate range of external forcing periods in
which enhanced positive lift is possible. Furthermore, we determined that this force
exhibits a  viscous-dominated and a  pressure-dominated range  of
parameters[DOI: 10.1115/1.1905647

1 Introduction or unidirectional analyses are not generally applicable. Hence, the
. . . Keulegan—Carpenter number plays a more prominent role in de-
di \{[Ve Study the Pft and dr_rég f(ﬁrces On;Sphﬁrﬁrat |shheld af'.x?éimining the nature of the flow than does the Reynolds number.
IStance away from an ideatly smooth waill. the Sphere 1S Maqeaq this was borne out in FLR02: Variations in the flow were
meTse.d N an |nco.mpre55|b_le fluid that is supjected to tlm%l’gnificantly more dramatic when the Keulegan—Carpenter num-
periodic forcing. This study is a follow-up on Fischer et@dll por a5 varied, rather than when the Reynolds number was varied,
(hereafter referred to as FLRD2n which we explored the depen-\ynen the particle was resting on the bounding wall. Our present
dence of the lift and drag on the Reynolds number and the nqflyicyjations do not indicate that introducing a gap changes this
dimensional forcing period, referred to as the Keulegan—-Carpeniglicome much. Hence, all results presented here correspond to a
number. In that study the sphere was also held fixed in time afiged Reynolds number of 100. The insensitivity of the lift and
space; however, it rested on the bounding wall. The methodologyag to the Reynolds number is not totally unexpected: The Rey-
followed here is the same as in FLRO2: We use time-dependejfids number is defined in terms of the maximum speed of the
three-dimensional simulations of the Navier—Stokes equationsftg-field (bulk) flow, the diameter of the particle, and the fluid
obtain the flow from which we can obtain the lift and drag on thgiscosity. This choice of Reynolds number is more appropriate for
particle. a steady-flow situation; nevertheless, we use it because FLRO2 as
In FLRO2, we reported that, for the range of parameters cofvell as this study were inspired by experimental work due to
sidered, the lift and drag varied more dramatically with changes Rosenthal and Sleafl6] in which the Reynolds number was de-
the Keulegan—Carpenter number rather than with changes in fireed as stated above. The gap parameter, on the other hand, is
Reynolds number. In this study we focus on how these forcearticularly important because the proximity of a wall to an object
depend on the Keulegan—Carpenter number and ogapevhich  subjected to steady flows has a significant influence on the forces
is the shortest distance between the surface of the sphere andetkigerienced by the particlsee Hall[7], Cherukat et al[8], As-
wall, normalized to the diameter of the particle. molov and McLaughlin[9], and references mentioned in these
Numerous studies have examined oscillatory flows past statiomerks). It would be reasonable to expect important changes on the
ary cylinders(e.g., Bearman et dl2], Sarpkayd3], Obajasu et al. lift and drag forces on a particle subjected to a flow in the vicinity
[4], Justeser]5]). Many of these studies have been motivatedf a wall when the gap width is varied, especially if the boundary
primarily by the need to characterize forces resulting from rhyttiayers in the neighborhood of the wall and the sphere are compa-
mic flow around submerged pipes in oceanic settings. Little, howable to the gap width.
ever, has appeared in print regarding forces on a spherical particlén Sec. 2 we describe the physical configuration of the particle
in an oscillating flow, particularly in proximity to a bounding wall.and the flow. We also briefly describe how this flow is computed
When one compares the experimental results of Rosenthal andnerically. In Sec. 3 we present the numerical results of mea-
Sleath[6] and FLRO2, it becomes clear that the topological difsurements of the drag force and discuss its dependence on the gap
ferences between two-dimensional cylinder flow and thre@nd frequency parameters of the flow. In Sec. 4 we discuss the
dimensional flow past a sphere prevent one from extrapolating tfgsults for the lift force. In Sec. 5 we consider the dynamic impli-
cylinder results to the spherical case. cations of combined drag and lift forces. We also describe the
Our flow configuration is characterized by the three indepeﬁualltatlve changes Fhat occur in the flow field and how they relate
dent flow parameters: The Keulegan—Carpenter number, the REychanges on the lift and drag forces. A summary of the results
nolds number, and the gap. The resulting fluid motion due to &RPears in Sec. 6.
oscillating far-field velocity field is unsteady, and thus steady sta&e Computational Model

Our computational model is based on the incompressible

1Corresponding author. Telephor(&20) 621-4367, Fax(520 621-8322. iAr_ ; f R B i
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Table 1 Gap size, domain dimensions, and number of As in FLRO2, we usai=0 as an initial condition in all cases.
elements The base flow is established in one of two ways, depending on the
period. For relatively short periodg<40), periodic boundary

N L Ly L. K conditions are used in thedirection, and the flow is forced by a
0.0156 275 55 7.8156 2836  time-periodic mean pressure gradient. Becadses linear inp,
0.125 27.5 55 7.925 2836 we can write the pressure as
0.25 28.0 9.0 10.50 4116
0.50 28.0 9.0 10.75 4116 p=p' (X,Y,z1) + pox,t), (4)
0.70 28.0 9.0 11.00 4116
1.00 28.0 9.0 11.75 4116  where
27X 27t
Poi= — cod — (5)
T T
supplies the desired time-dependent mean pressure gradient and
V.u=0, (2) p’ is the computed perturbation pressure, which is spatially peri-

odic. Note that drag-coefficient computations must include the full
n- pressurg4) and not just the computed perturbatiph

For longer periods, the base flow is established by specifying
Dirichlet conditions on either end of the domain. When the far-
gield base flow is in the positivex direction, we set
u(-Ly,y,z,t)=up and use a homogeneous Neumann condition at
x=+L,. When the far-field base flow is in the negatidirection,

e reverse these conditions. The Neumann condition corresponds
e usual outflownatura) boundary condition associated with
tokes subproblem that is solved in each step. Note that the
required hydrostatic forcing results directly from application of
the boundary conditions and that the auxiliary presqgrées not
needed.

where u=(u,v,w) is the nondimensional velocity ang is the
pressure normalized by the fluid densityThe equations are no
dimensionalized by the characteristic length-sda)ehe particle
diameter, and the convective time scal®,U, whereU is the
amplitude of oscillation in the far-field velocity. The Reynold
number is Re= UD/ v, with v the kinematic viscosity. The results
presented below have a fixed Reynolds number of Re=100.
The discretization of(1) is based on the spectral elemen
method in space and a characteristics-based second-order acc ﬁa
splitting in time (Maday et al[10]). Full details of the discretiza- '€
tion can be found in FLR02 and Fischigrl]. The computational
domain is the parallelepipge-Ly, L] x[-L,,0]x[0,L,]. Homo-

geneous D|r|ch|et_cond|t|on(su—0) are applied on the _bom_mdlng We tested the consistency of the results with regard to changing
wall, located atz=0, and on the surface of the unit-diametef, ,qary condition strategies. The maximum difference between
sphere centered &,y,2)=(0,0,3+¢). Here,e is the nondimen-  the it computed with the periodic boundary conditions and the
sional gap width, referenced to the diamef2rof the sphere. jnflow—outflow boundary conditions for=40 and e=0.5 was
Boundary conditions on thg=-L, andz=L, planes are free-slip, 0.34%.

no-penetration, which correspond to reflection symmetry aboutat each time step, we compute the lift and drag coefficients,
the given plane. In order to reduce computational cost, symmetjien by

conditions are also employed about =0 plane. A full three-

dimensional calculation carried out in FLR02 demonstrated the C = F. (6)
appropriateness of the bilateral symmetry assumption under the LT 5

current flow conditions. Table 1 lists the domain sizes and number EAPU

of elements,K, employed for each value of considered. All

reported cases are run with polynomial degk&e5 in each ele- F

ment. For all cases, the time step size Wwas 0.05, in convective Cp= x, (7)
time units. Note that it is the convective timescale that determines EApUZ

the stability and accuracy constraints Ahand not the period-. 2

The CPU time per simulation period thus scales in direct propQiggpectively, wheré, andF, are components of the dimensional

tion to 7. - ~ force on the particle and=mD?/4 is the cross-sectional area. We
Several mesh convergence studies With8 andN=10 con- noqyce additional subscripts, M, andA to indicate the respec-

firmed me_sh i_ndependence. The_appropriateness o_f the timesje minimum, maximum, and average @ and(7) over a single
and domain sizes were also confirmed. For the particular casecftle in the time-periodic flow state.

e=1, 7=10, the mean lift for a simulation withl=10, K=9632,

At=0.025, and domain dimensiork,,L,,L,)=(38,16,15 was

found to be within 0.4% of the production simulation run. The

maximum difference in the lift coefficient was 0.9% over a give® Drag Calculations

period. The numerical simulations result in time histories of drag and

The base flow conditions are such that, in the absence of §¢ yata for each(r, ) pairing. A typical set of drag histories is
particle, the nondimensionalized velocity field would be shown in Fig. 1 for the case af=0.5 and several values of

[ 2mt s [ 2mt Figure 2 shows the constituent viscous and pressure contributions
up=|sinl — | -e*sin( — -745/,0,0 (3 to the drag for the same cases. Over the range of parameters
considered, the drag behavior is smooth and essentially mono-
which corresponds to a unit-amplitude velocity field oscillatinghromatic, with a dominant frequency 6&2#/ 7. The pressure
back and forth in thex direction with nondimensional period  and viscous contributions are slightly out of phase for smalhe
For viscous flows, this results in a time-periodic boundary layghase lag becomes smalleraisicreases. These curves also show

T T

with characteristic thickness that only a few oscillations are required to obtain a periodic state,
starting from rest, with a somewhat longer time frame for small
T .. -
5= Re’ All of the summary datdminimum, maximum, and averagare
7Re

computed during the final period.

In this study the period is in the range €G-< 300, and thus the  In Fig. 3, we plotCp (e, 7), the peak drag coefficient, for each
Stokes layer range is 0.£76<0.98, which is comparable to the of the gap values considered. As-0, Cp  exhibits a rapid in-
range of the gap, 0.0156e<1.0. crease and a similar value for all of the gaps considered. For the
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Fig. 1 Drag histories for €=0.5; (a) #=10, (b) 7=40, (c) v=120, and (d) 7=260

larger periods, there is a significant spread in the drag coefficient 8l
as a function of the gap, with larger gaps corresponding to in- CDMYO_ 3 7 (8
creasedCp .

M’
The drag behavior can be understood by considering its con-
stituent pressure and viscous components. The pressure drag ¥hile an inverse power-law trend is indicated by the data in Fig.
sists of a term arising from the mean pressure gradient that drivdsthe exponent is not self-evident. In Fig. 4 we plot @ for

the flow, dpy/ 9%, and a term associated with the computed pertus=0.125, along with its respective pressure and viscous contribu-

bation pressure’. From (4) and(5), we see that the mean com-tions, CDM andCD . (Note thatCD equaIsCD +CD only
ponent scales as?, and we may expect this term to dominate thevhen the pressure 'and viscous forces are in phim slope of

overall drag for suff|C|entIy small periods. Because the mean preSp,, on this log—log scale indicates an exponent of about —0.63

sure varies linearly with, its contribution to drag is simply the at T_plo indicating that we are outside of the range wH@&eis
pressure gradient times the volume of the particle. When nOfmabmlnatmg the overall pressure. An extension(@pis obtained

ized bysz2 the resulting contribution t€p,, is by accounting for the flow-separation that results in additional

Viscous and Pressure Drag & = 0500

=10

8
| |
w
-1k ' .......... RESRRERS Che R TSP N TARRRRSTE
0 100 200 300 400 500 600 700
o O0S5F o — viscous |
@ 0 /\ A /\ /\ - - Pressure

LI B A A v AT v A vv

0 200 400 600 800 1000 1 200 1400 1600

Fig. 2 Pressure and viscous contributions to the drag histories for €=05; (a) 7
=10, (b) =40, (c¢) 7=120, and (d) 7=260
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max drag

Fig. 3 Cp,as a function of gap € and period =

pressure dradthe p’ contribution). Supposing the flow is fully cause the physics in the largdimit is quite different due to the

separatedi.e., Cpr =~ 1), interaction of the Stokes layer with the particle. Figure 4 reveals
81 that Co,, drops substantially below unity for large This drop is

CDp“ 1+?;, (9)  explained by the momentum deficit associated with the Stokes
o o layer near the wall, which is growing ad/?. Particles within the
which is also plotted in Fig. 4. Stokes layer do not “see” the full velocity magnitudg, One

The magnitude of9) is in reasonable agreement w'ﬁ]@)M for might, therefore, expect that particles further from the wall would

the smaller periods but is not correct for Ia_irgevvhere(g) —1. exhibit larger values o€y  in the larges limit. Conversely, for
while Cp | p—>0 ast increases. This result is to be expected be- M

Drag

Fig. 4 Cp,, CDM,p' and CDM,V for €=0.125. Also plotted are Egs. (8) and (9)
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small 7 and, hence, smalb, the drag behavior should not benondimensionalization. For short periods, the time scale will be

strongly dependent oe. These behaviors are indeed evident ifi= 7/2, which is the length of time that the flow proceeds in a

Fig. 3. given direction. Thus, in the smatidimit, we expect the viscous
Regarding the viscous contribution to the drag, one can maligag contribution to scale as%5. In fact, we observe in Fig. 4

arguments similar to that for the pressure in the case of sh@?‘) ~o(T 0.4 for =10, which is in reasonable agreement with

periods. The peak value of the viscous drag will scale agjs" analysis.

,8Ava/5 whereA is the cross-sectional areg,an order-unity

constant, ands a characteristic boundary layer thickness on thé Lift Calculations

particle surface. Standard dimensional arguments imply that theF|gure 5 shows the lift histories for the=0.5 case at values of

boundary layer thickness scales @8)"/%, whereT is a relevant : corresponding to the drag cases of Fig. 1. Figure 6 shows the

viscous time scale. For long periodiseglecting any interaction viscous and pressure contributions to the lift for the same cases.

with the Stokes laygyT is essentially the time of flight for a fluid We see that the time history of the lift does not exhibit the nearly

particle to pass the sphere, which is unity given our choice sfmple harmonic behavior observed in the drag histories. For the
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Fig. 6 Pressure and viscous contributions to the lift histories for e=05; (a)
=10, (b) =40, (c¢) 7=120, and (d) 7=260
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Fig. 7 (a CLM' (b) CLm, (c) and (d) CLA as a function of gap € and period 7; (d) shows small 7 details of CLA

shortest periodr=10, the behavior is dominated by a single freregime is one in which the average lift can be negative. That is,
quency, which is twice the fundamental frequency due to the forfor a given gap width, there are values efsmall enough for
aft symmetry of the flow conditions. Nonetheless, the negatiyghich there is a net suction. On the other side of the transitional

extrema are more sharply peaked than the positive extrema, thilgime C, does not change considerably witiand represents a
indicating the presence of higher harmonics. In Fig. 6 the contra A

ing sharpness of the peaks is clearly present in both the visccﬁt‘&tsforce that, on average, is directed away from t-h.e bound!ng
and pressure lift contributions. Fer40, a strong subharmonic atVall: The e=0 case has the most pronounced transitional region.
714 is present in both the viscous and pressure lift contributionfsigure 7 shows that the maximum lift fe=0 is positive for all
Finally, for 7=260, we return to a strong fundamental signal witir>10. In FLR02, however, we found that the maximum quickly
period 7/2. However, the viscous and pressure peaks are outtehds to zero for values af<10. For the larger gap sizes inves-
phase, such that the total lift is essentially a flat signal with pertigated (i.e., for € close to unity, the average lift is small and
odic negative spikes. The negative extrema coincide with thggative atr=10.

change in sign of the bulk velocity field given 1g). _ Figure 8 shows the viscous and pressure components of the

function of € and 7. By symmetry con5|d_erat|0ns, the lift is €X"\iscous- and pressure-dominated lift regimes which are separated
pected to go to zero asgets large. The figures clearly show thi

trend. We examined the=4 case(not shown in this papérto Sby a cross-over point ire-7 space. For small gap widths, this
confirm this outcome. We found that the lift becomes nealrpt):ﬁossover either does not occur or occurs for periods smaller than
simple-oscillatory with periodr/2 and that its magnitude, for a {he ones examined in this study. In FigaBwe see no crossover.
fixed 7, is smaller than all other cases considered here, that i8,the remaining figures we see a crossover between the viscous
tending to zero. In addition, the lift is expected to go to zera-asand pressure components. Furthermore, the crossover point
goes to infinity. We return to this point in the subsequent discuslearly tends to larger values efas e increases. Figure 9 shows
sion. the average lift regimes borne out of the numerical simulations.

A salient feature of Fig. 7 is the appearance of a regime qhe crossover points were obtained numerically and were con-
parameters that exhibit significant positive time-averageddiff, nected in the figure by straight lines. The average lift value at
which we refer to as the transitional regime. The transitional ranggich crossover occurs becomes smaller in magnitude asoth
of parameter space ranges from roughty30 to 7=100. The %Pdfget larger.

figure shows an increase in the average lift in the transition As mentioned. for fixed. the lift is expected 1o do to Zero as
regime, particularly for small-gap cases. Below that transitional ' ! P 9
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Fig. 8 C,, (solid), average of the viscous component of the lift (diamonds ), average of the
pressure component of the lift  (stars); as a function of 7, for (a) €=0.250, (b) €=0.375, (c) €
=0.425, (d) €=0.500, and (e) €=0.750. Note scales.

1.1+ . S SO o e e

goes to infinity. This would be the limit of Stokes fldwOur O VOV SR ]
computational configuration does not allow us to explore th - : ; : : .

limit, but the tendency is certainly present. It may be somewh @gf- - PR Frovnn] e SO b e 1
puzzling to consider the Stokes flow limit if we are holding the f ’ : : ' j §
Reynolds number fixed at 100 in our exploration of parameti 0.8f & P IR 3l SRR PRI
space. The apparent contradiction is resolved by realizing t VISCQUS DOMINATED : . :

Reynolds number used here, based on the external flow, becor 0.7 pre B B e 1
less relevant in the regime of very largeAs 7 goes to infinity the : " : : ; : :

Stokes layer thickness gets lardat a rate proportional ta*/?); 0.6} Do
the Stokes layer becomes infinitely large, when compared,to ; ; PRESSURE DOMINATED:
and the impinging velocity shear goes to zero. 05t R

To gain further insight to the nature of the lift force in the large : :
7 limit, we conducted a separate set of steady-state calculatio %4[ "¢ : : : : :
We considered the lift conditions in the largdimit for the par- 20 40 60 80 100 120 140 160
ticular casee=0.5. AsT— o, we can expect the flow conditions to T

Fig. 9 Boundary line in (€, 7)-space for the pressure and the

INot to be confused with Stokes boundary layer solution to oscillatory boundéiscous dominated regimes for the average lift Ci,- The calcu-
flows. lated points have been connected by straight lines.
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Fig. 10 Lift for a sphere in a plane Couette flow,
=10"4-10!

€=0.5, for a Re"=DU'/v in the range of Re ~

be quasi steady-state adg>1. Under these conditions, the back-this limit to apply, we must havé>1+e¢ (the normalized sphere

ground velocity profile near the wall is=(0,0,c2). Here,c is
found by differentiating3),
A,
oz
which takes as its maximuigover time

2 [27Re
Crmax= E = s

For €=0.5, the center of the sphere is locatedzatl and the
velocity at the sphere center is thu$:=c. The steady-state cal-
culations used the same computational domain as considere

%(Sin(Z’iTt/T) + coq2mt/ 7)),

z=0

the oscillatory case but with boundary conditions such that the,

base flow corresponds to plane Couette flow witk(0,0,2)
(i.e., the flow is normalized by the base-flow velocity). We

heighd, which implies7> 7 Re(1+¢€)2.

Figure 11 shows the spectral contentGyfit; ; €), correspond-
ing to the cases considered in Fig. 5. The most prominent feature
of these plots is the relatively few degrees of freedom present in
the lift signal, which suggests that a simple and practical param-
etrization of the lift might be possible. Regardless of the forcing
period, the spectra will always contain the half-period sigtta
lift goes through two cycles per forced oscillatjoriFor short-
period forcing, the spectra indicate that nearly all of the energy in
the lift is captured by ther/2-period degree of freedom. As
increases, a cascade of subharmonics appears. The overall energy

(ﬁf. the signal also decreaséise., the lift decreasgsFor larger

dlles ofr, the spectrum becomes more regular; that is, the cas-
de contains commensurate subharmonics. An example of this is
shown in Figs. 1(c) and 11d). Furthermore, as the gap is in-
creased, the spectrum becomes more regular, and the energy in the

considered a series of trial runs with finite Reynolds numbersypperiods decreases significantly. Examination of all the spectra,

R€ :=DU"/v in the range of Re=10%-10". The computed lift

coefficients are shown in Fig. 10 and clearly show a trend towagge

an order unity constant. From the data,
o} L
I_ =
1
Zp(U)?
>PU)

The dimensional relationship betweé)ﬁ_ andC is
U . 2mRe .
— ] C C
u

L
from which we conclude that

3.6.

27 Re
CLM ~3.6———
r

as 7—, for €=0.5. For other values o we would expect a

particularly for larger, did not yield a power law relationship in
spectrum. For midvalues of the period, say betweeB0 and
7=100, the spectra is more complex: Not only are subharmonics
present and large, but other degrees of freedom can be seen in the
spectra. In fact the half-period component seen in Figb)lis
smaller than other spectral components for tel0 case.

Figure 6 shows that the phase between the viscous and the
pressure components of the lift is not constant across. afor
small values ofr the two components are largely in phase, and the
two components play nearly equally important roles in determin-
ing the lift. In the transitional region, however, the two compo-
nents exhibit complex phase relationships and comparable magni-
tudes. For longer periods the magnitude of both components falls
dramatically, the pressure component dominates, and the phase is
still fairly complex. This situation is illustrated in Fig. 12, where
the points represent values of the components of the lift—drag at
different times. The trajectory direction is clockwise for advanc-

similar trend with a different order unity constant. Note that, foing time, except for Fig. 1®), which incidentally, corresponds to
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a case in the transitional range. Figure(d2corresponds tae and the lift decrease. The climb to the maximum value of the lift,

=0.5 andr=10. For the same gap and 40, Fig. 12b) shows that following the second smallest value of the lift, is characterized by

the trajectory is a distorted “Fig. 8.” The rightmost portion of the considerable amount of vorticity in the neighborhood of the

8 is progressing clockwise. With larger the Fig. 8 settles to a bounding wall.

shape similar to that shown in Fig. @2, the 7=260 case. Of note  In Fig. 14 we see that the magnitude of the lift in #el and

is how quickly the pressure component of the lift grows and drops=40 case is smaller than in the=0.5 and7=40 case. We also

in all cases. In these figures a few spurious points correspondstee that the lift is small in comparison to the drag. In this instance,

the early times of the simulation, when transients are present. the lift has only one minimum and one maximum. The lift maxi-
mum coincides with an increase in the asymmetry in the vorticity

5 Combined Lift and Drag distribution. This case, as well as that of Fig. 13, belongs to the

We examine next the combined action of the lift and drag forcéScous-dominated average-lift regime. , o
and relate certain features of these forces to qualitative changes jfri9uré 15 shows the phase portrait and velocity—vorticity dis-
the vorticity field. To do so, we have computed force phase difiioutions for thee=0.5 and7=120 case. In contrast to the pre-
grams. In contrast to Fig. 12, however, these phase diagrams [§i8€ing cases, it corresponds to a pressure-dominated-regime case.
the history of the lift against the drag. The phase diagrams &/ note is the appearance of two maxima in the lift and one
plotted as histories, time being quoted in fractions of the perioflinimum. We observe, as well, that the time progression of the
In addition, we display the velocity and the magnitude of theéhanges in the lift and drag as a function of time occur more
vorticity at the associated stages during the cycle. Since the for&goothly than in ther=40 case. We also note that the lift-drag
are periodic, we display the magnitude of the vorticity only fomagnitude ratio of this case is similar to tlee 1.0, 7=40 case.
times after one half-period has transpired. The main characteristic that makes this case different from the

For e=0.5 andr=40, we see in Fig. 13 that the maximum lift isviscous-dominated cases is the proportion of time the lift is of one
attained when the far field velocity magnitude is near zero. Ti&gn (in this case positive
ascent in phase space, from the second smallest value of the lift tdVe can relate the spectral analysis of the lift, some of which
the largest, occurs very quickly. As the velocity magnitude irappears in Fig. 11, to the phase plots. Doing so, we reach the
creases the drag increases further, the lift quickly reaches its mifaHowing general conclusions: Over a full period of the forcing,
mal value and is then driven slowly to the maximum drag pointhe two largest maxima and minima in the lift are correlated in
Later, as the asymmetry in the vorticity increases, both the drime with the largest spectral components. The smaller features
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Fig. 12 Phase relationship between the pressure and viscous components of the average lift CLA, for €=0.5; (a) =10, (b) =

=40, (¢) 7=120, and (d) ¥=260. Shown here is the superposition of 6.5 periods of data, including the initial transient data.

are correlated to the smaller amplitude spectral componentsredds number. Here we explored how the lift and drag forces
well. Since the phase portraits are periodic, with period equal thange as the gap as well as the forcing period parameters are
half the forcing period, the periods of the spectral componentaried.
smaller than the dominant one must be additively commensurateThe drag force is found to be very uniform in character, for a
in smaller groups, usually two. In the transition regime, where theide range of period and gap values. The drag is the prevalent
largest spectral component is not the half-period of the forcinfprce, when compared to the lift, if consideration is limited solely
the largest extremum is associated with the largest componentotheir relative magnitude; nevertheless the complex phase rela-
the spectrum, the half-period component with the next largestnship between the lift and drag suggests that in some contexts
component. Qualitatively, for moderateand the larger= range, ignoring one of the components of the total force would yield a
the lift is characterized by a smaller but more sustained positip@or description of the dynamics of a particle, unless, perhaps,
lift. For the samee and 7 in the transitional range, the lift is when the buoyancy force is overwhelming.
characterized by more peaked and shorter-lived bursts. One maye found that there are clearly identifiable regimes in which
speculate that this difference in behavior, when comparing thige average lift is primarily described as viscous- or pressure-
transitional and the largerregimes, may be associated in an idedominated. We find that the lift has a range(iy7) parameter
alized fluid flow as follows: supposing that the buoyancy and lipace in which enhancement takes place and that the lift force is
forces on a particle are comparable in this idealized flow, thfjalitatively different when the gap is present, as compared to the
transitional regime would be more effective in dislodgement angkuation where the gap is not there.
the longer period regime more effective in keeping a particle in This study raises several questions, the most important being
suspension. the following: Why is there a parameter regime of enhanced av-
eraged lift? What is the underlying reason for there being a pres-
sure and viscous dominated regime in the lift?
6 Summary This study also concludes that one should be able to build a
In Fischer et al[1] we numerically computed the lift and dragrobust and widely applicable model for the combined lift and drag
on a stationary sphere in the neighborhood of an ideal wall bourfdfces on particles subjected to oscillatory flows. To this end this
ary, subjected to a time-periodic fluid flow. The lift and drag werpaper provides a fairly complete description of the forces that
obtained as a function of the period of external forcing and Reghould be of considerable aid in formulating such a model.

592 / Vol. 127, MAY 2005 Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.154. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



T 0 et wum Teeoss  sem wre

Tescoure  san aeve

a z
4% 713 N / H
e i ¥ F1 % I
§ ool % enf L
e I : b B
. S i 2 : b o
i i / : i
; - i A ; A kY
v L o . ~3 &
ot - e
Tmesors wes Temors _wie wos R
L b i f /'!
T ¥ I Y T
o = o L g s B
: L ¢ ; k, : - K Flndedons
; = 7 T 7o ! < 7
¥ 2 Y, ¥ 2 . A i 2 4

Fig. 13 Vorticity magnitude, velocity profiles, and phase portrait at t/7=0.375, 0.500, 0.625,

=40

—

0.750, 0.875, and 0.975 for €=0.5, 7

N Y \ !
% oy Y ;
g A B 4
5 N H I 7 5 E ) AN
H = ; ¥
§ H i H
4 ! LY
S —— = v = i
1 —
N
R = . e e
Al 7 2 ; 7Y
K} I v 7 ¥
% ¥ i 7 ER
g IR 7 o 4 -] .
i 7 F T
Y ¥
Y Y Y
=iy —— I =! —

Fig. 14 Vorticity magnitude, velocity profiles, and phase portrait at t/7=0.375, 0.500, 0.625, 0.750, 0.875, and 0.975 for €=1.0, 7

=40

Journal of Fluids Engineering

Downloaded 03 Jun 2010 to 171.66.16.154. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm

MAY 2005, Vol. 127 / 593




N Mt N AR s MM s y N 3
\n 7 v 1
7 7
5 ’[ 1 i 1Y N !
\1g= X A
X 5
b s bl 24 ity
SVANEEBET AW, AN EREENAW N 2
by 1 ri
1 1
5 N 5 N 5 i
X \ WLAAY
Fig. 15 Vorticity magnitude, velocity profiles, and phase portrait at t/7=0.500, 0.600, 0.700, 0.800, 0.900, and 1.000 for €=0.5, 7
=120
Several authors, among them Rubinov and Kellt], Honiji Numbers,” J. Fluid Mech. 154 pp. 337-356.

; ; [3] Sarpkaya, T., 1986, “Force on a Circular Cylinder in Viscous Oscillatory Flow
and Tanedd13], Kurose and Komor{14], and Kim and Choi at Low Keulegan-Carpenter Numbers,” J. Fluid Mech65, pp. 61-71.

[15], have_ found that the estimate.on.t.he lift forces of sph.eres .an% Obajasu, E. D., Bearman, P. W., and Graham, J. M. R., 1988, “A Study of
cylinders in steady flows can be significantly affected by ignoring ~ Forces, Circulation and Vortex Patterns Around a Circular Cylinder in Oscil-
torque. In a future study we intend to take up this question in the lating Flow,” J. Fluid Mech.,196, pp. 467—494.
context of oscillatory flows using similar methods to those used in[5] Jus_tesen, P., 19_91, “A Numerical Study of Oscillating Flow Around a Circular
this work. Later, we will also characterize the lift and drag forces ., cYlinder.” J. Fluid Mech., 222 pp. 157-196.

. ' N . . N - [6] Rosenthal, G., and Sleath, J., 1986, “Measurements of Lift in Oscillatory
on a freely moving particle and determine if there is a preferential ~ Fiow,” 3. Fluid Mech., 146, pp. 449-467.
combination of parameters that lead to sustained suspension @r] Hall, D., 1988, “Measurements of the Mean Force on a Particle Near a Bound-

particle dislodgement. ary in Turbulent Flow,” J. Fluid Mech. 187, pp. 451-466.
The computed data for lift and drag as a function of time, for [8] Cherukat, P., McLaughlin, J. B., and Graham, A. L., 1994, “The Inertial Lift
. g . 5 on a Rigid Sphere Translating in a Linear Shear-Flow Field,” Int. J. Multiphase
periods 16< 7<300 and gaps € e<1, is available and may be Flow, 20, pp. 339-353.
obtained by contacting the authors. [9] Asmolov, E. S., and McLaughlin, J. B., 1999, “The Inertial Lift on an Oscil-
lating Sphere in a Linear Shear Flow,” Int. J. Multiphase FId®, pp. 739—
Acknowledgments 751.

. . i . [10] Maday, Y., Patera, A. T., and Renquist, E. M., 1990, “An Operator-Integration-
This work was carried out in part at Argonne National Labora- — Factor Splitting Method for Time-Dependent Problems: Application to Incom-
tory under the auspices of the Department of Energy under Con- pressible Fluid Flow,” J. Comput. Phys5, pp. 310-337.

tract W—31-109-Eng-38. J.M.R. wishes to thank the DEP and th@l] Fischer, P. F., 1997, “An Overlapping Schwarz Method For Spectral Element
Solution of the Incompressible Navier-Stokes Equations,” J. Comput. Phys.,

MCS Division at Argonne, as well as the support by DOE through 133 pp. 84-101.
Grant No. 329080. [12] Rubinov, S. I., and Keller, J. B., 1961, “The Transverse Force on a Spinning
Sphere Moving in a Viscous Fluid,” J. Fluid Mechl]l, pp. 447-459.
[13] Honiji, H., and Taneda, A., 1969, “Unsteady Flow Past a Circular Cylinder,” J.

References Phys. Soc. Jpn.27, pp. 1668—1677.
[1] Fischer, P. F,, Leaf, G. K., and Restrepo, J. M., 2002, “Forces on Particles in di14] Kurose, R., and Komori, S., 1999, “Drag and Lift Forces on a Rotating
Oscillatory Boundary Layer,” J. Fluid Mech468, pp. 327-347. Sphere,” J. Fluid Mech. 384 pp. 183-206.

[2] Bearman, P. W., Downie, M. J., Graham, J. M. R., and Obajasu, E. D., 198§15] Kim, D., and Choi, H., 2002, “Laminar Flow Past a Sphere Rotating in the
“Forces on Cylinders in Viscous Oscillatory Flows at Low Keulegan-Carpenter Streamwise Direction,” J. Fluid Mech461, pp. 365-386.

594 / Vol. 127, MAY 2005 Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.154. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



o Slot Jet Impinging On A Concave
Virginie Gilard cur"ed Wa"

Laurent-Emmanuel Brizzi

Phone: (33) 0549 49 69 27; . B .
Fax: (33) 05 49 49 69 68; In order to study the aerodynamics of a slot jet impinging a concave wall, flow visual-

g-mail: laurent brizzi@lea.univ-poitiers.fr izations, velocity measurements by particle image velocimetry (PIV) (mean velocity fields
and the Reynolds stresses) and mean pressure measurements were carried out. Among the
studied parameters is the effect of the relative curvature of the wall, in particular the low

Laboratoire 'Etudes Aérodynamiques (UMR curvature radius because of the presence of three semistable positions. It is the first time
6609), Boulevard Marie et Pierre Curie, Téléport that this type of behavior is observed in fluid mechanics. Thus three flow modes are

2, BP 30179, 86960 Futuroscope Chasseneuil observed and their behaviors are described. These different behaviors modify consider-
Cedex, France ably the impinging jet structure and the turbulence values. Finally, from the pressure

measurements, we were able to determine a criterion that allows us to know the behavior
of the jet.[DOI: 10.1115/1.1905643

Introduction Cornaro et al[2] also carried out smoke wire visualizations for
a turbulent axisymmetric jet impinging on a semicylindrical con-
One of the means frequently used by the manufacturers of air ve surface. They studied the effects of the nozzle-to-surface

plane engines to cool the turbine blades is the impinging j& stance and the relative curvature of the surface. Initially, the
technique coupled with the film cooling technique, this proce . : y, they
observed that the flow in the case of a concave surface is very

improves thermal exchanges between walls and fluid. The aim 0 R o i
this technique is to bring a certain quantity of “fresh” air from th nstable, taking into account the destabilizing effect of the cen

engine compressor level and to restore it to the turbine level. T ngQal force and the interaction which exists between the outgo-

fluid goes inside the blades and is ejected, through several lines' 5% flow (wall jet) and the flow exiting the nozzle. This interaction

small holes, on the inner part of the blades. By conduction, tl} duces the probability of obtaining stable vortices in th_e Jet. A.S n
) b ,, . the case of the plane surface, two behaviors are distinguished

heat of the blade is thus “pumped” by the fluid. Because of the - . . i
cording to the nozzle-to-surface distance: When a surface is

low gap between the internal wall of the blade and the holes, ﬁaced at the end of the potential core. thev observe a random
often model this flow by several lines of jets impinging a plang_ " S poter ore, ey ;
wall. However, for the leading edge of the blade, this assumpti(gﬁid'al oscillation of the s’Fagnatlon point which destr(_)ys the vorti-
' ! al structures and the jet symmetry. For lower distafidéd

(plane wal) is not true: The jets impinge upon a concave surfac&’ o . . . X
Also, after many studies of jets impinging on a plane wall, w&" 1), this instability disappears: The stagnation point no longer

have chosen to study the influence of several characteristic par&fcillates, although a strong axial oscillation of the wall jet is
eters of jets impinging on a curved wall: The radius of curvatur@served. Small vortices are observed in the wall jet and keep
of the wall, the impingement heigljet exit-to-surface spacing their integrity until the end of the curved surface. Their study on
and the Reynolds number. the effect of the relative curvature indicates that, wiberid in-

Even though the subject was studied for many yéénst study ~Creases, vortices appear in the mixing layers of the jet but they
in 1969, the number of studies concerning ofe several im-  disappear as soon as they interact with the curved surface. Only
pinging jet on a curved wall remains low: Less than fifteen in th@®r nozzle-to-surface distances larger than 5.26 distinct vortices
past three decades. Preceding the Eighties, the majority of @@ observed. However, the relative curvature effect is often
studies done only relate to the thermal aspect of the problem wittasked by the strong oscillations of the stagnation point and the
an estimation of thermal correlations N&®e). During the wall jet observed for the higher nozzle-to-surface distances
Eighties the first measurements of pressure appeared, while in théd>4) or the lowest nozzle-to-surface distari¢¢/d<1).

Nineties the interest shifted to visualizations of the physical phe-

nomena. It is only very recently that the studies related to t Pressure.In 1981, Hrycak 3] indicates that the static pressure
; y very y %Ffong the axis of an axisymmetric jet is independent of the nozzle-

velocity field of the flow generated by impinging jets on a curve o-surface distance or the Reynolds number. However, in the vi-

wall (main subject of our studyhave appeared. These are sum-. . .
marized below. cinity of the wall, he shows that the static pressure is suddenly

increased. Moreover, he observes in the mixing layer of the jet,
Visualizations. Gau and Chung1] carried out smoke wire vi- that the static pressure is negative. He explains this negative pres-

sualizations for a plane jet impinging on a curv@dncave and sure by the presence of a pressure gradient which is necessary for

convey surface. They observed, like in the plane wall case, thet entrainment.

formation of vortices in the mixing layer of the jet. They noticed Similarly for the plane jet, Brahma et 4] divided the flow in

that, when the slot width increased, the formation of the vorticale vicinity of an axisymmetric jet impinging on a concave hemi-

occurred closer to the slot exit, thus decreasing the potential ceggherical surface into two zonéstagnation region, wall jgt For

of the jet. They estimated that this reduction causes an increaseeath of these regions, Brahma et [@] defined two parts: An

the heat transfer at the stagnation point. After the impact, theismer region corresponding to a conventioflaiminan boundary

structures are convected downstream of the stagnation point in thger and an outer region resembling a turbulent free jet. They

wall jet. The flow structure then becomes turbulent and is nevaluated, at the stagnation point, the momentum thickness of the

easily analyzable. boundary layer in order to estimatey an extension of Polhaus-

en’s approximate methgdhe thickness of the thermal boundary

layer and the local Nusselt number. They observed that these

Contributed by the Fluids Engineering Division for publication in thernAL oF thickness values depend on the distakid®
FLUIDS ENGINEERING Manuscript received by the Fluids Engineering Division :

September 23, 2002; final manuscript received January 20, 2005. Associate Editor-€€ €t al.[5] carried out wall pressure measurements for an
M. Plesniak. axisymmetric jet impinging on a concave hemispherical surface.
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They observed that the wall pressure coeffici@p) is maximum A slot jet, a round jet row and an array of round jets. They show
at the stagnation point and decreases along the surface for all tihat the average heat transfer is most efficient for an array of
Reynolds number values and all the relative curvature studiedund jets and less efficient in the case of a slot jet. These differ-
They also observed that all the pressure profiles intersectdat ences are explained from the local distributions: For the slot jet,
=0.8 and that, beyond this point, the wall pressure becomes they observe the presence of a single peak in the vicinity of the
stable. They explain this behavior by the production of an unstalsigagnation point whereas in the case of a round jet row the distri-
distribution of moment-of-momentum created in the boundafgution is triangular. For the array of round jets, the distribution is
layer which develops on the concave wall. Finally, they noted thatmost uniform. Under these conditions, the level of the local heat
the maximum value of the pressure, located at the stagnati@nsfer is lower than in the two other configurations but the ex-
point, decreases with the nozzle-to-surface distance. changes are more efficient.

i o i In 1991, Gau and Chungl] confirm this study (NUpp

_ Average and Fluctuating Velocity Field. Hrycak[6] was first <NUjg3p) With more accurate measurements. They show that the
interested by ;he axn_al velocity of an axisymmetric Jetimpinging 8,6 of the Nusselt number increases with the curvature because
concave hemispherical surface. He notices that the axial velocgythe appearance of Taylor—Gértler vortices which develop along

He finds a potential coréshorter than in the plane surface c)as%ﬁginiﬂma%eé%%qﬁfrgplrﬁhgﬁotﬁ; ng;tz]trr:nSsufg?'i;— r:r?gxifr?ﬂ;r? :tnap-
tkﬂroximately 8b(according to the results of Gardon and Akfirat

; ! . : 13]). The evolution of the Nusselt number at the stagnation point
Choi et al.[7] carried out velocny_measurem._ents_ W_|th I_ase as first studied by Lee et d5] for a round jet impinging on a
doppler anemometryLDA) for a free jet and an impinging jet. hemispherical surface. More recently, Choi e{@].show that the
They studied the effect of the nozzle-to-surface distance on tga¢ fransfer at the stagnation point for a slot jet evolves according
velocity fluctuations in order to explain the heat transfer results ,,2zle-to-surface distance. For the lowest heightth < 2 to

from the velocity measurements. First, they notice that the thicgj Nup is maximum but decreases with. When the nozzle-to-
ness of the stagnation regiddefined as the thickness where th%urface distance increaséd/b < [3:6]), the impinging surface
axial velocity profile deviates from the free jet velocity profile stays in the potential core but the’no,zzle-to-surface distance be-

around 2b. They show that the axial velocity fluctuations strong Pomes larger than the thickness of the stagnation region. Although

inc_rease "? the stagnation region because of the reduction of h@ mean velocity remains constant, the fluctuations increase
axial velocity when the flow approaches the surface. Foranozz&hich in turn causes an increase of the heat transfer. When

to-surf_ace distance aro_und 1Qke., higher than the length of the becomes higher than the length of the potential dbte-6) the
potential corg they noticed that the concave surface makes flow . . . T
?t velocity decreases, inducing a reduction in heat transfer.

entrainment difficult, inducing a reduction in the turbulence levé ; . .
(compared to the free jet cas&or the nozzle-to-surface distanc Accord_lng to the conclusions of Kataona et[ak], Choi et al.
7] explain the presence of the secondary peak on the Nusselt

studied, Choi et al.7] observe that the wall jet grows in the main mber graphnears/b=4 to 5 by the transition and the creation
flow direction but becomes weaker when the nozzle-to-surfaQJT!.J - grap - Y .
Of_vortices in the boundary layer of the wall jet.

distance decreases. They consider that this reduction creates fter this review. several questions remain. Some points seem
increase of the heat transfer rate when the nozzle-to-surface %S'have a ver ar’ticular imqortance' ) P
tance is small. For the lowest distandé/b<0.5), they observe yp P )

an acceleration of the flow in the wall jet leading to radial velocit)é:h o
. o 8 - . ung[1] show clearly that, taking into account the geometry, the
higher than the velocity jeUr/Uj>1). In conclusion, they esti- . after the impact disturbs the jet flow near the nozzle and
mate that the fluctuations of the radial velocity in the wall jet,qgifies the generation of the vortices. The shape of the cavity
generate the second peak of the heat tranafes/b=4 t0 5  geems to have a considerable effect on the structure of the flow.
observed for lower nozzle-to-surface distances. Yang et al.[8] show that the slit geometry influences the charac-
Yang et al.[8] specify that the shape of the slot influences thgyistics of the jetturbulence levéland modifies the heat transfer
characteristics of the jet. They carried out velocity measuremen}sine stagnation point.
using hot wire technique for three different slot nozZlesund,  The stagnation region thickness was determined by Choi et al.
rectangular shaped and two-dimensio(®D) contoured nozzle 7] byt only from velocities measured on the axis. No information

They show that the mean and fluctuating velocity profiles agg, the spatial velocity distribution or the unsteadiness of the flow
different according to the initial conditions. This difference modiis gyailable.

fies the characteristics of heat transfer at the stagnation point. Many vortical structures develop in the vicinity of the impact

Thermal Aspect. Even though this work does not include a(shear Iay_er vqrtices_and other seconda_ry structures close to the
thermal part, one of the main interests of this kind of study relat¥éll) and if their role in the heat transfer is not any more a doubt
to the heat and mass transfer. Thus, the main application of jé'@o_ma_nn[ﬁ]), the modifications which involve on the aerody-
impinging a concave surface remains the cooling of the inner p&&mic field seem relatively misunderstood.
leading edge of the turbine blade. Because of this application, thel® answer these questions it is necessary to know the unsteady
major part of previous works only address the thermal problem. ghructure of the flow and for this reason we undertook to carry out
most of the studies, the jets are located along one or several lifidy measurements. Before studying the more complex case of a
and impact a semicylindrical surface. The effects of various aef§2€ of discrete jets, we initially undertook the study of a slot jet in
dynamic parameteréReynolds number Rg and geometric pa- order to highlight the structure of a jet impinging a concave
rameters(jet diameters, nozzle-to-surface distance, distance birface.
tween the jets, etg.are studied. The results are generall .
presented by mean of correlations relating the Nusselt numbe?":tépe”mental Apparatus
the other parametelgeometrical and dynamiof the study. Initially, the main aim of our study is to determine the influence

In 1969, Metzger et al.9] and Chupp et al.10] gave the first of the curvature of the target wall on the impinging jet flow. Thus,
correlations including most of the geometrical and dynamic pawe choose to use the simplest model: A plane jet impinging on a
rameters. Metzger et dl9] show that, on an equivalent surfacehalf-cylinder target. Therefore, in order to compare the present
the heat transfer for a round jeghree-dimensional3D)] is higher results with those obtained during our previous studies on im-
than for a slot je{(2D). pingement on flat wall, we kept constant most of the geometrical

Tabakoff and Clevengdi 1] compare the efficiency of the heatparameters. In the present study, the choice of the jet geometry
transfer on a semicylindrical surface for three different injection$é3D jet or 2D je} is posed at first. The case of a plane jet was

Approaching the wall, the axial velocity strongly decreases.

The boundary conditions seem to be very important. Gau and
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initially retained because of more academic geometry allowing to
facilitate numerical modeling even if in many industrial applica-
tions, and particularly in the turbine blades, the configuration of
multiple three-dimensional jets is commonly used. Moreover, the
plane jet is a simple, symmetrical, two-dimensional configuration ot ///
and it is more adapted to known metrologies. |

=i

A E

Dimension of the Injector. To obtain good spatial resolution, a by Y
slot height of 10 mm is retainetb=10 mm. According to Ra- %z
jaratnam[15], the aspect ratio must be higher than 20 to obtain a
quasi two-dimensional flow. We will use an injector channel
300 mm broadL/b=30).

Type of Injection. Because of problems of confinement it was 8%
not possible to use a converging nozzle as injection device and
thus to obtain “Top hat” profiles at the jet exit. We use an injection
device with long feeding circuit¢plane channgl Under these
conditions, we obtain “developed” velocity profiles at the jet exit.
(This choice will, however, involve difficulties for the comparison

with the literature.

Fig. 1 Test geometry

The Reynolds number based on the jet mean flow velocity

U; and the jet heighb (Re,=U;b/v=Qg/Lv). (Re,=1400,

3200, and 6400

Impinging Height. The many preceding studies on of the jets « the dimensionless impinging heigtil /b=3, 5, and 7;

impinging a plane wall showed that the optimal height is always « the relative curvature of the walDc/b=5.2,9.4.

about 5 diameters. We retained three impinging heights around

this value(H/b=H/d=3, 5, and 7. Since the same flow structure and the same effect of the curva-

Impingement Surface.We retained a half-cylinder because iture_ raqlius were observed _for each studied Reynolds number and

is a simple geometry The radius of curvature is more difficult :fé)r impinging height(H/b) higher than 4, only the results for the
' onfiguration where Rg=3200,H/b=7 will be presented.

determine. If it is too large, it approaches the limiting case coffs . : ;
figuration of jet impinging on a plane wall. It should not be too The free jet and the flow dynamics are characterized by the

small for reasons of confinement. In the real turbine blade, it gés_trlbutlons of the mean velocity and turbulen(_:e V?'“¢S a_t the jet

difficult to define only one curvature radius, the value of the relf-;('th(cgmar? et_ al[2], Yang et a(lj'[S].)'hThi velo_cny dlstrlbutéc‘)lns

tive curvature(surface diameter divided by the slot heiglig of the Iree slot jet are measured with a hot wire anempn{ er

about 7. We thus chose to take two values framing this valu%"’.Impllng rate Is 1.0 K.HZ’ 50,000 samples were recordédure 3

Dc/b=5.2 and 9.4. presents the dlstrlbut_lons of the mean_and root-mean sdrasg

values of the velocity for the free jet dx/b=0) and (Re,

Side Walls. The cylindrical impingement wall is closed at these

two ends by side plates. Now the question is to know if the border

of this semicylindrical wall must be prolonged by higher and Flow meice

lower plates. With the impinging heights selectét=30, 50, and

70 mm) and curvature radii selecté®c=52 and 94 mn) several

flow patterns can arise. In particular, for the lowest relative cur-

vature and the strongest impinging heights, a great part of jet is

subjected to the external disturbances. We chose to use additional t Fan

plates in order to avoid the external disturbances. The two plates

impose a more confinement, but which exists in the real blades.

Dynamic Parameters. For the comparison between the two ‘»o- e ] _
configurations(plane jet and 3D j¢f we retained an identical ¢ fest soction
reference lengthjet diameter(d)=slot height(b)=10 mm]. As ..l == —)
the section of injection is differend&urface of injection Jet 2D
=7.64* Surface of injection Jet 3Dwe have the choice between Fig. 2 Experimental device
using the same flow ratdbut different jet mean flow velocitigs ) 018
or using same jet mean flow velocitiésut different flow rates ++++4*"’”'"'+HH"*++++++++
From the thermal point of view the first choice would be retained, ++++ e, 614
on the other hand from the aerodynamic point of view the second g3 | mucp‘ * “"C
choice is relevant. We thus chose to take a velocity idential © e IS R
for the two geometriegthus of identical Reynolds numbers o .t 01 =
The slot is supplied by a right-angled parallelepiped channel %961 ”um o ol 2
(955 mm long, 300 mm wide, and 10 mm hjgfhus, the slot is § " v Qns” . 008
10 mm high and 300 mm wide. The impingement surface consists 5,4 * oy, cuo“n =
of a half cylinder and two plates used as higher and lower bound- . "Pangee” ‘] 0.06
aries. All these elements are transpargituglas 4 mm thick in a 1 004
order to do the visualisations and measurements by PIV velocim- 8.2 {1+ +Mean velocity 4
etry (Fig. 1). 0.02
The upstream side of the test sectiig. 2) is connected to a I @ Fluctuating values 0
fan. Flowmeters and valves are inserted between the convergent  “ ' '\ o' s 0 o 01 02 03 04 05
inlet and the fan to regulate and measure the inlet flow Qate\ yib
heat exchanger is used to control the jet temperature.
The three main parameters of this study are: Fig. 3 Distributions of mean and fluctuating values of the ve-

locity for the free jet (Re,=3200)
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Measurements are obtained for several experimental configura-
tions. For each configuration, 5000 independent samples of mea-
surement are recorded at 10 Hz, divided into 25 packages of 200
recordings. From an initial velocity field, validation and statistical

processes are carried out in order to obtain the mean (Ii_eﬁ)
and the(rms,, rms,, andu’v’) values.

Additional Filtering Process. To eliminate erroneous measure-
ments during the recordingshaded zones, wall reflections, bad
seeding, the data are filtered in each point of measurement, for
each acquisition, and each velocity component. Thus each sample
of measurement is validated according to several criteria. Then the
data processing is carried out in two steps.

In the first processing, each sample is validated according to a
significant value of the signal-noise ratibe threshold is fixed at
2). This corresponds to a signal-noise ratio between the first and

gl
-

t
1 2 3

the second peak of the correlation function used to determine the
Fig. 4 Example of image of a jet impinging a curved wall. velocity. Then starting from these validated values, a velocity his-
(Re,=1400, H/b=5, Dc/b=9.4) togram at each point and for each velocity component is built and

smoothed. A threshold is applied on the bottom part of the veloc-

ity histogram. The meagU,V) and fluctuating(rms,,rms,) val-
=3200. The mean velocity is divided by the velocity at the jeties of the velocity are thus estimated. These estimated values are
axis (y/b=0) and the rms values are divided by the jet mean flowsed to obtain the boundaries of the bandwidth filter
velocity (U;). We observe that the velocity fluctuations are verin K*rms,).

low (=0.05U;) near the jet axigy/b=0) but at the edge of the  |n the second processing, the initial measurements are again
nozzle(y/b=+0.5), the values are highdr=0.13U;) due to the filtered with a lower threshold than the first processitgignal—
mixing layers of the jet. noise ratio at 1.b Measurements are then filtered by bandwidth
re-using the results of the first processing. Supposing that the
velocity histogram is Gaussian, only the values included in the

Visualizations 0
. K . . . i
The flow visualizations were obtained by laser tomography. Trl]réterval (U£K*ms,) are validated. T coefficient is a mea

jet flow is seeded with a smoke generataater and glycering sure of the conf_ldence level and is equal to 3. The mean valu_es

and is illuminated with light sheets issuing from an Argon-lo apg ﬁtrf]]ae”flucc;ll::a;tllgtrésd f%ﬁi??ﬁevsg)sctnpyrggggi?\gergn?n?hgiigtigg::nst

laser. A digital camergHCC-1000 Camera, 10241024 pixel3 ith mor)é than 3000. validated vectors are retaiinedy

gives the possibility to record some sequences of images withh '

frequencies up to 1000 frames per second. During the experi-Velocity Measurement Uncertainty. The errors inherented in

ments, the jet is seeded only a few seconds at the beginning of the PIV measurements were quantified according to Westerweel

visualizations in order to not pollute the whole field and wg16] with a 95% confidence level. The errors of the method

waited for the disappearance of the totality of the seeding befafainly depends on the scale calibratien0.65%), the pixel dis-

doing another recording. Moreover for technical and symmetplacement(~1.04%), and the time interval between the two im-

part of the flow and for several experimental configurations.  syrement, it is necessary to add to the precision the various biases
Figure 4 presents the slot jet impinging the curved wall for thgf this technique. There are many biases and some of them are not

following parameters Rg=1400,H/b=5, andDc/b=9.4. On this  easily quantifiable. For example, we will note the bias related to

“snapshot,” we observe that the jet, issuing from the left, impacigterpolation sub-pixelWesterwee[16]) or the bias due to the

the curved wall at its centefx/b=5; y/b=0). Then the flow zones with strong velocity gradietiteane[17]). However, if we

separates and each part of the jet follows the curved wall, one pagsure that the biases are less the twice of the uncertainty allotted

downwards and the other one upwards. The formation of the vag-the precision, the uncertainty is estimated at 3% for the mean

tices is also observed in the jet mixing layers. These vorticeglues and at 6% for rms.

characteristic of a shear layer, appear as an undulésiamting Most of the measurements are realized in and around the sym-

from x/b=3), and develop into rolls up shapes further downmetry plane(x=0) of the slot jet for all the configurations.

stream. Then they impact the wall and finally convect downstreamggy the reference poirlix/b=5.3; y/b=0.7) and for the con-

in the wall jet. figuration where Rg=3200,H/b=7, andDc/b=5.2, we observe
that the time evolution of the vertical componéwtare mainly
Velocity Measurements by PIV distributed between +3 m/s.

For the convergence calculations, only the values validated by

: ; : fie data processing are used. We observe, for the reference point
1120 el CeTique A SPECTRA PENSICS N 1, 5 To-0 7 it conergenc  eacnodin -0 5%
measurements with the PIV systdibANTEC Technology that from 150 samples for the mean velocltiyand from 2500 for the
allows us to obtain several planes of velocity. A laser beam pefins, values. Thus the recording of 5000 instantaneous velocity
etrates the bottom of the test rig by means of the “telescopic ari¢lds is sufficient to obtain statistical convergence.

ERROL allowing us to illuminate the flow in the plane of interest.

Seeding is obtained using a atomiZemater and glycerine The Results
mean size of the particles is less than Qm.

Pictures are obtained using a Kodak MegaPlus ES 1.0w cameréigure 5 is the mean velocity field obtained by PIV for the
(768% 484 pixels double framesworking in cross-correlation following parametergRe,=3200;H/b=7; Dc/b=9.4). We ob-
mode. TheFLOWMANAGER 2.22 software controls the Piv2000serve that the jet issuing from the left impacts the center of the
processor which converts pictures into velocity fields. curved wall at(x/b=7 andy/b=0). At this location, the flow

The velocity measurements were carried out by the partictl
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Fig. 5 Mean velocity field and rms , values (Re,=3200; H/b
=7; Dclb=9.4)

separates in two parts. Each part of the fluid skirts the curved weg-
and is symmetrical on each side of the horizontal dyi$=0).
Thus we observe clearly an impact on the curved wall. In thit
configuration, rms values of the horizontal compon@ht have a
rather particular form: The maximum valugs=0.3U;) are
reached in the vicinity of the jet shear layer. These two area
located symmetrically about theaxis meet in the vicinity of the
stagnation point and form a horseshoe shapeFig. 5. For the  ©®)
vertical componentV), the intensity of the maximum fluctuations o )
is almost identical to that of the horizontal componenfid- 6 Mean velocity fields and rms values of horizontal com-
(=0.15U)). On the other hand, the location of these maxima flonent U (a) and vertical component V' (b) (Re,=3200; H/b

. . . . =7; Dc/b=5.2)
different: It is close to the impact poitik/b=7; y/b=0).

For this configuration, we note that, for several aspects, this
behavior is similar to the one observed in the case of a single jet
impinging a plane wall. It is not the same when the wall curvaturgbout thex axis, but there seems to be a “dead fluid” area which
radius is modified. prevents the jet from impacting with the curved wall. Thus, the

Figure 6 shows the mean velocity field obtained by PIV for th#uid makes a half-turn and comes out, as mentioned previously, at
following parametergRg,=3200; H/b=7; Dc/b=5.2. We ob- the top and bottom of the figure. For the horizontal and vertical
serve now that the jet issuing from the left does not impact dielocity fluctuations, we also observe many transformations. For
rectly the center of the curved walk/b=7 andy/b=0). Indeed, the horizontal componeritms,), the position and values of the
there is a triangular area in the vicinity of this impact point whermaxima evolve considerably.
the velocities are very low. The mean flow is always symmetrical Figure Ga) also shows two zones with high intensity

- 800
0 700
100 600
20 500
200 400
150 300
1o 200
£ 100
0+ . ]
a) 415 .10 .05 00 05 10 15 20 25 30 35 4D 45 54 b) .2 16 12 .08 .04 0 04 08 12 16 2

Fig. 7 Histograms of the horizontal component (a) and the vertical component
(b) at the reference point (x/b=6.7; y/b=0) (Re,=3200, H/b=7, Dc/b=9.4)

a) b)

Fig. 8 Histograms of the horizontal component (a) and the vertical component
(b) at the reference point (x/b=5.3; y/b=0.7) (Re,=3200, H/b=7, Dc/b=5.2)
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.

(=0.6U;) located symmetrically about the jet axis ¥ib=4.5 €
andy/b=+2.5. For the vertical componefdf. Fig. 6b)], we find

the same behavior as for large radius of curvature: Only a sing
zone of maximum in the vicinity ofx/b=7 andy/b=0). How- -
ever, we can notice that the level reached for the lower radius

I I
SRR NANANN L VL v e
SOANNNANNNSANANNN VL e o s
FE SRR RWE S e AN MV A N SR S A g e

e e D N D N I D I

curvature(=~0.5 U;) is much higher than large radius of curvature

M e R P R P P A R A A
At first sight, this behavior can appear surprising since there is | g SESEAA s S AN
impact at(x/b=7 andy/b=0) in the case of the small relative a PERRASUSEM
curvature. Holoigoe i La g gt a g g bofppg b i b ot b ol
In the case of the lower relative curvatui@c/b=5.2), the fact  ® ° ! : 5w ! 9 6 ¢
that the jet does not impact the center of the curved wall is a ratF
surprising phenomenon. Thus in order to understand this differe 5 =SSN L 487 s

behavior between the two relative curvatures, the histograms 3
the two components of the velocity, for a point located in the zor w A SSAN
l ; :

of strong rmg values, are built for each curvature radius and fc i “i{\\
the same Reynolds number and impinging height. The histograi gy s =3

of the two components of the velocity for the configuratiéts, T SRR ‘—'_‘_—""\;\k\\f

=3200,H/b=7) are presented in Fig. 7 f@c/b=9.4 and in Fig. a ® !

3 =

8 for Dc/b=5.2. The velocity histograms are built at the referenc
points (x/b=6.7; y/b=0) for Dc/b=9.4 and at(x/b=5.3;y/b
=0.7) for Dc/b=5.2.

For large relative curvaturéDc/b=9.4), we observe for the ’
horizontal component a main peak centered around 3.5 m/s an | BT s
second peak centered around 0 rfigfs Fig. 7(@)]. Therefore, the
horizontal component is mainly greater than 0 m/s. For the ve A N T T T T
tical component only one peak centered around the value 0 m/ © 0 ! 2 3 <b 4 5 6 7
observedcf. Fig. 7(b)]. In this case, the jet comes to impact the
center of the wal(cf. Fig. 9a)].

For the lower relative curvatur@®c/b=5.2), the histograms o
the two components show three distinct peaks, centered aroun
the values(-3, 0, and 3 m/sfor the vertical componentf. Fig.

8(b)] and(-2.3, 0, +2 m/$for the horizontal componefmtf. Fig.
8(a)]. This can be considered as the superposition of three distifigé horizontal componerf1 and U3, V2 and U2, V3 and U1
behaviors. In order to study separately these three configurationfree flows with different characteristics from the mean velocity
we define three velocity ranges for each compondr#; field are obtained. We have verified that the mean velocity fields
-1.5 m/d (range V3, [+1.5 m/d (range V3, and[1.5; 4 m/d of these three flowscf. Fig. 10 correspond with the instanta-
(range V3 for the vertical component arfd-3;-1.4 m/g (range neous velocity fields observed for these behaviors during the mea-
U1), [+1.4 m/d (range U2, and[1.4; 3 m/g (range U3 for the ~surementgcf. Fig. 11.

horizontal component. Figure 1@a) shows the mean velocity field for the first mode

The mean velocity and rms values of the two components &f8&,=3200,H/b=7Dc/b=5.2. We observe, contrary to the
then recomputed by keeping only the velocity fields for which, anean velocity field, that the jet impacts the higher part of the
the reference point, the measurement of the vertical velocity cogurved surface(x/b=2.7; y/b=2.6) and then separates in two
ponent is included in one of the three ranges. The same filtering@eats. A significant part of the jet skirts the curved wall to the
previously used is used to calculate the averages for the velodityttom and another smaller part sets out again directly towards the
fields selected. Then, we observe that each velocity range of tké [cf. Fig. 9b)]. In this case, the flow is no longer symmetrical
vertical component is connected with only one velocity range afbout the horizontal axis.

£ Fig. 10 Mean velocity field for the three modes (Rey,
C?OO HIb=7, Dc/b=5.2)
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Fig. 12 Bifurcation diagram for  Dc/b=5.2

seconds then it moves towards another positibottom or
middle) to be stabilized again. A few seconds later, it starts again.

From our experimentgmainly flow visualizations and some
PIV measurementsve can purpose a bifurcation diagrdaof. Fig.

12) that we could observe for our configuration. On the graph we
observe several stableolid line9 and unstableldashed lines
states according the Reynolds number. For the lower vdlRes
<Re; =500 we observe two stable states: The first one charac-
terizes the flow when the jet impacts the upper side of the target
plate, the second when the jet impacts the lower side. Experimen-
tally we observe that we need a very strong disturbance to pass
from one state to the other. Between the rafige, ; Re,>6400]

we have three stable states: the two previous states and the state
corresponding to the case when the jet impacts the center of the
curved surface. When the Reynolds number increases, the distur-
bance needed to pass from one state to another seems to decrease,
involving the increase of the frequency for the flow structure tran-
sition between modes. For the higher Reynolds numbers values,
we only find one stable mode corresponding to the jet which im-
pacts the center of the curved target wall.

Computations of the fluctuations of each velocity component
for each mode are also carried out. We observe significant modi-
fications for the fluctuations of the horizontal componémis,)
compared to the mean field. Indeed, for the modes 1 afef.3
Figs. 13a) and 13c)), only one zone of strong rmsvalues is
observed. This zone is located @/b=2.2;y/b=0.5 for the
mode 1 and atx/b=2.5; y/b=-0.5 for the mode 3. The maxi-
mum rmg value (=0.4 U;) is definitely weaker than the one for
the mean field~0.6 U;). Moreover, for mode £cf. Fig. 13b)], a
large zone of strong rmsvalues is observed and is located be-

For mode 2[cf. Fig. 10b)], we notice that the jet impacts thetween(x/b=1.5; x/b=5). The maximum rmgvalue (~0.49U;)
center of the curved wall &ix/b=7; y/b=0). The jet separates iS once again weaker than the one for the mean field.
and each part follows the curved wall on both sides of the stag-For each mode, we find, for the rngalues, the same behavior
nation point{cf. Fig. Ab)]. Then we find a symmetrical flow aboutas for the mean field. A large zone of strong gmalues located

the horizontal axis.

close to the center of the curved wall(&/b=7; y/b=0) is also

Finally, Fig. 1dc) shows the mean velocity field for the thirdobserved. However, the maximum rmealue is for each mode
mode. As for mode 1, we observe that the jet impacts the wall, bueaker than for the mean field=0.5U;). Indeed, for modes 1
here on its lower partx/b=2.8; y/b=-2.6), and then separates.and 3 the maximum is approximately equal to Q;3and for
In the case, most of the jet flow also follows the curved surfageode 2 it is approximately equal to OU.
upwards and a small part sets out again directly towards the leftThus the mean velocity fields and rms values of the three
[cf. Fig. 9b)]. Like for the mode 1, the flow is not symmetricalmodes show a different structure of the flow and the maximum

about the horizontal axis.

rms value for the two components is weaker and is located at

These three flow patterns show the presence of three semistaliteerent places compared to the whole field computed with all the
positions: For example, the jet remains directed to the top a fesmmples.

Journal of Fluids Engineering
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" VIZRET IS RIS u/ v For the small radius of curvature, ti has a different shape.

We do not observe a distinct maximum but rather a constant value
on most of the profile, indicating a uniform zone of pressure. In
this case, the lack of the maximum pressure coefficient reaffirms
that the jet does not impact the centre of the wall but oscillates
between three semistable positions. So the superposition of three
higher pressure peaks corresponding to the stagnation points of
the three modes involves that the mean pressure coefficient is
constant along the curved wall.

We observe that, if the jet comes to impact the center of the
wall, the pressure coefficient is maximum at the center. When the
jet oscillates between three distinct positions, the pressure coeffi-
cient does not have a maximum and is constant along the wall.
Thus the value of the pressure coefficient at the center of the wall
makes it possible to know if the jet impacts directly the curved
wall. A maximum pressure coefficient value in the center of the
wall is a criterion to indicate impact. Figure 15 presents the results
of the mean pressure coefficient for the three studied impinging
heights in the case of the small radius. We can observe, for small
impinging height(H/b=3), that the jet impacts directly the center
of the wall unlike for large impinging heigliH/b>4). Hence the
impinging height also has an effect on the jet structure.

Conclusion

The measurements of average fields and turbulent values were
obtained in the case of a plane jet impinging on a curved wall in
order to obtain comparisorisr validationg with numerical stud-
ies and to highlight the significant role of the radius of curvature
on an impinging plane jet. The results for a lower relative curva-
Fig. 13 Mean velocity field and rms , values for the three  tyre indicate that in spite of the convergence of the statistics, the
modes (Re,=3200, H/b=7, Dc/b=5.2) flow oscillates between three different behaviors which modifies

significantly (in level and positiohthe turbulent values. The sta-
tistics obtained for each one of these configurations are all differ-
Pressure Measurements and Results ent and are also different to the whole field computed with all the
ples gathered from these three configurations. This flow trans-
ormation will involve a modification of the thermal transfers in
the vicinity of the leading edge of the blade. The knowledge of the
éetalqehavior will make it possible to optimize turbine blade cool-

Measurements of pressures in the curved wall were also carr
out. Pressure tap€.4 mm were created at different locations
only on the curved part of the wal(tf. Fig. 1). For the pressure
measurements, differential pressure sensors are connected t
acquisition card and the signal is amplified beforehand. The sam-
pling rate is set at 500 Hz and the time of acquisition is about
10 s. The measurements allow us to calculate the pressure coeffi- o IT
cient:C,=2 .(pi—pref)/(pujz), wherep; is the static pressure at the ﬁ 1\
tap numbeii and p,¢s the pressure referenc¢bere pres=Patm) - |

Wall pressure was measured using a digital micro-manometer
(Furness FCOl2whose precision is about 1% of full scale
~200 Pa. The uncertainty of measurement is +2 Pa and thus for
the pressure coefficient it is about 15%.

Figure 14 shows the evolution of the mean pressure coefficient il o
Cp for the two configurations. For the large radius, the distribution ] } g & s 1
of C, is the same as that for a plane wall: The maximum is .90 -60 -30 0 r(m 30 60 90
reached at the stagnation point and a symmetrical decrease is ob-
served on each side of the curve from this point. This pressufg. 15 Mean pressure distributions for the three impinging
maximum confirms the impact of the jet in the center of the walheights (Re,=3200, Dc/b=5.2)

144 . = - Zih=3
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ing. In addition, the pressure measurements have confirmed the spherical Surface,” Waerme- Stoffuebertrag6, pp. 41-48.

relative curvature effects and allowed us to know the behavior of®) Le€; B H. Chung, Y. S., and Won, S. Y, 1999, “The Effect of Concave
X . . . . Surface Curvature on Heat Transfer from a Fully Developed Round Impinging
the jet. A study of the instability could be carried out according to  jet» 3. Heat Transferd2, pp. 2489-2497.

the other parameters. However, the transition from one configurare] Hrycak, P., 1982, “Heat Transfer and Flow Characteristics of Jets Impinging
tion to another is not eas”y foreseeabagstudy was just begmn on a Concave Hemispherical Plate,” 7th Int. Heat Transfer Conference Mu-

. . . ; - : el nich, pp. 357-362.
because it seems impossiltfer this flow configurationto disso [7] Choi, M., Yoo, H. S., Yang, G., and Lee, J. S., 2000, “Measurement of Im-

ciate the turbulence and stability study. pinging Jet Flow and Heat Transfer on a Semi-Circular Concave Surface,” J.
Heat Transfer,43, pp. 1811-1822.
[8] Yang, G., Choi, M., and Lee, J. S., 1999, “An Experimental Study of Slot Jet
Nomenclature Impingement Cooling on Concave Surface: Effects of Nozzle Configuration
b = Slot height(b=10 mm and Curvature,” J. Heat Transfef2, pp. 2199-2209.
¢ = Curvature center [9] Metzger, D. E., Yamashita, T., and Jenkins, C. W., 1969, “Impingement Cool-
ing of Concave Surfaces with Lines of Circular Air Jets,” J. Eng. Power, pp.

Dc = Curvature diameter 149-158.
H = Impinging height [10] Chupp, R. E., Helms, H. E., McFadden, P. W., and Brown, T. R., 1969, “Evalu-
L = Slot width ation of Internal Heat Transfer Coefficients for Impingement-Cooled Turbine
O = S| - Airfoils,” J. Aircr., 6, pp. 203-208.
- ot orgin [11] Tabakoff, W., and Clevenger, W., 1972, “Gas Turbine Blade Heat Transfer
e = Channel wall thickneste=10 mm Augmentation by Impingement of Air Jets Having Various Configurations,” J.
U,V,W = Velocity components Eng. Power, pp. 51-60. _ .
U. = Jet mean flow velocity [12] Thomann, H., 1968, “Effect of Streamwise Wall Curvature on Heat Transfer in
J

a Turbulent Boundary Layer,” J. Fluid Mech33, pp. 283-292.
[13] Gardon, R., and Akfirat, J. C., 1966, “Heat Transfer Characteristics of Imping-
ing Two-Dimensional Air Jets,” pp. 101-107.
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Statistical Approach for
Estimating Intervals of
:sem | Gertification or Biases of
Tesnimeosonnize | FACIIties or Measurement
s oVt § Systems Including Uncertainties

J. Shao A statistical approach for estimating intervals of certification or biases of facilities or
measurement systems including uncertainties is set forth based »N-drder level
J. Longo testing, which is defined as M repetitions of the same N-order level experiment in M

different facilities or in the same facility with M different measurement systems. In the
absence of reference values, the mean facility or measurement system is used for assess-

IIHR Hydroscience and Engineering, The ing intervals of certification or biases. Certification or biases of facilities or measurement
University of lowa, lowa City, IA 52242 systems are defined as processes for assessing probabilistic confidence intervals for fa-
. cilities or measurement systems for specific tests, data reduction equations, conditions,
, T. R,atc""e procedures, and uncertainty analysis. Similarly, subgroup analysis is performed for iso-
NSWC/CD, David Taylor Model Basin, Bethes,\(jl% lating and assessing levels of differences due to use of different model sizes (scale effects)

or measurement systems. An example is provided for towing tank facilities for resistance
tests using standard uncertainty analysis procedures based on an international collabo-
ration between three facilities. Although the number of facilities are at a minimum, the
results demonstrate the usefulness of an approach and support recommendation of future
collaborations between more facilities. Knowledge of intervals of certification or biases
is important for design, accrediting facilities or measurement systems, and CFD
validation. [DOI: 10.1115/1.1906269

1 Introduction errors due to differences or peculiarities in individual facilities or
MS. Such differences or peculiarities arise from detailed facility
dgometry or MS design, working fluid and flow quality, condi-
gpns and procedures, test engineers, specific locations, etc. Add-

development and computational fluid dynami€$-D) validation, ing to the problem is fa(_:t that such de_v_e_lopments req_uire consid-
as design methodology changes from model testing and theorﬂ@ple resources and, in case _Of faC|I!t|es, cooperation amongst
simulation-based design. Detailed testing requires facilities utili#gstiutes, which ofFe_n crosses _|nternat|ona_1l_ _boundarles. Estimat-
advanced modern measurement systeiS) with complete "9 intervals of ce_rtlflcatlon or bl_asgs of faC|I|t|es_or measurement
documentation of test conditions, procedures, and uncertaifyStems are required for establishing standard intervals of uncer-
analysis. The requirements for intervals of uncertainties are eviginties for various types of facilitie@owing tanks, wind tunnels,
more stringent than required previously since they are a limitirfimes. eto. and tests(forces and moments, motions, waves el-
factor in establishing intervals of CFD simulation validatichj ~ €vations, mean velocities, turbulence, etand MS (load cells,
and code certificatiofi2] and ultimately credibility of simulation Potentiometers, wave probes, pitot, LDV, PIV, tdhis is im-
technology. In addition, routine test data is more likely utilized iortant for design, accrediting facilities or measurement systems,
house, whereas detailed test data is more likely utilized interr@d CFD validation.
tionally, which additionally requires use of standard proceduresMost work on facility or MS biases is for small-scale flow
and uncertainty analysis and establishment of benchmark intervaister calibration facilities with focus on validation of accuracy,
of uncertainties. Detailed testing offers new opportunities for reomparison of international flow standards, and establishing do-
search institutes, as the amount and complexity of testing rigestic flow traceability8]. Proficiency testing programs are used
increased. to establish flow measurement traceability, which are largely
Methodology and procedures for estimating EFD uncertaintiéased on Youden plof®] requiring two(e.g., tandem and/or up-
have developed and progressed over the past 50 years. Formakz@am and downstrearViS at each facility. This approach is not
tion [3-5] is followed by standard procedures with emphasis ogasily extended to large-scale multipurpose facilities with com-
simplification and practical applicatioi6,7]. However, rigorous plex MS, including consideration of individual facility and mea-
use continues to be a problem in both research and designsatement systems bias and precision limits. Individual facility and
university, industry, and government laboratories. Another profneasurement systems bias and precision limits are required for
lem is lack of methodology and procedures for estimating intefise of such data as well as helpful in MS improvements.
vals of certification or biases of facilities or MS, i.e., establishing For |arge-scale facilities such as wind tunnels and towing tanks
intervals of confidence for facilities or MS arising from Systemaﬂo\/ith Comp|ex MS, Only limited work was done and fac|||ty or MS
biases not yet considered. The NATO, AGARD, Propulsion and
Contributed by the Fluids Engineering Division for publication in therNaL oF Energetics Panel, Ur."for.m Engine Testlng_ Prf’gram* was a re-
FLuibs ENGINEERING. Manuscript received by the Fluids Engineering Division April 8,markab|e early exercise in large-scale testing in which the same
2003; final revision received February 10, 2005. Associate Editor: S. Ceccio.  jet engines were tested in a number of jet engine test stands in

Experimental fluid dynamic€EFD) testing in large-scale facili-
ties at research institutes is undergoing change from routine t
for global variables to detailed tests for local variables for mod
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various NATO countries and uncertainties were estimated to esum-squaréRSS of biasBXi and precisiorPXi limits

plain whether data scatter was within the data uncertainty and

conclusions were drawfil0]. Reference[11] compares results Uy = \/B>2<i+ Pii (2

from wind tunnel tests for same geometry and conditions at t S . N

different institutes, model scales, and using a number of differe e bias limit is obtained by con5|der|ng.all sources fqr system-

measurement techniques and extensive error-analysis. The Cd%f- errors, based on 0- or 1-order testing. The precision limit

erative Experimental Program of the Resistance Committees ained by the standard deviation of the mean

the 17-19 International Towing Tank Conferend€ETC) [12] i

compare results from towing tank tests at 22 institutes. Compari- Py =2— (3)

sons are made of globélesistance, sinkage and trim, wave pro- " N

file, wave cut, wake survey, form factor, and blockaged local

(surface pressure and boundary layer traverdata for a standard

geometry (Series 60 of different sizes(1.2—9.6 m). However, N 12
S(ll = { - XI)Z

whereSq' is the standard deviation of the sample populab'@n

uncertainty assessment was not considered. The cooperative un-
certainty assessment example for resistance test of the Resistance

Committee of the 22nd ITTE13] compared results from towing gy the assumption of a normal distribution for the sample
tank tests at 7 institutes of resistance test bias and precision limits

and total uncertainties following standard uncertainty assessmFrRPUIatlonx" 95% confidence level, anti>10, the estimated

procedures, but for different model geometries and sigesies U U€ result of the experimenter, lies inside the intervals

60, container s_hips, and .54)15 ' o Xf —Uyj < Xer. < X{ + Uy (5)
In the following, a statistical approach for estimating intervals ' N '

of certification or biases of facilities or MS including uncertainties X —Us <X <X +U ©6)

is set forth.N-order level testing is reviewed followed by defini- e T S A

tions for M X N-order level testing, which is defined d&repeti- for the single realization and mean experimental result, respec-

tions of the samél-order level experiment iM different facilities  tively, where

or in the same facility withM different measurement systems. If ) ) 5

reference values are known, present approach are used at either U3 =By +(25¢) (7)

the N-order orM X N-order levels. However, unlike CFD where . . ' o .

EFD provides reference values, for EFD reference values are gafiditionally, this assumes facility biasgis=0.0, otherwis&er,

dom known, e.g., from a standard facility or MS. In the absence t§f the biased estimated true valdgr, is referred to as estimated

reference values, the mean facility or MS is used for assessiiige result of the experiment; since, confidence in Egjsand(6)

intervals of certification or biases. Herein, certification or biaseéglies on confidence in Eq§2) and (7). Note that at theéN-order

of facilities or measurement systems are defined as processeddgel outliers are often discarded if

assessing probabilistic confidence intervals for facilities or mea- DIl =X - X| > 25, 8

surement systems for specific tests, data reduction equations, con- Dl =X = Xi| > S<f (8)

ditions, procedures, and uncertainty analysis. Similarly, subgroup

analysis is performed for isolating and assessing levels of differ-2.2 M XN-order Level Testing.In M X N-order level testing,

ences due to use of different model sizesale effectsor mea- M repetitions of the samb-order experiment irM different fa-

surement systems. An example is provided for towing tank facil¢ilities conducted

ties for resistance tests using standard uncertainty analysis

4

M M N
procedures based on an international collaboration between three v 1 j
facilities. X= M; Xi= e NZ Z X C)
i=1 i=1 j=1
2 Estimating Intervals of Certification of Biases of whereX is the mean facility result. The uncertainty ¥nis
Facilities or MS Ur= \/BiTPf; (10)

Designing tests for estimating intervals of certification or biases
of facilities or MS requires special care and consideration. Markhe bias limit of the meaiBy is the average RSS of thd bias
factors affect certification or biases of facilities or MS; therefordimits Bx,
as with estimating precision limitg.e., random errops only those o
factors specifically isolated.e., turned ohare included. For ex- 1 / 5
ample, if interest is for certain types of measurements using same Bx= M 2 Bxi
MS in different facilities, then model-geometry, tests, data reduc- i=1
tion equations, conditions, procedures, and uncertainty analysige precision limitPy is the standard deviation of tié resultsX;
should all be the same. Ideally, standard models are used. Other-
wise, effects of differences in model geometry are included. If S 2 1 I
models are geometric similar, but two different scales, then scale Px=25=2-==—— M__12 (X = X)? (12
effects are included. Similarly, if different MS are used at different MM i=1
facilities, than effects of MS are included and so on. Althougy py is the average RSS of thd precision limitsPy, from Eq.
approach used for either facilities or MS, presentation that foIIov¥§) '
is for facilities since same as for the example.

M
- i N i i- 1
2.1 N-order Level Testing. In N-order level testingN repeti Py= " E Pii (13)
i=1

tions of the same experiment in the same facility conducted

(11)

(1) populationX;, 95% confidence level, anil =10, the estimated
. true result of the experimenter,  lies inside the intervals
whereX! andX; are single realization and individual facility mean
results, respectively. The uncertainty Xy is given by the root-

X = 1% X Under the assumption of normal distribution for the sample
iT N i
N
j=1

Xi - Uxi = XETMN S Xi + Uxi, (14)
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L U ; ; | : L 7 4 Uz | J \
| . IF'.- " | . | it
i B, X T X X
fo—t Lo
Xer, W X L Fig. 2 Estimating intervals of certification or biases of facili-
ties using mean as reference value: facility 7 certified at Up, and
Fig. 1 MX N-order level testing facility j with facility bias  Urg,
v = 2 (2 2
X=Uyx=<Xer, < X+Uy (15) Ut =Ux +Ugg (24)
for the individual and mean facilities, respectively, where If |Dj| is much greater thabip,
U =B +(25¢)° (16) D> Up, (25)

Equation (16) equals Eq.(2) if Sxi:Sx;/\s’N. Additionally, this thenD; approximately equals the individual facility bias ergyg
assumes the mean facility biasgis;=0.0, otherwiseXgr, is the D, = Bes (26)
biased estimated true value. Figure 1 displ&/x N-order level ' ‘

testing, including individual and mean facility results and theiguch that the biases can be estimated in both sign and magnitude
bias and precision limits and total uncertainties; biased pareand used for calibration. Figure 2 displays use of mean values as
population mean valug; and estimated true experimental resultseference values, including both situations of estimation of inter-
XeT val of facility certification and bias.

. . For certified facilities, interval certification provides additional
2.3 Using Mean Values as Reference ValueB; defined as confidence in accuracy measurements, since it validétend

the difference between thé-order level individual facilityX; and  accounts fotUy in assessing the level of certification. For noncer-
M X N-order level mean facility)X values tified facilities, accounting for facility biases provide&i, which
is an improved estimate thaldxi. Presumably, design sets the

Di=X-X 17 requirements on appropriate intervals for certification or biases of
and its uncertaintyp, is defined as the RSS of the uncertaintiefacilities. Comparison oy, with Uy and uncertainties from other

of X andX facilities is useful in developing strategies for reductigy. Note
e \/m 16 that for sufficiently largeM, Uy > Uy so UDif Uy. In this case,
DT VX T X 18 mx N-order level testing primarily provideX. As already men-

tioned, if reference values are known, present approach can be

43 used at either thél-order orM X N-order levels, which for com-
+— (19 pleteness is included as an Appendix.

> B
Ug =Bf +P% + :

M2 M
or 2.4 Subgroup Analysis.Isolating and assessing levels of dif-
ferences due to use of different model siZesale effects or
B2 2 p2 measurement systems is of importance. Subgroup differences are
U% = Bi + pi + Al | (20) assessed by comparison of the subgroup mean to the total mean,
i i i M? M2 with consideration to the uncertainty in the comparison. Eor
If the absolute value ob; is less tharUp, subgroup facilities, subgroup mean and uncertainty are given by
L
=< J—
B = Ue, 2y Xse= 12 Xsq (27)
then the individual facility is certified at intervalp, whereas if Lo

the absolute value dd; is greater tharUDi

2 _p2 2
|Dy| > UDi (22) UXSG_ BXSG+ P;se (28)
then the facility biadJgg is defined as where
U2, = D? - U2 23 1<
. . FB; i D; ( ) 82; - FE Bisq (29)
with total uncertainty s6 1=1
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laboration. Although number of facilities is a minimum, the
results demonstrate usefulness of approach. Siee 0, Py is
estimated using Eq13) as opposed t¢12).

3.1 Overlapping Test Design, Data Reduction Equations,
Conditions, Procedures, and Uncertainty Analysis.The most
typical towing-tank tests were selected for the overlapping tests,
i.e., resistance, sinkage and trim, wave profile, wave elevations,
and nominal wake. Each institute followed their usual procedures;
however, special consideration was given to integration of uncer-
tainty assessment into all phases of the experimental process, CFD
Fig. 3 Surface-combatant model ships ~ (a) DTMB model 5415  validation, and complementary CFD. Data-reduction equations
(b) INSEAN model 2340A (c) IIHR model 5512 were defined for residuary resistan€g, sinkageo and trim 7,

wave profile and elevations and nominal wake mean velocity
and pressur€,,. Similar conditions and locations were used at all
. o t_hree facilities: F_roude numbe{Fr) ranges; Fr ano! spatial loca-
2 1 - o tlons_ for uncertaln_ty analysis; and spatial resolution for wave el-
%™ [ rlz (Xsg = Xsc) (30)  evations and nominal wake.
‘ 1=1 Initial analysis of the results and attempt at identification of
The subgroup difference and difference uncertainty are given Hgcility biases were done 6] using comparisons of differences
between facilitieA-B,A-C,B-C) and the RSS of their uncer-

Dsg=Xs6~ X (31  tainties. However, this approach lacks a reference value such that
s 5 5 the estimated facility biases depend on which facilities compared.
UDSG: Ui +UL (32)  Subsequently all results were reanalyzed according to the present
s6 approach. Presentation of the results for all tests is extensive and
For not necessary for the purpose of demonstration of the usefulness
IDsd < Upg, (33) of the present approach. Herein, the results for the resistance test
presented.
differences cannot be discerned, i.e., within noise intervals of The data reduction equation for the resistance test is
comparison, whereas for Ca= CT™— "1 +K) (35)
Dsd > Up,, (34) :
differences are discernable, which suggests the need for separated Ccim= Mx”kg (36)
certification. The present approach differs from analysis of the 0.50UcS
means[14], since it takes into account both bias and precision
uncertainties for both subgroup and mean in assessing intervals of _ 0.075 37
subgroup differences. Analysis of the mean compéDeg| with F7 (logyoRe - 2.02 (37)

P/ L. The residuary resistan€, used since it approximately removes a

portion of Reynolds numbdRe) scale effects due to skin friction

(but not wave breaking CI™ is the frictional resistance at the
3 Example for Towing Tank Facilities measured towing tank temperatdrm k is the form factorM, is
he force in the axial directiofresistancg p is the towing-tank

It is not easy to provide an example of the proposed approaé . h . .
since, as already mentioned it requires considerable resources WALET densityl is the carriage speed, a&ds the design-offsets

cooperation amongst institutes often crossing international bourfy€tted surface area for the static conditit in kg is converted
aries. The example provided is based on an international collafiB-Newtons by multiplication wity (ga=9.8009 gg=9.8033gc
ration between three towing tank facilities for purposes of procur-9-8031 m/$) based on the local latitudeCe is calculated as

ing benchmark CFD validation data for ship hydrodynamicgecommended by17] using the model-ship correlation line Eg.
resistance and propulsion geometry and conditions. Overlappify) andk is determined from low-speed resistance tests by Pro-
tests were conducted for evaluation of facilities; measurement sji@ska’s method. The form factor approximately accounts for hull
tems; test procedures; uncertainty assessments; model size, fefim effects on the model-ship correlation line under low speed
sets, and turbulence stimulation; and facility/model geometry agéd no separation assumptions.

scale effect biases. The facilities were NSWC/CD David Taylor Tests atA were performed in basin No. &75 m long, 15.5 m
Model Basin(DTMB), Bethesda, MD USA, Istituto Nazionale perwide, 6.7 m dee) which is equipped with an electrohydraulically
Studi ed Esperienze di Architettura Naval®NSEAN), Rome, operated drive carriage and capable of speeds of 10.3 m/s. Side-
Italy; and lowa Institute of Hydraulic Resear@itHR), lowa City, wall and end wall beaches enable 20-min intervals between car-
IA, USA. Hereafter designated as facilitids B, andC, respec- riage runs. Washington Suburban Sanitation Commission supplied
tively. The model geometry is DTMB surface combatant 5413he towing-tank water. Tests 8twere performed in towing tank
Between all three facilities, many conditions and physics are uNo. 2 (220 m long, 9 m wide, 3.6 m degpwhich is equipped

der investigation. The data used as one of three test cases atvwiith a single drive carriage that is capable of speeds of 10 m/s.
recent Gothenburg 2000 Workshop on Numerical Ship Hydrodgidewall and end wall beaches enable 20-min intervals between
namics[15]. DTMB 5415 was conceived by USA Navy as a precarriage runs. Natural springs supplied the towing tank water.
liminary design for a surface combatant ca. 1980 with a son@ests at C were performed in the IIHR towing taf#00 m long
dome bow and transom sterh.andB used 5.72 m, 1/24.8 scaleand 3.048 m wide and degpvhich is equipped with an electric-
models, wherea€ used a 3.048 m, 1/46.6 model, as shown imotor operated drive carriage that is cable driven by a
Fig. 3. Thus, scale effectsubgroup analysjsare considered in 15-horsepower motor and capable of speeds of 3 m/s. Sidewall
comparingC with A and B. The uncertainty assessment proceand end wall beaches enable twelve-minute intervals between car-
dures closely follow 13] recommendations based (67]. Refer- riage runs. City of lowa City supplied the towing tank water.
ence[16] provides an overview of the overall results of the col- Equation(36) consists of individual MS for resistance, density,
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Table 1 Bias limits for resistance, density, carriage speed, and 0008 —
surface area E
Calibration | Data Acquisition| Data Reduction o.oos A— DTME model 5418 B
- - : I o INSEAN model 23404
Resistance Load Cell Curve fit Alignment load cell [ e IIHR medel 55132 ghe
Density Thermometer L Mean “ﬁ.-:z
Carriage Speed |  Encoder AD conversions 00 1= By
Wheel diameter Curve fit a2
Time base Fooos |- Lﬁﬁlv
Surface area Template 5 B
Rulers ‘é-?*
Weights o002 - _,‘.,ﬁé
. _ L i de
carriage speed, and surface area. Resistance was measured | " v
load cells and PC data acquisition and reduction, including stat i
tical analysis of the sample populati¢average, standard devia- . R R T
tion, minimums, maximums, outliexsOutliers were identified Fr

and deleted using Chauvenet’s criterion. Density is determined o - ] ]

from measuredm using fresh water values as recommended Hy9: 4 Individual facility residuary resistance results and
ITTC Quality Manual Procedure 4.9-03-01-03 Density and Vis! ean facility residuary resistance and individual facility uncer-
cosity of Water.Tmis measured daily using thermometers. Carfj1Inty bands at Fr=0.1, 0.28, and 0.41.
riage speed is measured using encoders and PC data acquisition
and reduction. Surface area is measured using templates for esti: . .
mating accuracy of model offsets and rulers and weights for esti-4'2 M XN-Orde.r. Level. In .aC.idItIOI’], Table 2 prpwdgM
mating accuracy of installation depending on whether model i V-0rder level facility uncertainties and mean-facility bias and
stalled by waterline or displacement precision limits and total uncertainties and facility certification or

A used a variable reluctance, in-house manufactured load cBfgSeS- Even foM=3, Uy >Uy so Up ~Uy. For low speed;
signal conditioner, and 16-bit AD card. The load cell, signal cons UDi and all three faC|I_|t|es_ certified, albel_t_at a large interval
ditioner, and carriage PC AD card are statically calibrated on a tédverage 17.9% Reduction interval of certification largely re-
stand to determine the voltage—mass relationship. Data acquifstres reduction mdmdual facility biases for resistance a_n.d car-
by collection of 2000 discrete samples over 5 s at 400 Hz. Ddtage speed. For medium speddj>Up, and all three facilities
filtered through a 10 Hz low-pass filtds. used a Hottinger Bald- have facility biasesaverage 2.3%and total uncertainties larger
win Messtechnik model U1, 50 kg load cell, signal conditionethan individual facility estimates, especially for For high speed,
and 16-bit AD card. The load cell, signal conditioner, and AD car®i > Up, and facility biases and total uncertainties BandC are
statically calibrated on a Kempf and Remmers precision test staladge (uncertainty analysis not available f8j. Figure 4 and Table
to determine the voltage—mass relationship. Data acquired by c®lsuggest scale effects important f6; for medium and high
lection of 300 discrete samples over 10 s at 30 Hz. Amplifiesbeed, as shown in the next section using subgroup analysis.
analog voltages are converted to freque8900+2500 Hg for

transmission to the AD card to reduce signal sensitivity to noisseué':’)rousugr?;?usﬁsﬁgag(sj':;r%bzgoaé Sg'g‘;'f;ré?f;at‘glzfé ?(;Jtsfr(r)];ller
Data are filtered through a 10 Hz low-pass filterused a Nisshio group Y

; . o . odel size used &t. In this case mean facility based only on
strain-gage type 20 kg load cell, signal conditioner, and 12'b'tA§§ilities A and B, which used same model size, and subgroup

card. The load cell, signal conditioner, and AD card statical vsis based facilite. Eor | d le effect t dis-
calibrated on an IIHR test stand to determine the voltage—maS42YSis based on facilit¢. For low speed, scale effects not dis
rnable and facility certification similar as before. For medium

relationship. Data are acquired by a collection of 2000 discreté

) d high speed, conclusions different from before, i.e., for me-
Isoe\l/:/Tjglfsss ?i\llt(;: 10's at 200 Hz. Data are filtered through a 3 ﬁ%m speed facilitiesA and B certified at about 2% interval,

Uncertainty inCg is equivalent to uncertainty ilﬁim, since ;Vh:gga?aiﬁf{%yﬁagaimnﬁfgﬁdgfgc'img\ﬂzlr feelcflgzli? Iat?ilalggsr o
uncertainties ink and Cr not considered. Bias limits were esti- peed, 9 y )

mated for individual resistance, density, carriage speed, and sur- .

face area MS, whereas precision limits were estimated end-to-ehd Summary and Conclusions

using Eq.(36). Table 1 summarizes the calibration, data acquisi- A statistical approach is set forth for assessing probabilistic
tion, and data-reduction bias limits considered for each MS. Presnfidence intervalgi.e., intervals of certification or biases of
cision limits conducted over a time-period during which test corfacilities of MS) for facilities or MS for specific tests, data reduc-
ditions varied and in some cases including reinstallation of th®n equations, conditions, procedures, and uncertainty analysis

model. based orM X N-order level testing and use of mean facility or MS
as reference valued/ X N-order level testing defined ad rep-
4 Results etitions of the samé-order level experiment itM different fa-

cilities or in the same facility wititM different measurement sys-

4.1 N-Order Level. Figure 4 compares the individual facility tems. Similarly, subgroup analysis is performed for isolating and
(A,B,C) results for the range of Fr. All three facilities conductedissessing levels of differences due to use of different model sizes
uncertainty analysis for Fr=0.1, 0.28, and 0.41. Table 2 providéscale effectsor measurement systems.
N-order level residuary resistance values, bias and precision lim-An example is provided for towing tank facilities for resistance
its, and total uncertainties. Trends for all three facilities are simtests using standard uncertainty analysis procedures based on an
lar. Bias limits predominate for all Fr. Although not included ininternational collaboration between three facilities: two using
Table 2, bias limits for resistance and especially carriage speed kEmger models and one using smaller model. Although the number
large for all speeds, whereas bias limit for the surface area arefacilities is a minimum, the results demonstrate the usefulness
only significant for large speed. Precision limits increase for iref the approach, including subgroup analysis for isolating differ-
creasing Fr. Total uncertainty decreases for increasing Fr. ences due to use of different model sizes. For low speed, all three
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Table 2 N-order level residuary resistance values, bias and precision limits, and total uncer-
tainties; MX N-order level facility uncertainties and mean-facility bias and precision limits and
total uncertainties; and facility certification or biases

Fr & Facility Certification
N-order level (% X;) |MxN-order level (% X )| or biases (% X )

Facility , , .
X, By P Uy |Ux|By Py Uz | D |Up |Um|Us
A |6.00E-04 76.3% 23.7% 10.4%|11.3% 8.6% [14.5%| 0 [113%
010} B |523E-04 69.4% 30.6% 21.2%20.1%|75.7% 24.3% 9.1% |-5.3%|22.0%| 0 [20.1%
5.34E-04 87.6% 12.4% 14.9%114.5% 33%[17.1%] 0 [14.5%
AVE |5.52E-04 77.8% 22.2% 15.5%]15.3% 0.0%[17.9%] o [153%
A |1.33E-03 45.5% 54.5% 1.1% | 1.1% 3.0% | 1.6% | 2.6% | 2.8%
028] B |[1.32E-03 80.0% 20.0% 2.1% | 2.1% |81.6% 184% 12% [22%]24%| 0 [21%
C |1.22E-03 89.2% 10.8% 2.7% | 2.6% -5.3%]| 2.8% | 4.4% | 5.1%
AVE | 1.29E-03 71.6% 28.4% 2.0% | 1.9% 0.0% | 2.3% | 2.3% | 3.4%
A [369E03 NA NA NA | NA 02%| NA | NA | NA
041 B [394E-03 66.3% 33.7% 1.1% | 1.2% |73.6% 264% 08% |6.7%| 1.4% | 6.5% | 6.6%
C |3.45E-03 80.5% 19.5% 1.3% | 1.2% -6.5%] 1.4% | 6.3% | 6.5%
AVE |3.69E-03 73.4% 26.6% 1.2% | 1.2% 0.0% | 1.4% | 6.4% | 6.5%

facilities are certified, but at a large interv@verage 17.9% measurements. For noncertified facilities, accounting for facility
Reduction interval of certification largely requires reduction indibiases provides improved individual facility uncertainties. Pre-
vidual facility biases for resistance and carriage speed. For nstmably, design sets the requirements on appropriate intervals for
dium speed, facilities with larger models certified at about 2%ertification or biases of facilities. The results are also useful for
whereas facility with smaller model shows 7.2% facility bias. Fodeveloping strategies for reduction intervals of individual facility
high speed, facilities with larger and smaller models show 2.9%ncertainties and certification or facility biases.

and 9.3% facility biases, respectively. For certified facilities, in- It is reasonable to expect that results from more facilities for
terval certification provides additional confidence in accuracgame model geometry with uncertainty analysis will in fact pro-

Table 3 Subgroup analysis:  N-order level residuary resistance values, bias and precision lim-
its, and total uncertainties;  MX N-order level facility uncertainties and mean facility bias and
precision limits and total uncertainties; and facility certification or biases

Fr & Facility Certification
N-order level (% X;) |MxN-order level (% X )| or biases (% X )

Facility \ , .
Xi BX, PX,- UX, UX,~ B,\_' P,\_’ U,\" Di UD,- UFB; UT;
A |6.00E-04 76.3% 23.7% 10.4%|11.1% 6.8% [159%| 0 [11.1%
0.10] B |5.23E-04 69.4% 30.6% 21.2%|19.8%|71.1% 28.9% 11.3% |-6.8%|22.8%| 0 [19.8%
C |5.34E-04 87.6% 12.4% 14.9%]14.2% 4.8%|182%| 0 [14.2%
AVE |5.61E-04 77.8% 22.2% 15.5%]15.0% -1.6%[189%| o0 [15.0%
A |1.33E-03 45.5% 54.5% 1.1% | 1.1% 04% | 1.6% | 0 |1.1%
028) B |1.32E-03 80.0% 20.0% 2.1% | 2.1% |72.8% 272% 12% |-04%|24% | 0 [2.1%
1.22E-03 89.2% 10.8% 2.7% | 2.5% 7.7%)| 2.8% | 7.2% | 7.6%
AVE | 1.33B-03 71.6% 28.4% 2.0% | 1.9% 2.6%| 2.3% | 2.4% | 3.6%
A |369E-03 NA NA NA | Na 3.3%| NA | NA | NA
04| B |394E-03 66.3% 33.7% 1.1% | 1.1% [66.3% 33.7% 1.1% [3.3%] 1.6% | 2.9% [3.1%
c |3.45E-03 80.5% 19.5% 1.3% | 1.2% -9.5%)| 1.6% | 9.3% | 9.4%
AVE [3.81E-03 73.4% 26.6% 1.2% | 1.1% -3.2%) 1.6% | 6.1% | 6.3%
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vide confirmation of normal distributions fdvl X N-order level D; = X - Xg (A9)
testing and improved estimates for intervals of certification or

biases of facilities. This is based on previous work between mote
facilities using same model geometry but without uncertain§ Xi andXg

analysis and using uncertainty analysis but with different model Up, = \Ui + Uﬁ (A10)
geometry. It is also reasonable to expect that situation will be i i

similar for different types of facilities and MS. Both these expedf the absolute value ob; is less tharlp,

tations support recommendation of future collaborations between -

more facilities. International collaborations are attractive from re- DIl = Up, (A11)

source perspective and in achieving ground truth. Knowledge @fen the individual facility is certified at the intervidl, , whereas
intervals of certification or biases is important for design, accreg-ine apsolute value ob; is greater thatJg, '

iting facilities or measurement systems, and CFD validation. i

dits uncertaintyuDi is defined as the RSS of the uncertainties

D > Up, (A12)
Acknowledgments then the individual facility biadJgg is defined as
The Office of Naval Research under 6.1 and 6.2 funding, ad- UZz =D?-U3 (A13)
ministered by Dr. Patrick Purtell, sponsored the research at IIHR _ ‘ i
and DTMB. The research at INSEAN was sponsored by the Itakith total uncertaintyUr,
ian Ministry of Transportation and Navigation and in part by the U2 = U2 + U2
T, T VX FB; (A14)

Office of Naval Research under NICOP funding.
If |Dj| is much greater thablp,

Appendix: Estimating Intervals of Certification or Bi- IDi| > Up, (A15)

ases of Facilities or MS Using Reference Values . o S
) thenD; approximately equals the individual facility bias er@y;.
Assume a reference value known for the experimental result :

designatedX with uncertaintyUg both of which are considered Di = Bre, (A16)

as standard values. Althoudl, is likely much less thardy, or g ¢y that the biases can be estimated in both sign and magnitude
Uy, it is retained for completeness. and used for calibration.

For the mean facilityﬁis defined as the difference between th??eferences

mean facilityX and reference, values [1] Coleman, H. W. and Stern, F., 1997, “Uncertainties in CFD Code Validation,”
= ASME J. Fluids Eng.,119, pp. 795-803.
D =X-Xr (A1) [2] Stern, F., Robert, Wilson, and Shao, J., “Statistical Approach to CFD Code

. . . . P Certification(Invited Pape,” AIAA 2003-410 Applied Aerodynamics Special
and its uncertaintyp is defined as the RSS of the uncertainties of g cqion on CFD Uncertainty, 415t Aerospace Sciences Meeting, Reno, Ne-

X and Xg vada, 6-9 January 2003.
[3] Kline, S. J. and McClintock, F. A., 1953, “Describing Uncertainties in Single-
Us= Ué_'_ U2 (A2) Sample Experiments,” Mech. EngAm. Soc. Mech. Eng, 75, pp. 3-8.
D X R [4] Abernethy, R. B., Benedict, R. P., and Dowdell, R. B., 1985, “ASME Mea-

_ surement Uncertainty,” J. Fluids Engl07, pp. 161-164.
If the absolute value ob is less tharlJy [5] Coleman, H. and Steele, G., 19xperimentation and Uncertainty Analysis
o for Engineers 2nd ed., Wiley, New York.
|D| <Up (A3) [6] ASME, 1998, “Test Uncertainty: Instruments and Apparatus,” PTC 19.1.
[7] AIAA Standard, (1999, “Assessment Experimental Uncertainty with Applica-
ilitvs i i i N@g i tion to Wind Tunnel Testing,” AIAA S-017A-1999, Washington, D.C.
then the mean faghty is certified at the inte » Whereas if the [8] Mattingly, G. E., 2001, “Flow Measurement Proficiency Testing for Key Com-
absolute value ob is greater thatJy parisons of Flow Standards among National Measurement Institutes and for
o Establishing Traceability to National Flow Standards,” in Proceedings of the
|D| > Up (A4) ISA 2001 Conference, Houston, TX:ISA 2001.
[9] Youden, W. J., 1959, “Graphical Diagnosis of Interlaboratory Test results,”
then the mean facility biaB'FB is defined as Journal of Industrial Quality Control15, pp. 24—2{3. o .
[10] Vleghert, J. P. K., 1989, “Measurement Uncertainty Within the Uniform En-
UZ* _ 52 _ U; (A5) gine Test Programme,” AGARDorgaph No. 307.
FB D [11] Gooden, J. H. M., Gleyzes, C., and Maciel, Y., 1997, “Experimental Study of
. . _ the Flow Around Two Scaled 3D Swept Wings,” 28th AIAA Fluid Dynamics
with total uncertaintyUs Conference, Snowmass, CO.
> 2 2 [12] ITTC, 1987, “Report of the Resistance and Flow Committee,” 18th Interna-
U?: U;+ UFT3 (A6) tional Towing Tank Conference, Kobe, Japan.
[13] ITTC, 1999, “Report of the Resistance and Flow Committee,” 22nd Interna-
tional Towing Tank Conference, Seoul, Korea/Beijing, China.
[14] Hemsch, M., 2002, “Statistical Analysis of CFD Solutions from the Drag Pre-
diction Workshop,” AIAA 2002-0842, 40th AIAA Aerospace Sciences Meeting

If |D| is much greater thably

|D| > UD (A7) and Exhibit, Reno, NV, 14-17 January.
— — [15] Larsson, L., Stern, F., and Bertram, V., editors, in Proceeding Gothenburg
thenD approximately equals the mean facility bias er@ag 2000, A Workshop on Numerical Ship Hydrodynamics, Chalmers University
_ of Technology, Gothenburg, Sweden, September 2000; J. Ship Ré&s.,
D= Bre (A8) March 2003, pp. 63-81.

[16] Stern, F., Longo, J., Penna, R., Olivieri, A., Ratcliffe, T., and Coleman, H.,

such that the biases can be estimated in both sign and magnitude “International Collaboration on Benchmark CFD Validation Data for Naval
and used for calibration Surface Combatant,” Invited Paper Proceedings of the 23rd ONR Symposium

S . . . . on Naval Hydrodynamics, Val de Reuil, France, 17-22 September 2000.
For the individual facility,D; is defined as the difference be- [17] ITTC, 1978, “Report of the Performance Committee,” 15th International Tow-

tween the individual facilityX; and referencé&g values ing Tank Conference, Hague, The Netherlands.
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i i generated by pressure fluctuations. In contrast to this, the structure
Energy Separatlon n Steady of separated wake flow behind a truncated afterb@ogse flow’)
Separated Wake Flow at supersonic conditions is quite different and predominantly

steady[10]. An illustration of the mean flow field structure, with
some details relevant to the geometry considered in the present

B. W. van Oudheusden investigation, is given in Fig. 1. Separation of the boundary layer
Department of Aerospace Engineering, Delft University dé fixed at the afterbody corners, where free shear layers are
Technology, The Netherlands PO Box 5058, 2600 formed that enclose a recirculation region that is terminated by a
GB Delft, The Netherlands recompression at shear layer reattachment. Between separation

and reattachment, the free shear layers develop in an environment
of nearly constant pressure. The energy separation for this kind of
] flow configuration and under these conditions has not been re-
1 Introduction ported earlier. A particular energy separation feature may be ob-

The phenomenon that regions of different total enthalpy c&i¢"ved in the reversed flow region behind the model base. This is
develop in an external flow starting from initially homogeneoudlustrated here with results of the numerical simulatiperfect
conditions upstream is known as “energy separation.” E¢te?}  9as, RANS of the steady flow around an axisymmetric afterbody

discussed its basic mechanisms and introduced the energy sepfr@-Mach 3 supersonic free stream, as sketched in Fig. 1. Whereas

tion factorS:(H—HQ/%ug as descriptive nondimensional IO(,jlr(,ﬂm;_)revious attention was directed only to the velocity and pressure

eter. In inviscid flow the only mechanism for energy redistributioﬂ.elds [11], further investigation of the temperature data of the

is unsteady pressure work and strong energy separation has indgt!lation (previously unpublishedreveals a pronounced reduc-

been observed for a number of unsteady flow phenomena, not i of total temperature in the separated flow region beh_lnd the
the vortex wake3-5]. Several studies have provided analyticalP@>¢: Aréas of minimum energy are found coinciding with the
experimental, and computational evidence of hot and cold sp ady recirculating flow structures in the near wake. This is fur-

formed around the convected vortical structures, at the fast ang' duantified in Fig. 2 which displays the distribution of velocity

slow sides, respectively. Diffusive energy redistribution, due @1d temperature, taken directly from the numerical flow simula-
the combined effects of the work by viscous stresses and of thﬁ" as well as the inferred separation factor, plotted along a ra-

e-mail: b.w.vanoudheusden@lIr.tudelft.nl

mal conduction, is a second possible mechanism for energy sefi@ line across the wake at 0.7 base diameters behind the body
ration. It is, in general, much weaker than the unsteady pressig@Proximately halfway between the base and the wake reattach-

mechanism discussed above, and best known in the context"8t POINk. ) .
thermal recovery in boundary layers. A very prominent feature of the total temperature profile

Energy separation has also been observed experimentally(f{gnce, the separation factas the distinct minimum it attains in
other free shear flows, like mixing layers and j§€s-8]. With the_ recirculation reglon.Aqualltatl_ver S|m|Ia_1r profile of the sepa-
large vortex formation absent in that case, it appears at least g&ton factor was observed e’xperlmentally in the separated wake
tially unclear whether small-scale vortex formation is the goverfehind a thick flat plate by O’Callaghan and Kurosaka at a Mach
ing mechanism, or to what extent the diffusive mechanism is rélmber of 0.96]. In absolute sense, the energy separation varia-
evant here too. In the computational study by Han ef@lof a tions in the experiment of O'Callaghan and Kurosaka are how-
planar mixing layer it was concluded that also in this case tiRver, more pronounced. A maximum overshoot of +0.06 was ob-
unsteady pressure effect is dominant over the viscous mechanigffved in the outer part of the wake, a minimum of —0.32 inside
In relation to the above topic, the specific subject of the preselfie wake near the location of mean-flow reversal and an approxi-
note is to report on the occurrence of energy Separatiorstaa;jy mate value of -0.11 near the wake center line. In the present
separated wake flow and to investigate how in that case the @nulation the corresponding values are +0.02, -0.17, and -0.13,
served particular energy separation signature can indeed be attrétspectively. In the same paper O’Callaghan and Kurosaka re-
uted to viscous energy separation alone. In addition, the analyg@ted on experiments with a screen obstruction in the flow, which
provides a simple theoretical expression with which the contribgenerated a mixing layer flow, with low velocity behind the ob-
tion of the viscous energy separation mechanism can be assesstdction. For that case the energy separation inside the shear layer

was reported to displays a maximugs0.06 and a minimum of
2 Observation of Energy Separation in Steady Sepa- ~0.16 near the near the high-velocity edge and low-velocity
rated Wake Flow boundaries, respectively, while approximately vanish{&g0)
) . outside the shear layer. Based on the similarity with the energy

As mentioned above, vortex wakes that are characterized §yparation distribution in unsteady vortex wakes, they explained
large-scale flow unsteadiness display a strong energy separafighlenergy separation in both their wake experiments entirely from

the effect of unsteady vortex formation in the unstable shear layer.

Contributed by the Fluids Engineering Division for publication in therkaL or However, the scale O.f the .energy separation is of a similar or(_jer as
FLuibs ENGINEERING. Manuscript received May 11, 2004; Final manuscript receivedil the present numerical simulation, whereas the latter contains no
February 22, 2005. Associate Editor: H. Johari. unsteady effects: The total variation in the separation factor is
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ary layer and the mixing layer, and equal to the center-line veloc-
ity for the wake. Equally, the temperatutenthalpy and separa-
tion factor have been scaled with the maximum kinetic energy
difference, being%ug for boundary layer and mixing layer, and
ugAu for the far wake. A common characteristic of all flow types
is that positive energy separation occurs on the high-velocity side

" expansion

compression

model of the shear layer, and negative energy separation on the low-

afterbody velocity side. This produces a pattern that is qualitatively similar

— i i & i . oo o o e 3 . ——. . to the time-mean action of unsteady vortex formation. Comparing
< > these results to the base flow simulation data of Fig. 2, we observe

a combination of features of the mixing layer and the wake. The
distribution clearly differs from that of the single mixing layer, in
the sense that the “slower stream” does not provide an adiabatic
boundary condition, as it is not an independently fed stream, but a
result of the recirculating wake flow itself.

A further clarification of energy-separation features under more
0.38 in the plate wake experiment and 0.19 in the simulation. $eneral conditions can be obtained from the enthalpy-velocity re-
one assumes that the result of the present simulation data is rg§ion that was derived in an earlier stufly4], which allows the
resentative of the magnitude of the viscous energy separation @fergy separation to be related analytically to the velocity field,
fect, overlooking the possible influence of the difference in MachS:
number regime(transonic vs supersonicit would seem to ac-
count for about half of the total energy separation observed in the
transonic wake experiment. In the next section the prominent fea- pay

tres of energy separation fleadyviscous flow are further ana- where is the stream function andthe recovery factor. The first

!yzed,.for different free shear layer configura}tions, in order 19d second term represent “incomplete energy recovery” and “dif-
investigate how they can account for the particular energy Sej:%

ca.1.0D

Fig. 1 Schematic flow field structure of a supersonic base
flow

H—He:(r—1)%(u§—u2)+(1-r)f@ (1)

. ; ; . . sive energy redistribution,” respectively. This relation was origi-
ration signature encountered in the supersonic wake flow simu

tion, as well as allowing to assess the viscous contribution to t e”y derl\{ed for two-dimensional Ia.mlnar. constani—e@pe{rly
total energy separation in a separated shear flow under more gegiPressible boundary layer flow, in which case=\Pr. The
eral conditions. effect of compressibility was found to be relatively small, espe-
cially in the absence of pressure gradigtt]. It is easily verified
. ) . . that the above expression also applies to a laminar wake flow,
3 Analysis of Viscous Energy Separation in Steady provided that the conditions at both sides of the wake are equal. In

Flow addition, the above analysis can be extended to turbulent wake

First, as a reference the typical energy separation profile HAWS, by neglecting viscous terms and assuming a constant tur-
been computed for three elementary constant-pressure shear R{jent viscosity across the wake3]. In that case we find that
ers, viz. the flat-plate boundary layer, the mixing layer betweenagain Eq.(1) applies where in analogy=\Pr, with Pr; the tur-
stream and stagnant environméjet boundary and the far wake. bulent Prandtl number. Note that thelvell-known recovery relation
For incompressible laminar flow each of these cases displays sédf turbulent boundary layer flow,=¥Pr, does not apply here.
similar solutions for the velocity and temperature distributions For the application to the base flow data, Efj) is slightly
with respect to a scaled transverse coordingatesee[12,13 for adapted, in the sense thatis replaced by?+v? in the recovery
detaily. Computation results obtained from solving the selfterm, while the integration for is started from the center line,
similarity flow equations for Pr=0.7 are presented in Fig. 3, showsing the density data from the simulatioret shown. Good
ing profiles of the velocity, static temperature, and energy sepasgreement with the numerical data is obtained, when a recovery
tion factor for the three flows, appropriately normalized. Theéactor of r=0.86 is chosen. At this point there is no independent
velocity has been normalized on a scale from 0 to 1, spanning tjastification for this specific value, but in view of the theoretical
maximum velocity difference across the shear layer=u,,, analysis, this would correspond to an average turbulent Prandtl
= Umin» Whereunay is equal toue, while uni, is zero for the bound- number of about 0.75. The continuous line in Fig. 2 represents the

0.6 . 0.6 .
y/D
04 | 04 ]
o o ° uu : : ° a a
a a ° ® ° ﬂﬂn
02 Jao®” 02 |
0 T T T T T T Y 0'0 T T T v 1 r — T v T
-200 0 200 400 600 0 100 200 300 -0.2 -0.1 00

velocity (m/s)

Fig. 2 Energy separation in compressible base flow
theory )
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Fig. 3 Energy separation in steady viscous zero-pressure-gradient flow (Pr=0.7); boundary layer (top), mixing layer (center)

and far wake (bottom )

prediction of the separation factor according to Ef), whereas 4 Discussion and Conclusions
the broken line is the result of using the classic Crocco—Busemann]_h f . d for th d
relation, i.e., omitting the second term from Ed). Most of the € occurrence of energy se_paratlon was r_eporte _ort e_stea y
prominent features of the energy separation distribution are ind grated wake of an object in a supersonic flow s_|mL_|I_at|on. A
reproduced. Comparing the two theoretical curves reveals that fifglticular feature was observediz. regions with a significant
local extrema in the energy separation profile are generated by flf¢réase in total energy, that correspond with the locations of
redistribution term in Eq(1). In particular the minimum is well steady \_/ortlcal structu_res in the recwculatlon reglon._As the flow is
predicted, which is related to the effect of flow reversal. Both théfeady in the simulation only the viscous mechanism can be re-
“recovery term” and the “additional transport term” reach a minisponslble for this. This motivated a further investigation of vis-
mum near that position. The overshoot in total enthalpy is rel§ous energy separation in the context of steady flow. It was shown
tively small, with the mass flux near the outer flow being mucthat indeed the particular pattern can be explained from this
higher than in the base flow region. The numerical total tempergechanism and that the energy separation is enhanced by means
ture data do not properly reproduce this overshoot. A possitiéthe feedback effect of the flow recirculation in the wake region.
explanation is that the enthalpy excess has been redistributed oAeranalytical expression was presented that describes the strength
a larger flow region, due to real or numerical diffusion in thef viscous energy separation in relation to the velocity field.
computational domain along the model upstream of the base.  With regard to the plate and screen wake experiments of
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O’'Callaghan and Kurosaka it can be concluded that a significant  Heat Mass Transferl3, pp. 127-143. o L
part of the energy separation observed in the experiment can bé! Erflgesrttb thsértGré 1u9n87zvlcross73“a8rfp°” of Energy in Fluid Streams,” Warme-
attributed tQ VISCOus energy sgparatlon. Companng _the scree&] Kurosaka, M., Ggrtz,gJ. I’?:.p,pG.raham,.J. E., Goodman, J. R., Sundarun, P., Riner,
wake experiment to the theoretical analysis of the mixing layer ~ w, c., kuroda, H., and Hankey, W. L., 1987, “Energy Separation in a Vortex
(Fig. 3), the viscous effect is seen to account for about half of the  Street,” J. Fluid Mech.,178 pp. 1-29.

reported energy separation. For the plate wake the comparison [4] Goldstein, R. J., and He, B., 2001, “Energy Separation and Acoustic Interac-
less straightforward. The theoretical relation of EB. would al- . g‘;’:s'rc‘a';'e(’:" QIC'ESSC"’L ﬁi'ﬂarccyllzggr’?'. Hz%g%‘;ﬁ;ﬁ gpbeiéggszmea
low to assess the VIS(_:OUS contrlbutlor) more quantltatlyew‘ bUI[ surement r;lnd Cc’»mputat}on of’Energ’y Se;:’)aration in the ’Vortic’al Waly<e of a
unfortunately no velocity data are available for evaluating this.  Tymine Nozzle Cascade,” J. Turbomacti2L pp. 703-708.

Nevertheless, assuming that the simulation results are indicatives] o’callaghan, J. J., and Kurosaka, M., 1993, “Vortex-Induced Energy Separa-
of the viscous energy separation, the viscous effect is estimated to tion in Shear Flows,” AIAA J.,31(6), pp. 1157-1159.

account again for roughly half the observed energy separatiorﬁﬂ Seol, W. S., and Goldstein, R. J., 1997, “Energy Separation in a Jet Flow,” J.
effect Fluids Eng., 119, pp. 74-82.

. . . . . ... [8] Han, B., and Goldstein, R. J., 2003, “Instantaneous Energy Separation in a
In conclusion, the viscous effect is found to contribute signifi- ~ rree get. Part . Total Temperature Measurement,” Int. J. Heat Mass Transfer,

cantly to the energy separation in free shear layer flow of wakes 46, pp. 3983-3990.

and mixing layers for the cases considered. The unsteady pressuig Han, B., Goldstein, R. J., and Choi, H. G., 2002, “Energy Separation in Shear
effect is certainly not to be dismissed, however, and this is mosto] Eagl’:fsy";méia“éac;'\"a;s gran15g§$5a“g$-e§;;§i- of Base Flows.” in: Soecial
likely (espon5|ble for .the strongest excursions of the separati Cour;yé o Missile A;r'odynan'ﬂc& AGARD Report 754,SChaptesr’11. P
factor 'r_] the wakes. Fma“y'_'t may re_marked that the Mach num[ll Ottens, H. B. A., Bannink, W. J., and Gerritsma, M. |., 2001, “Computational
ber regime has probably quite some influence on the presence and study of Support Influence on Base Flow of a Model in Supersonic Flow,”
strength of the unsteady pressure effect, as transonic wake flow 15th AIAA Computational Fluid Dynamics Conference, Anaheim, 11-14 July

has been observed to be inherently more unsteady than supersonic 2001, AIAA Paper 2001-2638.
flow [16] [12] White, F. M., 1991 Viscous Fluid Flow 2nd ed., McGraw-Hill, New York.
' [13] Schlichting, H., and Gersten, K., 2008oundary Layer Theory8th ed.,
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Comparison of Exact and Sommerfeld pr = BeSiN (2 + ¢ cos6)

Solution for the Pressure of a (2+&%)(1 +e cost)?
Journal Bearing We know that positive pressures exist in the convergent fdm

<6f<m) and negative pressures in the divergent film<6
<2m). The negative pressures are not realistic and are modified
Yan Qu by using a half-Sommerfeld condition where the film diverges
(#=m) and the pressure is uniformly zero. For this reason we limit
the analysis to the convergent film.

Dohyung Kim Exact Solution. The exact solution given if4] is the Stokes

e-mail: dohkim@mail.utexas.edu solution for the stream functiofi*y?=0. We obtain a relation for
1 the pressure from these equations. The relation is

Ronald L. Panton

e-mail: bil_.qu@mail.utexas.edu

. . 2
e-mail: rpanton@mail.utexas.edu p@=p, + FM[Pl(g)sin 7+ Py(&)sin 2],
Mechanical Engineering Dept.,
The University of Texas at Austin, where
Austin, TX 78712-0292 P1(&) = (Dg— 2A;)sinh & - 2B, coshé,
and

Introducti P,(¢) = A, sinh 2+ B, cosh Z.
ntroauction
] ) ) ) ) Do, A4, By are all constants and can be found .
In this paper, we consider the flow in a journal bearing. The The nondimensional pressure is
Sommerfeld approximate solution is well-known and is discussed © 2 )
in all lubrication texts[1-3]. Perhaps less well-known is thatan ~_P "~ Po(i) _ _(i) TN .
exact solution exists in the applied mechanics literature. It is of P ny \Ry b, \ R, [Pu(&sinz + Po(&)sin 27].

interest to compare the two solutions and establish quantitativthorder to compare the exact solution with the Sommerfeld solu-

the parameter region where the Sommerfeld solution is a goﬁgn, we transfer the center of the inner cylinder to the origin as
approximation of the exact results. Since micro-bearings ha; Slows: 9=tarrL(y/(x-1+e)). Thus
ol e y .

lower radius ratios than typical bearings, the Sommerfeld soluti
is sometimes not appropriafé]. p'(&7)=p(£0).

The geometry of a journal bearing is shown in Fig. 1. Thﬁ\' e Sommerfeld solution is an approximate solution when radius
displacement of the shaft center relative to the housing center i PP

known as “eccentricity,”(e), while the difference in radiusR, rahlo (RZ/de) IS Slos_e tc?sun:y. F'gtl;]resz showsf ?g extreme c?se
-R,) is known as “clearance,c). The minimum film thickness when racdius ratio 1s 9.. Here, theé sommerieid approximation

d the beari . ¢ . dth . fil gives a significant error for the maximum pressure. It also gives
around the bearing circumference(és-€), and the maximum film considerable error for the attitude angle at the maximum pressure.

thickness is(c+e). When R, approachesR;, the Sommerfeld | order to investigate the error when using the Sommerfeld ap-
method can be used and the film thickness is proximation to calculate maximum pressure, we have to examine
the exact solution and determine which cylinder, the inner or the
outer, has the greater pressure. The Sommerfeld approximation
where the eccentricity ratie is defined as/c. When the shaft treats the radius ratio as unit, so the pressure on the outer cylinder
and bearing are concentrie=1, and the bearing does not haveS equal to the pressure on the inner cylinder, but as the radius
any load-carrying capacity. When they touet0, and the bear- ratio decreases, the pressure difference between the outer and in-
ing has tremendous load support capacity. ner cylinders becomes significant. DefindP;, as (P2 max

In the exact solutiofi5] the geometry is described by introduc-
ing a bipolar coordinate syste# », defined by

h=(R;-R,) +ecosf#=c+ecosf=c(l+ecosb)

sinh& _ siny

coshé - cosy’ y coshé - cosy’

where
1
b= Z—e[(Ri +Ro - €92 - ARERZJM2.

This method is more generic and can be used for one or both
cylinder rotations without any radius ratio restriction.

Analytical Results

Sommerfeld Solution. The dimensionless form of the Som-
merfeld solution for pressure distribution is

Contributed by the Fluids Engineering Division for publication in therNAL oF
FLuibs ENGINEERING. Manuscript received by the Fluids Engineering Division June 4,
2004; final revision received October 24, 2004. Associate Editor: S. Balachandar.

Corresponding author.

Fig. 1 Geometry of a journal bearing
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Fig. 5 Difference of maximum pressure for the two methods

~P1 mad/ P2 max Conclusion

Figures 3 and 4 show that when the radius ratio is sné@ly gy radius ratio and eccentricity ratio determine whether the
can be large, and the sign depends on eccentricity eatldow-  ,eqqure on the outer cylinder is greater than that on the inner
ever, when the radius ratio is greater than 0.95, which is the q&inder. However, when the radius ratio is greater than 0.95, as in
sign range for most journal bearingsPy, is always negative, most journal bearings, the maximum pressure on the outer cylin-
indicating that the maximum pressure on the outer cylinder (& s ajways greater than the maximum pressure on inner cylin-
always greater than the maximum pressure on inner cylindgg,

Then, 6P,y is defined agPy max~Psom /Pt max to further bench-  The Sommerfeld solution always gives smaller pressures than
mark the accuracy of the Sommerfeld approximation. the exact solution. The margin of error increases when the radius

In Fig. 5, the Sommerfeld solution always gives smaller resuligtio decreases or when the eccentricity ratio increases. For most
than the exact solution and, as we can expect, when the radigigrnal bearing cases where the radius ratio is greater than 0.95,
ratio approaches unity, the error decreases to zero. Also, as {he error rate remains within 0.5%. Also, the Sommerfeld solution
eccer‘ltrICIty ratio Increases, the difference increases. For mgﬁhays gives a grea’[er attitude ang|e at the maximum pressure_
journal bearing cases in which the radius ratio is greater than 0.9%js "error increases as the radius ratio increases. Of course,
the error within 1%. As we further investigate the attitude angle giicro-bearings with unusual radius ratios must be considered on a
maximum preSSUr% is defined as(&max— Gson)lﬂmax. Figure 6 Case_by_case basis.
shows that the Sommerfeld solution always provides a greater
attitude angle at maximum pressure, and as the radius ratio in-
creases, the error rate increases as well. However, the differeP@menclature

remains within 0.20 deg when the radius ratio is larger than 0.95 ¢ = radial clearance
for any eccentricity ratio. e = eccentricity
0 T
/
002 "”A/;'/
: L '/v'
e
8 -0.04"/‘/ r//v//
o
¢ —
5 006 = // - 7,|
E tricity Ratio ~

% -008‘ / // / / coentricity Ratio ~
£ U —— 5=0.9
s / 7 ~ o8
2 01 // // s —— =07
: / o8
g 0.12 < // —— 0.4
5 / ,// —— e=0.3
£ 014 7z —— =02
a8 o 4 —a g=0.1

-0.16¢

-0.18
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Radius Ratio ~ R2/R1

Fig. 6 Difference of angle at maximum pressure for the two methods
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h = film thickness Q
dimensionless pressure
Sbmay = difference of maximum pressure between exac‘lq"

angular velocity

T
Il

ubscripts

solution and Sommerfeld solution 1 = outer cylinder
. . 2 = inner cylinder
P1 max = maximum pressure on outer cylinder
P2 max = maximum pressure on inner cylinder
Psom = Sommerfeld maximum pressure
R, = outer cylinder radius References
R, = inner cylinder radius [1] Cameron, A., 1981Basic Lubrication Theory, 3rd editiorEllis Horwood
8P1, = maximum pressure difference Ltd., England, Chap. 7.
1AZ - diff pf th ttitud | t . [2] Szeri, A. Z., 1980,Tribology; Friction, Lubrication, and WearHemisphere
= dinrerence 0 € attitude ang(_:" at maximum Publishing Comp. McGraw-Hill, New York, Chap. 1.
pressure between exact solution and Sommer- (3] Hamrock, B. J., 1994sundamentals of Fluid Film LubricatigrMcGraw-Hill,
feld solution New York, Chap. 10.

[4] Gad-El-Hak, M., 2003The MEMS HandbogkCRC Press, Boca Raton, FL.

& = eccentricity ratio [5] Ballal, B. Y., and Rivlin, R. S., 1976, “Flow of a Newtonian Fluid Between

0= attitUde_ an_gle . Eccentric Rotating Cylinders: Inertial Effects,” Arch. Ration. Mech. Anal.,
p = dynamic viscosity 62(3), pp. 237-294.
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Numerical Investigation of Baffle-Plate capture efficiency of an exterior hood operating in a cross draft.
He mentioned that the main factors in the efficiency of the capture

Effect on Hood-Captu re Flow zone were the size of the exterior hood, its geometry and suction
speed. Conroy et aJ11] studied the influence of a cross draft on
an exterior hood using an analytical approach, numerical simula-

Ming-Jyh Chern tions, and experimental methods. He mentioned the concept of a
Phone: +886-2-27376496 dividing streamline which is highly relevant to the capture effi-
Fax: +886-2-27376460 ciency. Chen et al12] utilized the dividing streamline to define

_mails mi ; the capture zone for an exterior hood in a cross draft. The capture
e-mail: mjcher@mail.ntust.edu.tw zone can be used as the indicator of the capture capability of an
Janag-Xing Lee exterlo.r hood. In ;erms of Chen et ql.’s results, the capture.zone
9 9 looks like a Rankine body-of-revolution when the speed ratio of
the suction to the cross draft is larger than 2. Huang eft1a®]
Department of Mechanical Engineering, National Taiwanstudied the capture zones of hoods with circular and rectangular
University of Science and Technology, Taipei 106, cross sections in a cross draft. Their experiments were performed
Taiwan in a wind tunnel. Flow fields were visualized using smoke and
measured using a laser Doppler velocimdtrpV). They found
that the geometric shape of the capture zone was mainly affected
1 Introduction by the ratio of the suction speed to the cross draft velocity and the
) ) . . ~aspect ratio of the rectangular cross section. They used the given
To protect laborers in a working environment containing toXigemiempirical formula based on the potential flow theory and ex-
vapor, particles and contaminants, an efficient ventilation facilityerimental data to determine the dividing streamline. Further-
is essential. A well-designed industrial ventilation facility shoulghqre, they also found that a circular hood has the same capture
capture most of the pollutants. An exterior hood is one of the basigne and characteristic lengths as a rectangular hood when they
tools for local industrial ventilation. The aspiration of an exteriof;ye the same area. As a result. the formula for the rectangular
hood is able to extract pollutants into a certain space. A bell-like 54 can also be applied to a cir,cular hood.
volume below an exterior hood is usually used to characterize its\yg employed a flange and a baffle plate to reduce the negative
capture zone. Pollutants within this bell-like zone can be collectegact and proposed a 3D numerical model. Variations in flow
and released into the atmosphere. However, a cross draft m@ycture obtained by the established numerical model are shown
exist in the working site where an exterior hood operates due {g, getail and explained in this paper. The flow problems under
for example, flow induced by an air conditioner. Even a very sloW,nsideration are shown in Fig. 1. The height and the widlibf
cross draft at several centimeters per second could have a negaiexterior hood under consideration were 5 cm and 10 cm, re-
influence on the capture zone. As a result, a cross draft does a éctively. The widthW; of the flange varied from 12 to 3D.
only change the shape of the capture zone, but also its captyig, \yigthb of the baffle plate was the same BsThe height of
efficiency. The bell-like capture volume becomes a Rankine bod%-e vertical plate varied from 105 to 4.0D. Due to the baffle

g:'rﬁvil\l;t'ign nand %ht?w Vglutl;’ri]t‘?] Iﬁt cloirr11tfrlactned bicau?e of d? fctro te, the capture region was enlarged. The effect of the baffle
ait. Avoldance of the detnmenta uence of a cross dra 8te is the main issue we are concerned with in this paper.

the capture zone becomes an important topic for the design dn
operation of an ex_terior hood. This study is to propose a passize Mathematical Formulae and Numerical Model
control method which uses a flange and a baffle plate to overcome
the negative effect and to enhance the capture efficiency. NumeriWe considered an incompressible fluid. The continuity and
cal results are shown to investigate the effect of the proposkl@vier—Stokes equations were adopted as the governing equa-
approaches and compared with available experimental data piiens. Air was the working fluid in this problem, so the density and
vided by Huang et al[1-3]. Acceptable agreements are foundhe dynamic viscosity of air were 1.204 kgiand 1.51
between numerical and experimental results. X10°m?s™! (20°C,1 atm, respectively.U. was the velocity
Local industrial ventilation has been used for a long time. Theomponent of a cross draft in the horizontal direction and was
design principles for an exterior hood date back to Dalla ale used as the initial condition. For the wall boundary and the solid
and Silverman5]. They provided the empirical formula to deter-boundaries of the hood, the flange and the baffle plate, we im-
mine the axial velocity of an exterior hood according to the argzosed a nonslip boundary condition at those boundaries. The es-
of the hood opening and the suction speed. Subsequent reseatahlished governing equations were solved numerically. We uti-
ers developed and modified the axial velocity formula for exteridized the finite volume method to discretize the governing
hoods with various shapés.g., Garrisof6]). In 1990, the Envi- equations. The advective terms in Navier—Stokes equations were
ronmental Protection Agend¥PA) of the USA provided the prin- discretized using the QUICK schenfleeonard[13]). The fourth
ciple of the capture efficiency for the design of an exterior hoodrder Adams-Bashforth scherf@anuto et al[14]) was employed
In academic research, Vincg] described the aspiration of anfor the temporal derivative. In addition, the SOLA schefHet et
aerosol sampler in an air stream. The flow pattern in the flow fiefd. [15]) was used to predict and correct the pressure and velocity
was very similar to the present study. The concepts of a stagnatimiutions.
point, a dividing streamline or streamsurface were provided. Ing- The 79X 43X 34 mesh was employed in the following simula-
ham and Hildyard 8] utilized potential flow theory to study the tions. The minimumix/D, Ay/D, andAz/D were 0.1, 0.083, and
flow pattern around an aerosol sampler in a free stream. Th@yl, respectively in the adopted mesh. The 3D numerical simula-
provided the solution to determine the location of the stagnatidions were performed by a PC cluster which consists of 17 nodes
point. Sreenath et aJ9] conducted experiments to study the astAMD XP-2400). In the following numerical simulations, the total
piration of an aerosol sampler in a wind tunnel. The stagnati@onsidered nondimensional physical time was about 150. The
point was located by flow visualization using the smoke-wiraondimensional time incremenat-U./D, was 4x107* to 1.6
method. Kulmala[10] adopted a numerical model to study thex 1073, At each time step, the maximum mass residual for all the
cells was to be less than T0to satisfy the continuity equation.
_ ) S o The whole nondimensional maximum velocity variation through-
Contributed by the Fluids Engineering Division for publication in therkaL of 4t the whole flow field between two time steps at the end of
FLuips ENGINEERING. Manuscript received by the Fluids Engineering Division August_. . . .
4, 2004; Final manuscript received March 5, 2005. Associate Editor: Fernando Graimulation were less than 1D This state was considered the
stein. steady state solution for all the simulations.
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1.5

i =& no flange
—O— W,/D=12
e W,/D=1.5
——— W//D=2.0
1.0 ~——p— W, /D=2.5 -
g —4— W,/D=3.0
D &
C £,
Fig. 1 Schematic diagram of the proposed hood with a flange ~ :§
and a baffle plate 05 i B—-=s 8 -
3 Results and Discussion | L )
To achieve the passive control of the capture flow, a flange and 0.0 : 1 L 1
a vertical baffle plate were used. Various effects were considered
in the capture flows. The capture envelope can be determined by a 2% T T T T T
dividing stream surfacésee Vincen{7]). At first, the effect of the ]
flange installed at the hood opening was investigated. The geo- & ofl 1
metric size of the flange affected the capture flow. The baffle plate 20k —— ;f /Da:fz -
was utilized to enlarge the capture zone. The plate caused a il W,/D=1.5
change in the capture flow. The affected capture flow was ex- - — :’,g=§-g .
plored in the final subsection. sk 93 ij=3.0 i

3.1 Effect of Flange.One of the methods to avoid the nega- T]
tive effect of a cross draft is to install a flange at the hood opening. 5
The main idea is to avoid the influence of the wake behind the
hood. A flange may achieve this purpose, because it separates th
capture region and the wake behind the hood. Subsequently, an- s
other question is the determination of the flange size. Those points
become the main topics in this subsection. 05

Various flanges ofW;/D=1.2—3.0 were considered in this
study. ¢, %, andé refer to the characteristic lengths of the capture

10

zone.{ is the horizontal distance from the stagnation point of the 0.0 . 1 . 1 . 1 . 1
dividing streamline to the center of the hood openinmgis the

vertical distance from the center of the hood opening to the divid- 3.0 T T T T ' T v T
ing streamline{ is the vertical distance from the horizontal level L i
of the hood opening to the inlet location of the dividing stream- 25k = no flange i

line. They are relevant to the size of the capture volume. Figure 2
shows the variation of the characteristic lengths with respect to L
W;/D and R. 7 and ¢ did not change withW;/D in Fig. 2. ¢,
relevant to the stagnation point, was affectedrbgndW;/D. Let E-’
us investigate the variation @f D first for the case oW;/D=3. It
varied from 1.25 to 0.7 aR increased. The changed capture zone ) 45|
was larger than in the case without a flarig¢D =0.5). Further-
more, a variety of flanges were considered to investigate their
improvement ort. It was found that all the considered flanges up
to W;/D=2.5 improve {. The improvement reduced &8 in-
creases. Meanwhile, large flanges caused better improvement
However, whenW;/D exceeded 2.5, the variation ¢fwith re- 05}
spect toR was the same. Hence, a flangeVigf/D larger than 2.5
is not necessary. . \ . , . ,
We also compared the results of characteristic lengths given by 005 0.2 Y R Y S——y
the established numerical model with the experimental results R
(Huang et al[2]). Figure 3 demonstrates the comparison between
those approaches. Numerical results of varigg¢D and R are
close to the experimental ones. There are differences between
them atR=0.113. However, the tendencies are the same. They
both reveal that only is affected by a flangen and & hardly
change when a flange is used.

20

10F

Fig. 2 Variation of characteristics lengths

due to a baffle plate. It is well-known that vortex shedding is
expected to be found behind the pldsee Bradbury16]). Con-

3.2 Effect of Baffle Plate.As illustrated in the above section, sequently, a low pressure zone is formed behind the plate. There-
a flange may improve the capture zone in a cross draft, but itfizre, this may be helpful for capture of pollutants from other high
very limited. An alternative is to utilize a baffle plate. Huang et apressure zones to the low pressure zone. Knowing this, the verti-
[3] were the first to propose this idea to enhance the capability cdl plate may be installed between the hood and the inlet bound-
the hood in a cross draft. They performed flow visualization exary of a cross draft. Figure 1 shows the location of the baffle plate
periments and LDV measurements to observe the flow variatiovith width b and length. The distance between the plate and the
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Fig. 3 Variation of characteristic lengths with respect to
WFID. Experimental results can be found in Huang et al.

O no flange (Numerical) E

v W,/D=2.0 (Numerical)

L<] W,/D=2.5 (Numerical)
= = = = o flange (Experimental)
W,/D=2.0 (Experimental)
W/D:Z.S (Experimental)

O no flange (Numerical)
V  W/D=2.0 (Numerical)
q W,/D-Z.S (Numerical)
« = = = po flange (Experimental)
....... W, /D=2.0 (Experimental) _|
W, /D=2.5 (Experimental)

1

(o] no flange (Numerical) -
v W,/D=2.0 (Numerical)
d  W,/D=235 (Numerical)
= = = = qo flange (Experimental) |
------- W,/D- 2.0 (Experimental)
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Re

Fig. 4 Variation of the wake length with respect to U.. U, var-
ies from 0.4 ms ~! to 1.6 ms 1. Corresponding Reynolds num-
bers are 2 650 to 10 600. Experimental data are provided by
Huang et al. [3].

recirculation zone.

3.2.1 Determination of Recirculation Zon& make sure the
hood opening was within the recirculation zone behind the plate, a
uniform flow past a vertical plate with a height of 50 cm and
width of 10 cm was simulated first. In order to get the time-
averaged length of the recirculation zone, instantaneous velocity
solutions were averaged to get a quasi-steady velocity field. We
considered cross flows &J.=0.4 ms* to 1.6 m s'. The corre-
sponding Reynolds number, R&zb/v, varied from 2 650 to
10 600. Numerical simulations were performed to get instanta-
neous solutions for velocity and pressure. The total nondimen-
sional physical time for the averaged solutions was about 1000.
Figure 4 shows the variation of the average wake lerigthwith
respect to the Reynolds numbky.is the horizontal distance from
the plate to the saddle point of the recirculation zone. We com-
pared the numerical results with the experimental results provided
by Huang et al[3]. Although the numerical results did not com-
pletely agree with the experimental results, their tendencies were
very similar. We found the average length of the recirculation
zone varies from 15 to 2.9D. The minimum difference between
the numerical and experimental results i5=0.6 ms?! (Re
=4000. In terms of these results, the distaricbetween the plate
and the end of the hood opening was[2,.2.e., 22 cm. Mean-
while, the magnitude ofJ. was fixed at 0.6 m$ to make the
numerical results close to the real flow fields.

3.2.2 Flow Variation Due to the Baffle PlatAnother problem
regarding the plate is its height,The main factor determining the
height, I, is the suction speed/s. Hence, the following studies
focus on the relationship amongVg and the size of the capture
zone.Vgranged from 2.35 m$ to 5.33 m s. The corresponding
R ranged from 0.255 to 0.113. In additidrp ranged from 1.5 to
4. There was no vortex shedding behind the vertical plate due to
the hood suction. The nondimensional physical time of the simu-
lation was about 1200. At the end of the simulation, the nondi-
mensional maximum variation of velocity through the whole flow

center of the hood opening s There is a bridge to connect thefield was less than I6. That meant the flow field was assumed to

vertical plate and the flange. How should we decidd_cand b?

have reached a steady state at the end of the simulation.

Since the width of the wake behind the plate is close to the width First, let us observe the variation of the flow patterns with a
of the plate, the first idea is to I&tbe equal to the length of the vertical baffle plate. Figure 5 reveals the sketch of the controlled
hood, D=10 cm. Hence the opening of the hood is within thélow pattern. The capture zone enclosed by the dividing stream
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Fig. 5 Schematic diagram of the hood-capture flow pattern 15 -
. ! 1 L 1 ! 1
surface was enlarged due to the vertical plate. We found that the 8% 0.15 0.20 0.25

capture zone stretched due to the plate. Meanwhile, a pair of vor-

tices attracted into the opening of the hood just like a pair of

cyclones. No vortex shedding was observed behind the baffle  Fig. 7 Variation of #/b with respectto //b and R
plate. The wake became stable and reached a steady state due to

the interaction of the crossflow and the hood suction. Those vor-

tices caused a low pressure region which made the capture Z9%. Good agreements could be found at laigb’s and Rs.
larger than the one without a plate. Although numerical results are not exactly the same as those of

We investigated the ef'fe(_:t of a baffle plate with respect to Varliiuang et al[3], the deviations are within an acceptable range.
ousVg andl/b’s on the vertical central plane. The capture length

n was the vertical distance from the center of the hood opening 40 conclusions
the dividing stream surface. A long capture lengihmeans a
better capture efficiencyy was normalized by first. Figure 6
demonstrates the variation gf | with respect td/b andR. When
I/b was less than 3.5y was inversely proportional t&®. The
capture zone contracted whé&nincreased. Moreover, wherib
exceeded 3.5, it was found that! is mainly affected by/b. »/1
was proportional td/b in this region.

Figure 7 shows the variation of normalized byb with respect
to R. We found the curves referring téb=4 and 3.5 were almost
horizontal. It meant thag/b was not affected bR in those cases.

The effect of a passive control method on the hood-capture flow
were studied numerically in this paper. In order to overcome the
negative effect of cross draft on the hood performance, a flange
and a baffle plate were used to improve the hood-capture flow.
Numerical simulations were performed to study the changes of the
hood flow induced by the flange and the baffle plate. The effect of
a flange on the hood-capture flow was investigated. A large flange
can enlargel effectively at a smalR whenW;/D is not larger
than 2.5. The baffle plate can improve the capture zone. The in-
In addition. »/b was inverselv proportional & in the case of teraction of the cross draft and the hood-suction caused a stable

~ 7 > Y Prop recirculation behind the plate. The capture zone was stretched due
I/b=1.5. Cases betwedfib=2 and 3 were affected i andl/b.  (; the existence of the low pressure zones caused by the stable
Those results agree with Fig. 6. recirculation behind the baffle plate. In practice, the width of the

The obtained numerical results were compared with experimellsc o plate can be equal to the length of the hood opening. When

tal results given by Huang et di3]. Figure 8 demonstrates thethge velocity ratio of a crossflow to suctiddis fixed, an increased
p

comparisons. We found all the numerical results overestimatg ect ratio /b would enlarge the capture zone. The minimum

14 ——r— T 6.0 , ' : . :
| A Yb=2.0 (Numerical) ]
13p T O /b= 3.0 (Numerical)
- 50} O  4=3.5 (Numerical) -
12 [e] /b= 4.0 (Numerical)
B - T‘ e [/By=2.0 (Experimental) 4
= = — = [/b=3.0 (Experimental)
11 Y] S e A—— I/=3.5 Experimental)
n B —————a—ce = I/b=4.3 (Experimental)
1 3 i
- B - 30k -
[ ool L < <
08} 20 Q . o o
s et - R
o7} a .
- 10} -
06 B i
05 T T TN SRR SR S 0.0 L ‘ 1 . 1
®T5 2 25 | 3 35 4 015 0]220 0.25
b
Fig. 8 \Variation of #/b with respectto //band R. Experimental
Fig. 6 Variation of #// with respectto //b and R data are provided by Huang et al. [3].
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nll is at least larger than 0.5. It is better than the one without a { = horizontal distance from stagnation point on
baffle plate. The negative effect of a crossflow decreases when flange to central axis of hood, cm

plates of largd/b are utilized. When one uses a baffle plate,

improves. It means that a baffle plate can change the negatiRgferences

effect of crossflow successfully. It is a simple and passive methodl1] Huang, R. F, Sir, S. Y, Chen, Y. K., Yeh, W. Y., Chen, C. W., and Chen, C. C.,

. . h 2001, “Capture Envelopes of Rectangular Hoods in Cross Drafts,” Am. Ind.
Numerical results ofy were compared with experimental results Hyg. Assoc. J.,62, pp. 563-572.

given by Huang et al[3]. Acceptable agreements were found [2] Huang, R. ., Chen, J. L, Chen, Y. K., Chen, C. C., Yeh, W. Y., and Chen, C.
among present and experimental data. Figures 6 or 7 can be con- W., 2001, “The Capture Envelope of a Flanged Circular Hood in Cross
veniently used to determine the proper size of a baffle plate. Thesg  Drafts,” Am. Ind. Hyg. Assoc. J.62 pp. 199-207.

. . . 3] Huang, R. F., Liu, G. S., Lin, S. Y., Chen, Y. K., Wang, S. C., Peng, C. Y., Yeh,
results are very useful for design and operation of a hood in W. Y., Chen, C. W,, and Chang, C. P., 2004, “Development and Characteriza-

crossflow. tion of a Wake-controlled Exterior Hood,” J. Occup. Environ. Med,,pp.
769-778.
[4] Dalla Valle, J. M., 1945 Exhaust HoodsIndustrial Press, New York, pp.
Acknowledgment 21-48.

. . [5] Silverman, L., 1943, “Fundamental Factors in the Design of Exhaust Hoods,”
We are very grateful to Professor A.G.L. Borthwick for his Sc.D. thesis, Harvard University.
comments on this paper. [6] Garrison, R. P., 1981, “Centerline Velocity Gradients for Plain and Flanged
Local Exhaust Inlets,” Am. Ind. Hyg. Assoc. J42, pp. 739-746.
[7] Vincent, J. H., 1989Aerosol Sampling—Science and Practitiiley, New

York.
Nomenclature [8] Ingham, D. B., and Hildyard, M. L., 1991, “The Fluid Flow into a Blunt
b = width of baffle plate, cm Aerosol Sampler Oriented at an Angle to the Oncoming Flow,” J. Aerosol Sci.,
B ! . 22, pp. 235-252.
D = |ength of square cross section of h00d1 cm [9] Sreenath, A., Ramachandran, G., and Vincent, J. H., 1997, “Experimental In-
L = horizontal distance between baffle plate and vestigation into the Nature of Airflows Near Bluff Bodies with Aspiration, with
center of the hood opening, cm Implications to Aerosol Sampling,” Atmos. Environ3l, pp. 2349-2359.

[10] Kulmala, 1., 1995, “Numerical Simulation of the Capture Efficiency of an

Lf = averaged Iength of Steady wake behind a verti- Unflanged Rectangular Exhaust Opening in a Coaxial Air Flow,” Ann. Occup.

cal plate normal to a cross draft, cm Hyg., 39, pp. 21-33.
| = length of baffle plate, cm [11] Conroy, L. M., Trevelyan, P. M., and Ingham, D. B., 2000, “An Analytical,
R = velocity rati f cr flow to h tion Numerical, and Experimental Comparison of the Fluid Velocity in the Vicinity
e OCd{/J /aVO of crossflow 1o hood suctio of an Open Tank with One and Two Lateral Exhaust Slot Hoods and a Uniform
Speed,Uc/ Vs Crossdraft,” Ann. Occup. Hyg.44, pp. 407-419.
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p = density of air, 1.204 kg n? (20°C, 1 atm » Eng., 19, pp. 59—9f8f- . |
L . . . . 5 21 14] Canuto, C., Yousuff, H. M., Quarteroni, A., and Zang, T. A., 198Bectral
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(20 C,1 am) [15] Hirt, C. W., Nichols, B. D., and Romero, N. C., 1975, “SOLA—A Numerical
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Ana|ysis for S||p Flow Over a S|ng|e 2 Theoretical Model for the Problem

Free Disk With Heat Transfer Let (u,v,w) be the velocity components in the cylindrical co-
ordinates(r, 6,2), respectively, and be the temperature. Assum-

ing that temperature is a function of the axial coordinatenly,

Aytac Arikoglu the following similarity variables are introducéd]:
Ibrahim Ozkol U=QrF(Q), v=QrG(0), w=VQuH(Q),
p=-pQuP() andT({) = (t—t)/(tr — L) (1)

Faculty of Aeronautics and Astronautics, Istanbul

Technical University, 34469 Maslak, Istanbul, Turkey where, =2V /v is the dimensionless axial coordinate. To solve

the problem in a bounded domain, we use the following depen-
dent and independent variables introduced by Bep2dn

=% 2

F(Q)=c*(é), G(O=c’g(d), HEQ)=-cd1-hE] 3

1 Introduction . : i
. . . ) Then, the Navier—Stokes equations and the energy equation, by
In this study the equations of motion derived by von Karmaﬂeglecting dissipation terms, read:

[1], with Benton’s transformationg2] for the flow over a single

free disk is studied for the slip flow. The slip regime for the E17(8) = 12§ — g7(&) - £ (Hh (4)
Knudsen numbe(Kn) is valid in the range 0.3 Kn>0.01[3]. -, ,

For Kn<0.01 the no-slip condition is present and fam> 0.1 the £9'(8) = 21(H9(é) - £9'(HNh() 5
Navier—Stokes equations cannot be used since the flow field can- ,

not be assumed to be continuum. In our study, the slip and the &éh'(9) = 2f(¢) (6)

no-slip regimes that lie in the range 0:Kn>0 is considered. o ,
The subject of the rarefied gas dynamics can be conveniently T =PHT(J) @
defined as the study of gas flows in which the average value of tibere, Pr is the Prandtl number. Since the assumption of con-
distance between two subsequent collisions of a molecule, naméhuum media fails, rarefied gases cannot be investigated with
the mean free path, is not negligible in comparison with a chak.S. equations for a value of Knudsen number higher than 0.1
acteristic length of the structure considered. This type of flow [41]. For the range 0.2 Kn>0.01 the no slip B.C. cannot be used
commonly encountered in many engineering aspects such asd should be replaced with the following expresdi8h
high-altitude flight, micro-machines, vacuum technology, aerosol 2— o oU
reactors, etc. U =0 ®)
Mainly, requirement of high temperatures in the turbine stage of o dn

a gas turbine engine to achieve high thermal efficiencies, COO"WHereUt is the tangent velocityp is the normal direction to the

of the air is essential to ensure for extending the life of turbing.i . is the tangential momentum accommodation coefficient

disks and blades. It is vital to know how flow and thermal fieldand’)\ is the mean free path. Fatn<0.01 the viscous flow is '
are at every stage for a safe and effective work life, in the opergs;,ered and the no slip condition is valid. In our considerations
. L, . . e slip and the no-slip regimes of the Knudsen number that lies in
nation of temperature distribution, firstly the flow field must b‘?he range 0. Kn>0 will be taken into account. By using Eq.

solved as precisely as possible. Since the governing equatiofss, \he houndary conditions for the problem can be introduced as
namely the momentum equations, are highly nonlinear al |'

coupled, it is hard to obtain exact analytical solutions for the fu lows:

problem. f(1)=wf’'(1), g(1)=c?-wcg' (1), h(1)=1 (9)
In 1921, von Karmail] discovered the self similar behavior of

the flow over a single free disk and solved the resulting ordinary f(0)=0, g(0)=0, h(0)=0 (10)

differential equation system by using an approximate integrgere w=[(2-0)\QY2]/ o112 is the slip factor. And the B.C.’s
method. Latter, Cochraf4] obtained more accurate results byfor the, temperature are:
matching a Taylor series expansion near the disk with a series '
solution involving exponentially decaying functions far from the TO)=1, T(x)=0 (11
disk at a suitable mid point. Bentd@] improved Cochran's so- g jntegrating Eq.(7) with the first boundary condition in Eq.
lutions and solved the problem for the unsteady case. The probl ), the dimensionless temperature can be evaluated in terms of
of heat transfer was first considered by Millsaps and Polhaigen the ’axial part of the velocity field as follows:
for the values of Prandtl numbéPr) between 0.5 and 1.0. Then,
Sparrow and Gregg6] extended this work for a range of 0.1 , ¢ PBH )
< Pr< 100 by neglecting the dissipative terms in the energy equa- TQ=T(0) [ e o"7dg+1 (12)
tion. 0

In this study we used the differential transform metfipd M), where, 8 and 5 are dummy variables. The missing B.T.(0) is
which was introduced by Zholi7] in a study about electrical pptained from the far field B.C. given in E¢L1) as follows:
circuits. It is semianalytical-numerical technique depending on N
Taylor series that is promising for various types of differential i B
equations. With this technique, it is possible to obtain highly ac- T(0)=- 1/f ePloHmdngp (13
curate results or exact solutions for the differential or integro- 0
differential equation considerd@-—10).

3 The Solution

T ) .
Corresponding author. E-mail: ozkol@itu.edu.tr P ; ) ;
Contributed by the Fluids Engineering Division for publication in tberNAL oF In SOIVmg Eqs'(4)_(6) with the B.C. 5(9) and(lO), we applled

FLuibs ENGINEERING. Manuscript received June 10, 2004; revised January 8, 2008 TM at §=0. By using the theorems i8], the differential trans-
Associate Editor: Malcolm Andrews. form of Egs.(4)—(6) can be evaluated as follows:
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k

F(k) = o 1)2 [FOF(k=1) - G(1)G(k~1) = IF(I)H(k-1)]
1=0
(14
1 k
G(k) = [2F()G(k-1) -IG()H(k-1] (15
k(k— 1)%

ko = SF( 16
where, k=2 and|~:(k), é(k), and ﬁ(k) denote to the differential
transforms off(¢), g(¢), and h(§), respectively. To evaluate the
dependent variables, we need to know the missing B.LC(B)
andg’(0). In many studies, such 442], the shooting method is
used to determine unknown B.C.’s. Instead of using the shooti
method, we obtained the values Bfk), G(k) and H(k) for k
=2,3,...,Nin terms off’(0) andg’(0), which will be called ad;

andg; respectively, then by using the B.C.’s given in E§) for
£=1, we evaluated,, g4, andc numerically. This is much faster

and cost efficient than the numerical techniques since it is not

iterative. With the new defined ones, the B.C.’s given in Bd)
for ¢=0 are transformed as follows:

F(0)=0, G(0)=0, H(0)=0, F(1)=f,andG(1)=g,
(17)
By using the recurrence relations in E¢$4)—(16) and the trans-

formed boundary conditions in E¢L7), F(k), G(k), andH(k) for
k=2,3,...,N are evaluated. Then, using the inverse transform
tion rule in[8], the series solutions are obtained from:

N N N
f(O =2 F& 9= 6K h®X HKE (189

k=0 k=0 k=0

where,N is the number of terms to be calculated. By calculatin
up toN=6, we get:

f(8) =116 - 3(12+ gD+ 31,(13+ gD £ — 13;(1711 + 18207
+ 1)+ Tl 1(61F] + 741307 + 130 & ~ 5504197113
+ 2825107 + 889%2g] + 3509 &5 + - - - (19
9(8) = g1¢ ~ 13007 + 0D & + §5110:(F2 + gD £ ~ 195004(53f1
+ 58307 + 501) £+ 51501 101(65F] + 82707 + 17g7) €+ -
(20
h(&) = 2f1£ = 5(f5 + gD & + 112+ gD & — 555(17f1 + 18f50]
+ gD E + 530l 16111 + 741707 + 139D € ~ 5535019713
+ 2825797 + 889%2g] + 3509) &5 + ... (21

Table 2 Variation of T'(0), f; and g, with respectto @ (N=60)

o T'(0) f; %
0.0 —0.32586039 1.182244779 1.536776526
0.1 —0.333496950 1.096913972 1.422174786
0.2 —0.336780900 1.038943086 1.339504645
0.5 —0.334652873 0.942790947 1.191324451
1.0 —0.320432993 0.875499819 1.076800290
2.0 —0.292997980 0.825074692 0.983003210
5.0 —0.244046155 0.783417800 0.898674732
10.0 —0.205049245 0.765039980 0.858998126
20.0 —0.168829630 0.753582150 0.833355187

The solutions are given here up@i£°), however, one can easily
obtain higher ordered terms. After evaluatifig), g(¢), andh(§),
p@e original dependant variabl€$), G(¢), andH({) are obtained
by using Eqs(2) and(3). If necessaryP({) can be obtained from
the following equation:

P() = Po=H()%2-H'({) (22)

4  Results and Discussion

The variation of the flow field parameteFs (0), G’(0), and
H(e) =—c with respect to the slip factor are given below in Table
1 with comparison t¢13]. The other parameters, which &re gy,
andT’(0) are reported in Table 2.

We evaluated the results in Tables 1 and 2 and Figs. 1-10 by
calculatingN=60 terms. One can see from Table 1 that the results
obtained forF’(0), G’(0), andH(«) are in good agreement with
f‘is]. While evaluating the thermal field, we took Pr=0.71, which
is the value of Prandtl number for air. By continuing the same
procedure, the thermal field can be computed for other Prandtl
numbers.

Figures 1 and 2 show that the magnitudes of the surface skin
%iction in radial and circumferential directions decrease with an
increase inw. This is quite natural since, the slip factor, is the
ratio of slip to viscous effects. As a consequence and as it can be
observed from Fig. 4, the inflow rate at infinity decreases since the
radially outwards boundary layer loses its thickness and is fed by
the fluid stream in axial direction.

As one can see from Fig. 3, the minimum value 76¢0) is not
reached atw=0. We calculated this value as=0.2836 and the
value corresponding to this point &5(0) =—0.337462. This value
of the slip factor is of great importance since the heat transfer
from the rotating disk is directly related to the temperature gradi-
ent at{=0. We can state that the maximum cooling of the rotating
disk is reached at this value of the slip factor if the ambient fluid
is colder than the rotating disk. The magnitudes of the radial and
the circumferential velocities just above the rotating disk are
given below in Figs. 5 and 6.

The highest value of the radial velocity on the surface is
0.128440 and this value is reachedvat1.1586. This value of the

Table 1 Variation of the flow field parameters due to o with comparison to Ref. [13] (N=60)

o F’(0) F'(0) [13] G'(0) G'(0) [13] H(e) H(=) [13]
0.0 0.510232619 0.51023262 —0.615922014 —0.61592201 0.88447411 0.8844742
0.1 0.421453639 0.42145364 —0.605835241 —0.60583524 0.88136423 0.8813642
0.2 0.352581007 0.35258101 —0.583676764 —0.58367676 0.87395729 0.8739572
0.5 0.223848209 0.22384821 —0.502809702 —0.50280970 0.84239263 0.8423926
1.0 0.127923645 0.12792364 —0.394927595 —0.39492760 0.78947720 0.7894772
2.0 0.061010098 0.06101010 —-0.273370132 —0.27337013 0.71031331 0.7103134
5.0 0.018588527 0.01858853 —0.143388209 —0.14338821 0.58376463 0.5837646
10.0 0.006812558 0.00681256 —0.081030089 —0.08103009 0.48758465 0.4875846
20.0 0.002361594 0.00236159 —0.043788462 —0.04378846 0.39997581 0.3999758
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Fig. 1 Variation of F'(0) with @
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Fig. 5 Variation of the radial velocity with respect to w at ¢

slip factor may be necessary and important practically, if the aim _ o ] _
is to use the disk as a centrifugal fan. As one can see from Fig. 6,This is natural, since the rotating disk acts like a centrifugal fan

the maximum circumferential velocity on the surface iswatO,

and owing to the centrifugal forces, throws the fluid that sticks on

where the no-slip condition is present. This is a result of the negh-A fluid stream compensates this thrown fluid, which is in the

tive gradient of the circumferential velocity indirection above
the disk. Variations of, G, H, andT for several values ob are
given below in Figs. 7-10.

From Figs. 7-9, the decreasing effect of the slip factoon
velocity field can be easily seen. In the limit case» o, when the

axial direction. Wherw increases, less amount of fluid can stick
and the rotating disk loses its efficiency to transfer its circumfer-
ential momentum to the fluid particles. The fluid loses circumfer-
ential velocity therefore the centrifugal forces that throw the fluid
outwards decrease. Since the disk throws less fluid away, less

flow is entirely potential, the rotating disk has no effect on rotagmount of fluid stream in the axial direction exists. _
ing the fluid particles, therefore, the velocity field is constant and From Fig. 10, one can conclude that as the slip faeion-

equal to zero.
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Fig. 3 Variation of T'(0) with @
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Fig. 4 Variation of H() with @
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creases]({) tends to vary linearly. This is a result of the fact that

as w increasesH(¢) decrease and in the limit case @f—~, H

=0 can be taken. From E§?), this leads to the following case:
lim T"(0) =0 (23

where, the solution is a line and for large valueswgfit can be

approximately taken asf({)=T’'(0){+1 to ease the computa-

tions, if necessary.

1
0.8
~ 0.6
o
v 0.4
0.2
0
0 10 20 30 40 50 60
w

Fig. 6 \Variation of circumferential velocity with respect to w at

£=0

4 w=0.0
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X @=10.0
w=40.0
w 0.1 2
|9
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Fig. 7 Radial component of the velocity for several values of
w
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Fig. 8 Circumferential component of the velocity for several

values of Fig. 10 Variation of temperature for several values of w, Pr

=0.71

5 Conclusion simplified and tractable manner with high accuracy. This study
. . L | iver from the similar ies in literatur lving tem-
In this study, the slip flow over a rotating infinite disk is conaSO diverges from the similar studies in literature by solving te

sidered. DTM is used as the solution technique after the domairPi%rature field for the slip flow over a rotating disk.
transformed to a bounded one. Velocity and thermal fields afgsferences

evaluated accurately. Numerical and graphical results are give ) . .

and the effect of slip to the flow field variables is discussed inFl] ,'fAiLT]aniT,;plgzélé_g;;r Laminare und Turbulente Reibung,” 2. Angew. Math.
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