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Ultrasonic atomization is a very convenient method to produce sprays of very small

F. Barreras droplets. Resulting droplet size distributions are very narrow and the mean diameter is
 LITEC/CSIC, essentially only controlled by the excitation frequency. Generation of droplets in the

Maria de Luna, 10, micron range requires MHz waves, with voltages around 30 V, which translates into
50018-Zaragoza, Spain power requirements on the order of 10 W. Tunable wave generators with these charac-

teristics are somewhat uncommon. To explore the capabilities of ultrasonic atomization
X. Jords for inhalation therapies, an excitation source, described in this paper, has been designed.
- Jorda The characteristics of the sprays obtained when driving with it a piezoceramic disk are
analyzed.[DOI: 10.1115/1.1603301
M. Lozano

Centre Nacional de Microelectronica
(CNM-CSIC),

Campus UAB, 08193 Bellaterra,
Cerdanyola del Valles, Spain

Introduction plying voltages up to 50—-60 V and powers of tens of Watts are

. o e . very uncommon. For this reason, a wave generator has been
Ultrasonic atomization has some specific characteristics t

make it advantageous over other traditional mechanical metho
like pressure or gas-assisted systems, to generate sprays of W
small droplets. In particular, the resulting droplet size distributions
are very narrow, and the droplet diameter is essentially controlled
only by the ultrasonic frequencll]. For these reasons, the use of . |
ultrasonic atomizing devices is becoming increasingly popular fépxcitation System
a number of applications, for example in domestic humidifiers, or The development of piezoelectric ceramics in the last decades,
medical nebulizers. This last use has boosted the interest in ulthas situated them as the preferred material for ultrasonic transduc-
sonic based systems because they are being considered a potestéalbecause of their excellent electromechanical properties and
substitute for the disposable pressurized metered dose inhatéksr low cost. The family of PZT ceramid¢gead, zirconium, and
(PMDI) based on liquefied fluorocarbon gases that are massivétanium compoundsare the base for most piezoelectric transduc-
consumed all over the world for asthma treatments and that mights due to their high polarizing parameters. Geometrically, these
be banned in a near future because of the severe restrictions intthesducers are usually manufactured as disks made of the sinter-
use of halogenated organic compounds. ized material with a terminal on each side. Their electrical behav-
Although the first application of ultrasonic waves to generat@r near the resonance frequency is described by the impedance
sprays was proposed by Wood and Loomis in the beginning of thot of Fig. 1, obtained with a HP4195A Spectrum Analyzer for an
XX century,[2], there remain many aspects not completely undefmerican Piezo Ceramic§9], PZT disk and the R-L-C equiva-
stood about the physics controlling this process. In particular, tHt circuit of Fig. 2a). The capacitolC,, takes into account the
interaction between two intervening mechanisms, surface cagfiffect of contact metallization on each side of the ceramic. How-
lary waves,[3-5], and hydrodynamic cavitation is still debated€Ver. for higher frequencies, further impedance changes, of
[6,7]. smaller amplitudes, can also be detected, corresponding to hlgher
Due to technical limitations a majority of the experimentafigenmodes of the disk. Consequently, the transducer behavior
studies on ultrasonic atomization has been performed in large syQuld be more accurately described by a set of R-L-C branches,
tems with low forcing frequencies, usually below 400 kHz. T4 parallel with theCo capacitance, as depicted in FighR For

generate droplets adequate to be inhaled in medical applicatiéﬂg disk vibration to achieve amplitudes high enough 10 produce
(typically around 5um) frequencies in the MHz range are re_a‘[omlzatlon, it has to be excited at the resonance frequency. At

quired. Although some references describe circuits for ultrasorf[iS PoiNt the resistance is only of a few ohms, and the power
onsumption is appreciable. Unfortunately, only a fraction of the

excitation, (8], versatile tunable wave generators capable of suébwer consumption contributes to the mechanical vibration, while

a large part is dissipated as heat. For these reasons, it is essential

Contributed by the Fluids Engineering Division for publication in ticeJBNAL P
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisiont0 use tunable generators, Capable of SUppIylng alternate VO|tages

Apr. 30, 2002; revised manuscript received Apr. 30, 2003. Associate Editor: A. wvith reqUired powers, up to 50 W. However, hea@ing_the Cer"f‘mic_
Prasad. above its Curie temperature causes its depolarization leaving it

ecifically designed to excite ultrasonic transducers, and this
er describes it along with its performance tested in a series of
Weriments.
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Fig. 1 Impedance plot of a typical piezoelectric transducer

3 H-bridge topology of the DC-AC power converter oper-

unusable for atomization purposes. For this reason, a pulsed e)g@-a in ZVS conditions

tation system where bursts are produced with a controlled timing
prevents undesired overheating.

The whole system comprises a power stage directly connecﬁg
to the transducer, a DC power supply connected to the pows
stage, and the control unit. Considering the electrical behavior

. : : : . rasitic inductance.
the plezc_)electrlc transducer de_scrlbed by a series R-L-C circu "Concerning the control stage, it has been based on CMOS logic
the H-bridge topology shown in Fig. 3 can apply an aIternat@ '

square wave voltage from a DC main voltade supply. obtaini omponents. Generation of the various impulses that originate the
q 9 9 PRI, ntrol signals in the power stage has been achieved by means of

quasi-sinusoidal current waveforn{40]. The MO.SFET trgnsis- the CMOS version of the well known “555” timer. One main
to;tséerﬁlprie;emidakn d i/ll% ;ea(r:tcemctcr);tlgcallgd Jﬁgos\':r?]g ?onczlrg?ginil esign criterion has been to use standard circuits in order to obtain
P e y 9naiow cost, robust and easy-to-maintain system. The final perfor-

as is the case for M2 and M4. If these gate control signals show,g, ;o' iven by the control stage can be summarized as follows:
frequency slightly higher than the resonance one, a Z¥3o0

voltage switching condition is obtained and when the transistors « oscillation frequency of the pulse train making up each burst
are turned ON their drain-to-source voltage is almost zero. This (switching frequency of the MOSFET transistorbetween
switching strategy decreases switching losses in the power de- 500 kHz and 2 MHz,

vices, a very relevant subject in high-frequency converter appli-« single burst or repetitive burst mode,

cations. Another interesting issue of the H-bridge topology is thate burst repetition rate between 1 Hz and 1 kHz, and

using a DC link voltages, the peak-to-peak output voltage of the « number of pulses in each burst, from 1 to 99,999.

converter is E. The selection of power MOSFETSs, gate drive

integrated circuits and optocouplers have required a particular Bixperimental Results

tention to ensure their correct operation at high frequencies.
VDMOS (vertical double-diffused MOShave been selected be-
cause of their high commutation speed. Furthermore, this tran

ximum voltage deliverable to 100 V. The converter layout has
o followed an accurate design process to avoid the influence of

The system has been functionally tested in order to validate its
main characteristics. During this phase, an R-L-C circuit using

. . ; ; UWscrete components was connected to the DC-AC converter and
tor structure includes an inner antiparallel diode that can be us&lﬁwost ideal waveforms and ZVS switching conditions were ob-
as freewheel[11]. Antiparallel freewheel diodes are used to al:

L . . . T served. Nevertheless, when a piezoelectric transducer was con-
ways maintain a current in the inductive loads, avoiding interrupe +o4"to the DC-AC converter. the current and voltage wave-
tions that would cause elevated current peaks. The specific tr ’

. . L #¥ms  of Fig. 4 were observed, showing high-frequency
sistor employed has been an IRFU11@2], which limits the superposed ripple. After an accurate analysis including circuit

simulation(SPICB, this phenomenon has been explained by sud-
den voltage variations at the output of the converter exciting
higher normal-mode frequencies of the piezoelectric ceramic. The
(a) (b) experimental output current can be accurately described by the
Y superposition of, at least, three harmonic components. Hence,
when dealing with the power converter, the accepted equivalent
R R R R"  circuit of the ultrasonic transducer must be modified to include
two additional R-L-C branches in parallel with the main one.
. L To observe the performance of the complete system, different

[ Ce L T L L Y measurements have been performed using a PZT ceramic disc of
1.668 MHz resonance frequency and atomizing small amounts of
water. The transducer, shown in Fig. 5 in the atomization process,
T° . TC TC 7¢ hadadiameter of 20 mm and a thickness of 1.3 mm. The liquid
volume (typically 0.5 m) was deposited over the disk surface, and
Fig. 2 Electrical circuits equivalent to a ceramic disk: (a) its level was maintained approximately constant during the atomi-
simple R-L-C circuit; (b) set of R-L-C branches, in parallel with zation process while the measurements were obtained. The maxi-
the C, capacitance mum voltage that can be delivered to the ceramic without damag-
942 / Vol. 125, NOVEMBER 2003 Transactions of the ASME
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“ \] U Fig. 6 Cone formation on the liquid surface when rising the
ML J v voltage to 10 V

Vo: 40V/div lo: 2A/div  T: 200ns/div

] ori. From the distributions, mean diameters and other statistical
Fig. 4 - Current and voltage waveforms of the transducer dur- indicators have been calculated. Those parameters considered to
ing the atomization process at 1,668 MHz be relevant to the nebulization of medical drugs and inhalation of

the resulting aerosol have been selecteg; and D 5, diameters,

10 percent and 50 percent volume percentlles ; and D g5,
ing is 50 V. For voltages below 10 V no atomization wasnd cumulated volume fraction below.n. This last parameter is
observed. Excitation bursts of 80,000 pulses at a repetition ratee@jpecially significant because customarily pressurized metered
1 kHz. were applied to the transducers. It was noticed that burgigse inhalers for respiratory track diseases such as asthma are
formed by less than 10,000 pulses were not capable of initiatirgquired to deliver at least 30 percent of the nebulized droplets
the atomization. with diameters smaller than sm.

To measure droplet size distributions a Malvern Mastersizer SThe ultrasonic atomization process can be summarized as fol-
laser difractometer{13], equipped with a 300 mm focal lengthlows. When excited with the periodic 1.668 MHz signal, the disk
lens, has been used. According to the manufacturer specificatiofigsts vibrating. For voltages below 10 V no atomization is pro-
this lens is suitable to cover a droplet diameter range fronu5 duced, although a pattern of surface waves forms on the liquid
to 900 um. The laser beam was crossing the spray cloud 5 msarrface. As the voltage is increased, the liquid assumes a conical
above the transducer surface. For each measurement, 500 readif@pe(Fig. 6), irrespective of the surface waves. At a determinate
of the detector unit¢'sweeps”) were averaged. Such process wagoltage, superimposed both to the whole mass displacement that
completed in one second, approximately corresponding to 20 fogroduces the conical shape and the interfacial waves, a fine mist
ing bursts. The maximum obscuration in the Malvern measurgf small droplets is generated.
ments was lower than 25 percent, with a minimum of 3.6 percentDroplet size distributions for different forcing voltages are pre-
for the lowest voltagg10 V) due to the reduced flow rate. Thesented in Fig. 7. In agreement with previous studies that relate
room was darkened to maximize the measurements contrast d@splet diameter only to the ultrasonic frequenfy], it is ob-
low obscuration values. served that the distributions are essentially independent of the

To calculate the droplet size distribution, the polydispersgave amplitude. Several features can be outlined. There are two
model of the Malvern software was selected, as recommendedryin peaks around 3.&zm and 5.5um, respectively. A lower
the manufacturer when the distribution shape is not known a ppeak located at 1.5m can also be discerned for most of the

voltages applied. The peak at 50—@dn, of variable height is

0 145
§ 12,
S 19
£ N
g L
I 6
3
qg) 4
o 2
04
04
Fig. 5 Image of the piezoceramic disk used in the present ex-
periments, during the atomization process Fig. 7 Variation of the droplet size distribution with voltage
Journal of Fluids Engineering NOVEMBER 2003, Vol. 125 / 943

Downloaded 03 Jun 2010 to 171.66.16.152. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



12 1
{m Dy e Dy a Dy e Dys | B Continuous
10 0.8 ® Pulsed
= | = n
& 1 . E ]
f- —] [J] .
B =7 . B 06-
o o “ * ’ ]
S 1 e 2
o . . . Y% = il
5 6 . . = |
3 ¢ = 0.4
3 4| mmw g ® - £ i
a ] . (I m § 1
1e2e22e g’ 2222, 0.2
2] » l
: O \\\\l\\l\l\\\\l\\\\l\\\\l\\\\l\\\\l\l\\l\\\\
O \ff\l\!f\l\!!II\\fll\\!ll\!fll\fffl\\!!

5 10 15 20 25 30 35 40 45 50
Voltage (V)

Fig. 10 Atomization rate as a function of voltage
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Fig. 8 Mean diameter, D,,, mass mean diameter, Dj,, 10 per-
cent and 50 percent volume percentiles, D,1 and D 5 as a
function of the forcing voltage. All these parameters have been
derived from the distributions in Fig. 7.
um (Fig. 9 shows an excellent behavior with most values over 40
) o percent, and reaching a maximum that exceeds 55 percent.

most likely due to droplets that detach from the liquid surface due |t js important to observe that although the droplet diameter is
to the bulk motion of the liquid cone, and is probably independefidependent of the excitation amplitude, the atomization rate in-
of the disk resonance frequency. creases with voltage. This dependence can be observed in Fig. 10.

Itis important to note that the distribution functions displayed'wo curves are Compared_ The continuous one Corresponds to
actually represent histograms with bins of a width that is not coexcitation with a sinusoidal generator of fixed frequency and (0,
stant. On the contrary, it increases exponentially with the diam-v) amplitude for a given voltag¥, while the pulsed has been
eter. For this reason, plotting the histogram in logarithmic coordghtained forcing the ceramic disk with the driver developed for

nates gives a direct indication of the liquid volume percentage {Re present research. It is evidenced that the optimized energy
each bin as if they were equal.

Starting from the size distribution functions, the statistical pa-
rameters described above have been calculated. All of them are
plotted in Fig. 8. As expected, they are insensitive to voltage

variations, confirming other reported observations. Mean diar g 30
eters are situated below &m, and only the 50 percent volume 1 ) o T
percentileD , 5 exceeds this value, due to the stronger influenc 1 Intensity (A) i
of large droplets that comprise a sensible volume fraction of tt 4 e Pulsed o o I
total atomized water. Similarly, the volume percentage below 0.5 —25
o Continuous - :
60 . 0.4 Power (W) 5 ] ;20
. [ ] = n
g . ® . | m Pulsed i
—] <€ i 1) | =
0w 50 o ©® ° =~ o i =3
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Fig. 9 Volume fraction of droplets with diameter below 5 pm  Fig. 11 Intensity and power required for the atomization when
as a function of the excitation voltage forcing at increasing voltages
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140 makes the kinetic energy contribution negligible. Consequently,

1 for this particular case, only about 0.8 percent of the supplied
— & power is effectively used in nebulizing the liquid.
i ° Conclusions
100 ° An electronic system specifically designed to excite piezocer-
] amic disks for ultrasonic atomization has been designed. It is
S go- ® based on a DC-AC converter with H-bridge topology switching
s Energy (J/ml) ° ZVS mode optimized for R-L-C type loads. The equivalent circuit
% 1 m Pulsed ¢ of a piezoelectric resonator approximately corresponds to this
c 60— type, hence the design seems to be advantageous. However, the
w ] ) abrupt voltage variations at the output cause the excitation not
40 ® Continuous only of the fundamental resonance frequency of the disk but also
. of higher order harmonics slightly deteriorating the performance.
] The system has been designed to operate in burst mode, sending a
20 sEmnm predetermined number of pulses, thus limiting ceramic overheat-
i _— mn® LN | ing. It is capable of supplying up to 100 V, in a tunable frequency
0 ., range from 500 kHz to 2 MHz. With this system, a series of

measurements have been obtained exciting a disk with a 1.688
0 5 10 15 20 25 30 35 40 45 50  MHz resonance frequency and atomizing water. When voltage

Voltage (V) exceeds a threshold voltage of 10 V a fine moist is produced. The
resulting droplet size distribution presents two main peaks at 3.5

Fig. 12 Energy required to atomize 1 ml of water as a function wm and 5.5um, and is insensitive to voltage variations in good
of voltage agreement with previously reported experiments. The spray char-

acteristics are excellent with mean diameteyg andD 54 below 5
pm. Power consumption is about 10 W. The driving system here

delivery contributes both to increase the atomization flow rate aRéesented results to be more efficient than other simple oscillator
to decrease the minimum voltage with which atomization is initCircuits, because it requires less power and energy to atomize a
ated. same amount of water.
Increasing the voltage results also in an increased current cggf
sumption. Figure 11 shows the simultaneous behavior of currdnE€rences
and power while voltage is raised up for both excitation sources![1] Lz(n?, R. J., 1962, “Ultrasonic Atomization of Liquids,” J. Acoust. Soc. Am.,
Again it is observed that the one here developed results to be morg, 341, pp. 6-8. . . o
ef?icient Power requirements around 15 W ;re needed for a forct ] Wood, W. R., and Loomis, A. L., 1927, “The Physical and Biological Effects
: : q ’ . of High Frequency Sound-Waves of Great Intensity,” Philos. M&2), pp.
ing voltage of 45 V. These results might suggest the convenience 417-437.
of atomizing at the lowest possible voltages. However, this rea{3] Sorokin, V. I., 1957, “The Effect of Fountain Formation at the Surface of a
soning has to be combined with the flow rate values. The total[ Vertically Oscillating Liquid,” Sov. Phys. Acoust3, pp. 281-291.
ired to atomi 1 ml of ter is displ d in Fig. 12 4] Eisenmenger, W., 1959, “Dynamic Properties of Surface Tension of Water and
energy required 1o a or_nlze mio \_Na €r IS displayed in rig. * Aqueous Solutions of Surface Active Agents With Standing Capillary Waves
It suggests the use of either low or high voltages. The lower end iS in the Frequency Range From 10 kHz to 1.5 MHz,” Acousti®app. 327—
limited by the minimum forcing voltage needed to achieve atomi-  340.
zation, and, for some applications by a minimum flow rate re_[5] Sindayihebura, D., and Bolle, L., 1998, “Ultrasonic Atomization of Liquid:
. d’ ! . . . . I le f Stability Analysis of the Viscous Liquid Film Free Surface,” Atomization
quired or a maximum atomization time a _ow(afmbr_ example for Sprays,8, pp. 217-233.
single-shot inhalations The higher limit will be limited by the  [6] Sdiner, K., 1936, “Experiments to Demonstrate Cavitation Caused by Ultra-
maximum instant power deliverable from the source and by disk[ : sonic Waves,” Trans. Faraday So82, pp. 1537-1538. o
overheating leading the ceramic to exceed its Curie point. 7] Eknadiosyants, O. K., 1968, *Role of Cavitation in the Process of Liquid
In an c?ise it n%i ht be illustrative to estimate thg minimum Atomization in an Ultrasonic Fountain,” Sov. Phys. Acou#(1), pp. 80—84.
y ' g . JIaE [8] Zaitsu, T., Shigehisa, T., Shoyama, M., and Ninomiya, T., 1996, “Piezoelectric
power and energy requirements for the atomization process. The Transformer Converter With PWM Control JEEE APEC Conferengepp.

surface energy of a numbét of droplets with diameteD is 279-283.
[9] American Piezo Ceramics, Inc., Mackeyville, PA.
E=NowD? [10] Mohan, N., Undeland, T. M., and Robbins, W. P., 1988wer Electronics:

. . . . Converters, Applications and Desighohn Wiley and Sons, New York.
where o is the surface tension coefficient. Assuming a total vol{11] Grant, D. A., and Gowar, J., 198®ower MOSFETS, Theory and Applica-

ume of waterV to be atomized of 1 ml, and an excitation voltage _tions John Wiley and Sons, New York.

: : _ [12] International Rectifier, EI Segundo, CA.
of 30 V, the mean diameter will be-3 um, and E=0.144]. [13] Malvern Instruments Ltd.. Malvern, U.K.

Acco_rdin_g to Fig. ?-1- the required power+s5 W. The low drop-  [14] Barreras, F., Amaveda, H., and Lozano, A., 2002, “Transient High-Frequency
let ejection velocity of 10-20 cm/¢see Barreras et al.14]) Ultrasonic Water Atomization,” Exp. Fluids3(3), pp. 405-413.
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The problem of stretching a viscoplastic (yield-stress) thread of a liquid hanging vertically

is considered. The length of the thread at later times and the time at which it ruptures is
determined. A Lagrangian coordinate system is used to analyze the extension of the thread
as it sags under its own weight, with negligible inertial effects. The biviscosity model has
been used to characterize viscoplastic fluids; the Newtonian and Bingham models can be
recovered as limiting cases. The Bingham limit is of special interest.
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1 Introduction (Gaudet et al[9]) and analyzing the stability of a very viscous

We consider a short thread of incompressible liquid hanging i ;S;:%e;no;ﬁgy&lglr?a[:]?ﬁ? deng€anright and Morrig10], and

in Fig. 1. This thread then stretches under its own weight to be- L . o
come thinner and thinner. The purpose of this paper is to det%r-The problem here in this paper is quite similar to the problem

. Lo : . iscussed by Stokes et 4lL2]. Stokes et al. used the finite ele-
mine the length of the thread, of a liquid of viscoplastic tyfiet : . )
is, exhibiting a yield stregsat later times and the time at which itment method to study the extensional fall of a very viscous fluid

2 T I= . ) ._drop and used the slender-drop theory which is the same theory of
ruptures. If it is initially uniform, the thinner part of the thread is;, . .
ofpcourse close to thz point of attachment.pAnd <o the pointsg;lson [13]. As noted before, the slender-drop theory used will of

rupture is close to the point of attachment. The theory used will 6Pr> fail near the point of rupture. Stokes etal. developed a
co%rse fail near this ch))int but the work Here will no>t/ be signifi- ethod for correcting the slender-drop theory where the part
cantly affected because the failure of the theory will occur in which includes the point of rupture can be predicted accurately.

. - This is done by assuming that the part of the thread of fluid close
Zr;:glte%art of the thread while most of the thread will not b?o the boundary is within a region separated by two parallel disks

Many authors have studied the stretching and breakup ofpving relative to one another in the direction normal to their

thread of fluid. Matta and Tytugl] studied liquid stretching ex- surface. Of course this is possible in their case because they deal

. : : - : ._with a Newtonian fluid and an exact solution can be found. It is
perimentally by using a falling cylinder for Newtonian and vis-

coelastic fluids. The elongational viscosity is determined from tgt possible to use the same method because there is no corre-

stress/deformation rate ratio. They noticed that the results \?\?edlsnhgaﬁ):f}s.cé fr?elugr?igiioarl Z?QBN:;V;gg;? fl:jc;(zjaih to analvze the
Newtonian liquids are consistent with Trouton expression whil 9 PP y

. . . : e B .extension of a viscous thread as it stretches under its own weight.
t_he elon_gatlonal viscosity qf wscoelas_tlc liquids INCreases Wikbhe forces involved in the process are viscous and gravitational
time. Sridhar et al[2] studied stretching Newtonian and vis-

coelastic liquids to measure the extensional viscosity by using {'3{(.:65" |r|1ert|a a_md syrfazf:g[hten_smn ?ret_nel_gle%ed because of the
extra weight in addition to the weight of the liquid. Markovich ypically large viscosity of the viscoplastic liquids.

and Renardy3] studied stretching and breakup of Newtonian and

viscoelastic filaments pulled by a constant weight numerically by Formulation

a finite difference method. They used the Oldroyd fluid “B” . . .
model to represent viscoelastic fluids. Markovich and Renardy e shall start discussing the problem of stretching a thread of
noticed that Newtonian filaments show a rapid increase in elo?e(-“d at constant force in a general way in order to facilitate our
gation at one particular point while the addition of a viscoelasti€@! Problem. LeOx;x,x; be Cartesian axes witDx; directed
polymer prevents, or at least delays, the breakup, even if it ma gng the aX'S.Of a cylmder ofa f_Iu|d. By_app!ylng a_force_ to t_he
only a small difference to shear viscosity. Renafdy used nu- end qf the cylinder, it stretches in .the direction of its axis with
merical and asymptotic methods to study the surface tensi}?;ﬁloc'ty fieldu,, up, andus. Assuming that the cross-section of
driven instability of Newtonian and viscoelastic jets. Thé€ cylinder remains uniform, we get

Giesekus and the upper convected Maxwell models are used to

represent the viscoelastic fluid. For the Newtonian case, he estab-

lished a relationship between the initial shape of the jet and tI-~
asymptotic approach to breakup. For the Oldroyd fluid “B,” nc T

breakup occurs, and he studied the evolution of the jet for lar
time.

This type of motion which is classified as an extensional flow i %
of great interest because it fits the motion in many applicatioi X
such as spinning and drawing of polymer or glass fibers for use 4
textiles, glass reinforced plastics, or optical fibéEenn[5], De
Wynne et al.[6] and Doyle[7]), light bulbs, and glass tubing h
(Doyle [7]); rheological measurement by fiber extension and fibe
spinning for polymers and glasséBoyle [7] and Rekhson and
Day [8]); and in geophysics examples in the areas of oil recove

pe—— « —b
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u;=b(t)xy, u,=b(t)x, and uz=a(t)xs. 1)
Now by using(1) and the continuity equation we get
2b+a=0.
So the strain rate tensor may be written as
1
-=- 0 O
2
eij = 0 _ 1 0 a(t)
2
0 0 1

wherea(t)=L/L=—A/A, andL(t) andA(t) are the length and
cross-section area of the cylinder, respectively.

(SAx—(SAx+ax—pIA dx=0. (6)
Thus
d ax
R(SAF—PQAﬁ:—Png, @)
which can be integrated to give
SA=pgAs(Xo—X) ®)

becauseS=0 at X=X,. Of course this equation has a simple
interpretation that the longitudinal force Rtequals the weight of
all the fluid below. As this force is constant for each particle, we
can use the general theory explained above, denatjryy X.

Now we select the biviscosity model to characterize viscoplas-
tic fluids. This model assumes that the material behaves as a New-

Next we want to find an expression for the total stress tensgpnian fluid with very large viscosity until the critical “yield

ajj . We know that
‘Tij:_péij'i'Tij

)

wherep is the pressure.
From the assumption ifll) we get

T11= T22

which implies

011=022-

stress” is exceeded. Above the yield stress, the material has a
rapidly decreasing viscosit{see, for example Beverly and Tanner
[14] and Wilson[15]). Thus,

1
T =278 ; ETijTij<T§
2yt eyt sy 9
Tij = 27128j (2e;e)" s STTT T 9)

where 7;; is the deviatoric stress tens@; strain rate tensory,

As inertial effects are neglected;; /9x;=0), the total stresses and 7, are two distinguished stresses. The stresses are related by

o1 and o, are independent of; andx,, and they are indepen-
dent ofx; by assumption. At the free surface, by disregarding the

atmospheric pressure, we have
011~ 020= 0.

This implies that

0117 02,=0 ©))
anywhere in the cylinder. Equatioti®) and (3) imply that
0'33= T33~ T11. 4)

Stretching at constant stress would requigg= constant; we con-

sider here the more practical case of stretching at constant fo

when we have

o3A=F=constant.

Now we deal with our problem by analyzing the motion from

the instant when a uniform thread of fluid of length and cross-
section area@\, is suspended vertically from its upper efske
Fig. 7).

Let P be an element of the thread of lengkX, and at a
distanceX from the point of attachment at a tinte=0 (see Fig.

1). The thread then starts stretching downward under its o

weight. At a later timet, we describe the length of the elemént
by dx wherex(X,t) is the distance between the elemPrand the

wn

(10)

wheree is the dimensionless ratig, / 7, and the Bingham model
is approached in the lim¢—0 (e=1 gives the Newtonian case
Barnes and Waltergl6], by using an accurate rheometer, give
experimental evidence that shows some flow of viscoplastic lig-
uids can occur at stresses less than the yield stress, and they found
that these liquids demonstrat@pproximately Newtonian behav-
ior in this region, with a very large viscosity. These results moti-
vate the use of biviscosity model to characterize viscoplastic
fluids.

By scalingA with A,, X with X, , t with (7,/pgX,), 7; with

To=Ty(1—€)

I{&;%XO ande;; with pgX, /77, the dimensionless form ¢8) and(9)

| be given by
SA=(1-X) (11)
2 1 )
Tij:Zeij; zTijTij<k
kl-e) 1 ,
Tij:26”+Weij, ETijTij>k (12)

wherek=7,/pgX,.
We continue the theory for the biviscosity model. The longitu-
dinal stress is given by

point of attachment, and we describe the cross-section area of the 3

thread byA(X,t) (see Fig. 1 The equation of conservation of

volume for the elemen® reads

A, dX=A dx
ie.,
X Ay 5
XA %)

Next we consider the force balance on the fluid betw&eand
X+dX, denoting longitudinal stressrss, by S(X,t). (The sign
convention here is that positive corresponds to tensigrAs the
only forces involved in the process are viscous forc&€#){ and
—(SAx.4x, and gravitational forces; pgA dx, the force bal-
ance equation is given by

Journal of Fluids Engineering

S= _TijTij<k2

€ 2

S=|1+ —Tij’Tij>k2

5 (13)

k(l—e))
a;
3a

wherea= —A/A.

Now we want to answer the question; whether at the initial time
the whole thread of the fluid is unyielded, or contains a yielded
part. To answer this question we have to see whether the yield
criterion is satisfied at the initial time or not.

From the yield criterion%rij Tij= k?, together with(12) we get

V3

—a=k (14)
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for the fluid particle at the yield point. In terms & the same In Eq.(23) A must be decreasing, and as the exponent is positive,

condition (by (13)) is this makes sense only if
S=v3k. (15) 1
At t=0 Eq.(11) becomes - ﬁ(l_XKO (24)
S=(1-X). (16) (otherwise the cross-section ares, will be increasing by the

As the stretch in any fluid element of the thread depends on tﬂ@e QS(2.3) shows, gnd this. is not possjble becadss decrea;-
weight of liquid below it, so the closer to the point of attachmer'd With time). Equation(24) is true and it can be proved by using

the more stretch occurs. In other words, the maximum stress viilil) to (13) along with the yield criteriongr; 7;;=k?, as follows:
be atX=0. Thus the thread starts yielding at a fluid particle at or

close to the point of attachment. And so, from Ed$) and(16) 1— i(l—X):(l— 1 ):( —€ )<0_
we can see that the thread will contain a yielded part at the initial Vv3k l1-€ l-€
time if

The cross-section area of the unyielded part of the thread at any-
time, t, for all X,<X<1 will be the same as E{18).

k<— a7 By equating the cross-section areas of the unyielded and
V3 yielded parts in(18) and (23) we get the location of the yield

that is, the ratio of the viscous forces to gravitational forces is le§yrface.X, , which is given by
than 1473. Xy=—v3k+1. (25)

] Next we want to find the total length of the threagX,t). For
3 Solution this purpose we need the dimensionless forrtéafwhich may be

The solution of the problem will be given for the case0  Writtén as

where it reduces to a Bingham flujthat is, the fluid is absolutely ax 1

rigid until the critical yield stressr,, is exceeded And this is —=—.

becausee is very small for most of viscoplastic fluids. However, dxX A

results for anye are given in the Appendix. The length of the yielded part is obtained by integrati2g) on
Whenk>1#3, the whole thread of the fluid will be unyieldedthe interval 6< X< X, with A given in(23) and with the boundary

at the initial time. That is the whole thread will be absolutelyondition

rigid, and so its cross-section area and length, at any time, are

(26)

given by x=0 when X=0 27)
A=1 (18) which is given by
- kt
x=1. (29) m-+ ex;{ _)
In this case, the thread will never rupture. Y= iln V3 (28)
Whenk<1#3, the thread contains a yielded part at the initial m t
time, adjacent to the point of attachment. That is the thread will be m(1—X)+exp —
yielded for 0<X<X, and unyielded forX,<X<1 whereX, is V3

the location of the yield surfacex( will be determined later in \wherem= (1#7/3k) [1— expktv3)].

this section. _ _ The length of the unyielded parK(<X<1) is given by
The future work for the cask<<1~W3 will be carried out as
follows: First, we find the cross-section aref, of the yielded x=v3k. (29)

part of thread for all &X<X, . Second, we find the location of  The total length of the Bingham thread is obtained fr(28)
the yield surfaceX, . Third, we find the total length of the thread.anq (29) with X=1 which is given by

Last we find the time of rupture of the thredd,

The cross-section area of the yielded part of the thread at any- 1 | 1 —kt 1141 +vak (30)
i i i ini X=—In|—| exg — | —1|+1| +v3k.
time, t, for.aII X<X, is obtained by combining Eqél1) and(13) m"| 3K e
as follows:
K The graph of(30) is given in Fig. 5 withe=0.
o~ —(1_ The time of rupture of the thread,, is obtained by setting the
1+ V3a 3aA=(1-X). (20) cross-section ared, in Eq. (23) to zero withX=0 which gives

By substitutinga= — A/A in (20) we get

A A tixoa 21 *
\/_j _§( ) ( ) A
By integrating(21) with the initial condition X
A=A. at t=0 unyielded region X
(0]
which is given in dimensionless form by
A=1 at t=0, (22) yielded region
we get the cross-section are¥, of the yielded part of the thread
at anytime >t
1 kt) 1 0
A=|1-—(1-X)|exp — |+ —(1—X). (23)
v3k v3) V3k Fig. 2 A diagram for case k>1/3
948 / Vol. 125, NOVEMBER 2003 Transactions of the ASME
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Fig. 3 The length, x, of a viscoplastic thread against the time, t, in the case k>1/\3
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Note that Eq.(23) has been chosen to find the time of rupture

because23) represents the cross-section area of the yielded part .

of the thread which is close to the point of attachment and tfePPeNdix

rupture will take place at a fluid particle close to that point. Here we give the results of this problem for any viscoplastic

fluid, that is for anye, for both case&>1/3 andk<<1#3.

. k>1/{3. Whenk>1/\3, the whole thread of the fluid will be

4 Concluding Remarks unyielded at the initial time. Figure 2 shows a clear description for

The problem of stretching a thread of viscoplastic fluids hdbe problem in the cask>1/3. As we notice from Fig. 2, the
been investigated. We focused on the cas® where it reduces thread will be unyielded for the timeé<t, , and the yield criterion
to a Bingham fluid. We noticed that whda>1A#/3, the whole will be satisfied sooner or later on any fluid particle becafise
thread of the fluid will be unyielded at initial time. That is thedecreases and sdincreasegfrom (11)).
whole thread will be absolutely rigid. In this case, the thread will From (11) and the first equation dfL3), we get
never rupture, and the length of the thread, at any timg=4. 6
When k<1W3, the thread contains a yielded part at the initial A=—=(X—1). (32)
time, adjacent to the point of attachment. In this case, the length 3
of the thread and the time of rupture are given(B9) and (31), Integrating(32) with the initial condition given in22) we get
respectively. the cross-section areA, of the thread at any time<t,

A=§(X—1)t+1. (33)

A From (14), (32), and(33) the time,t,, can be written as

X, 3 1
unyielded region X, ty= p 1- E . (34)

As mentioned before, the thread will start yielding on a fluid
yielded region particle close to the point of attachmefie., atX=0). Whent
X >1, then thread will contain yielded and unyielded parts, and the
yield surface which separates these two parts will not be always
on the same fluid element. The figure indicates that at times
>1, the yield surface is on the fluid particke=X, . The corre-
sponding cross-section area of the thread, for a fixed fluid particle,
Fig. 4 A diagram for the case k<1/3 X, is obtained from11) and(15) which can be written as

yielded region

v
-
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Fig. 5 The length, x, of a viscoplastic thread against the time, t, in the case k<1//3

1 yielded parts. Here the length of the yielded and unyielded parts is
Ay=—(1-X). (35) obtained numerically. Figure 3 shows the graph of the length of
Vv3k the thready, for different values ofe.

By combining Eqs(33) and(35) we get the locus,(t) which The time of rupture of the threadl,, in this case is given by

can be written as 3 €
ty=— —In(—)——+1 (39)
-3 €|v3k(l—e) \€/ v3k
_3 Tt k<1/y3. Whenk<1A3, the thread contains a yielded part at
k the initial time, adjacent to the point of attachment.

. . . Figure 4 shows a clear description for the problem in the case
The cross-section area of the yielded part of the thread is qp- 13 As"we notice from Fig. 4, at the initial time the thread
tained by following the same procedures used in obtai38), will be yielded for 0<X<X,,, and unyielded fokX,,<X<1, and
and it can be written as the location of the yield surface is given b = —v3k+ 1. Fig-

1 ) ure 4 also shows that any unyielded fluid partie{e will yield at

Ae oty DOk L1 e time, t=(— 3/e) [1/(X—1) + 1//3k] and then the yielded and un-

( ) : . ; 4
V3k(1—¢€) € X-1 3k 3 yielded parts will be separated by a yield surface which is not
1-% always at the same fluid element. So for a fixed fluid partile,
(1-X) 37) the corresponding cross-section area of the thread when it yields,

+ .
Vv3(1-e)k A, and the value of the fluid particl, , when it coincides with

. N . the yield surface are given by
Before the thread of the fluid starts yieldirige., for t<t,) its

length can be obtained by integratif@6) with A given in (33) 1
and with the boundary condition i27) which is given by Ay=ﬁ(l_x) (40)
Et X-=1)+1 1
3 |3'XD Xy=—————+1. (41)
x=—In| —— 1 €
et € — +—t
1—- §t [\/jk 3
and so the total length is given by its total length can be written FOr 0<X<Xyo, the length of the thread is given by
(1-e)t
y= || (38) —<1—X>+exp( )
et € —V3(1l—€) |V3(1l—e) Vv3k
1- 4t x=
3 N Kl ) p((l— ot
ex
After the thread starts yielding.e., for t>t,), the length of the V3(1—e) v3k
thread is obtained by adding the length of the yielded and un- (42)
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..mia | Magnetohydrodynamic Viscous
e.c.Lvek | Flow Separation in a Channel
e | With Constrictions

Burdwan, WB, India

An analysis is made of the flow of an electrically conducting fluid in a channel with
constrictions in the presence of a uniform transverse magnetic field. A solution technique

A.S. Guma for governing magnetohydrodynamic (MHD) equations in primitive variable formulation
Department of Mathematics, is developed. A coordinate stretching is used to map the long irregular geometry into a
Indian Institute of Technology, finite computational domain. The governing equations are discretized using finite differ-
Kharagpur, India ence approximations and the well-known staggered grid of Harlow and Welch is used.

Pressure Poisson equation and pressure-velocity correction formulas are derived and
solved numerically. It is found that the flow separates downstream of the constriction.

T. Rav Mahapatra With increase in the magnetic field, the flow separation zone diminishes in size and for
Department of Mathematics, large magnetic field, the separation zone disappears completely. Wall shear stress in-
R. B. C. College, creases with increase in the magnetic field strength. It is also found that for symmetrically
Nainatl, situated constrictions on the channel walls, the critical Reynolds number for the flow
24-parganas(N), WB, India bifurcation (i.e., flow asymmetry) increases with increase in the magnetic field.

[DOI: 10.1115/1.1627834

1 Introduction (se€[10]). The asymmetry of the flow comes through a symmetry-

The study of laminar flow in tubes or channels with constrictioHreakin.g bifurcat.ion. and in .smooth transition. The separation zone

has received considerable attention in recent years in view of tows linearly with increasing ReV“O".’S “‘”T‘bef- Aboye a certain
ynolds number, however, one recirculation zone increases in

engineering as ‘.’V?” as phy3|olog|cal ap_p!lcatlons. Such flows oI%'ngth in comparison with the other recirculation zone and causes
cur in many fluidic devices, e.g., in orifices, valves as well aow asymmetry.
arteriosclerotic blood vessels. Lee and Fihgjobtained numeri- Despite the ulbiquity of boundary layer separation and the im-
. . sportance of its consequences on the flow as a whole, a proper
number. It was found t_hat at a certain F”t'.cal value of t.he Re3(1'nderstanding of the phenomenon and its analytical description
nolds number, separation occurs _resultmg_ln the. formation of Adve not yet been achieved. However, separation is undoubtedly
E\drg%gro}l\llgvsvtrteh?& Orf] tgevg(r)igzﬁgcgggétkﬁég\ﬁisgg\?;iiuﬁ;era&)[) associated with the fact that a steady state of the boundary layer
. oug ) .adjoining a solid boundary is impossible with an appreciable fall
Cheng[Sj |nves_t|gate_d steady VIScous flow through a channel WIIi velocity of the external stream. On the other hand, control of
symmetric cosmusmdal constrictions on both the walls at sary undary layer separation is of practical significance in aerody-
Iocat_lon assuming flow symmetry about the chgannel Ceme.rl"Wamics and in physiological flows. Several methods have been
Vradis, Zalak, and Bentso] studied the steady InCompress'bledeveloped for the purpose of artificially controlling the behavior

viscous flow in a channel with a local constriction having th%f the boundary layer. The purpose of these methods is to affect
shape of a Gaussian distribution. Assuming symmetry of the fl e whole flow in a desired direction by influencing the structure

about the channel centerline, they found that the flow separal $Sthe boundary laver. For instance. in the case of flow past a
downstream of the constriction. y ‘ayer. ' P

Solutions for steadv viscous flow in fixed-wall vessels Wercircular cylinder with suction applied on one side of it through a
obtained numericall %r 2 variety of nonuniformities on the cha Small slit, the flow on the suction side adheres to the cylinder over
y Y considerably larger portion of its surface and separation is

\r/]villl\,\lﬁlo\t/% ?r:g?/ tﬁgdﬂc?lej/ﬁtsrg}oin% ﬂuig%éigdn?rié?%guéfn ea_voided; the drag is reduced considerably, and simultaneously a
ansion becomes asvmmetric %boutpthe ce?/]tral lane as the Halde lift force is induced owing to the lack of symmetry of in the
P Y p pattern(see[12]). Fluid flow separation and various bound-

nolds numt_)er increase'_s. This was experimentally demon_stratedaw layer control techniques were elaborately described in Gad-el-
[%L]’rsathgﬂglgggig]n(:rﬂgge:ﬁvgqhg;f;?wﬂ’erﬁ)gfé‘V?gﬁ V\r/g‘\'/ti(e;:;'v Hak and Bushnell13]. The application of magnetohydrodynamic
h’ | ol then if the fi te is high r? t.MHD) principles is yet another method for affecting the flow
channél expansion then It the flow rate 1S high enougn, separaliplyy i, 5 qesired direction by altering the structure of the bound-
can occur in the lee of the expansion. If flow occurs through y layer. In fact the application of MHD to biology and medicine
suddgn symmetric_expansion as in the experiments of puriss,’receiving considerable attention of physiologists, medical prac-
Pereira, and Tropegl0], then separated regions can form eithe

. . . . ﬁtioners, and fluid dynamicistéBarnothy [14]), owing to their
side of the main flow. What is observed is that the two symmetr ortance in biomedical engineering in general and in the treat-

separated regions may not remain the same size and the f nt of various pathological states in particular. Since blood is

seems to attach to one or the other wall and this phenomenorbfgctrica”y conducting, its flow in a cardiovascular system is

referred to in the literature as the Coanda effesgte[11]). In i - .
h ) . i ikely to be affected by the application of an external magnetic
sudden expansion problem, the point of bifurcatigshere the field. In fact the Lorentz force arising out of the flow across mag-

flow becomes asymmetities near the Reynolds number of 125netic lines of force acts on the constituent particles of blood and

changes the hemodynamic indicators of blood flow. The potential

Contributed by the Fluids Engineering Division for publication in ticeJBNAL g f : ; _
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionuse of MHD prlnC|pIes in prevention and rational therapy of arte

September 4, 2002; revised manuscript received June 24, 2003. Associate Editor | Nypertension was exp_lored by Vardan)[aﬁ], who found th_at
V. Otiigen. for steady flow of blood in an artery of circular cross section, a
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Fig. 1 A sketch of the physical problem

uniform transverse magnetic field alters the flow rate of bloodvhere the induced magnetic field is assumed to be negligible in
Pal, Misra, and Guptfl6] investigated the steady MHD flow of comparison with the external magnetic field which is justified for
an electrically conducting viscous fluid in a slowly varying chanMHD flow at small magnetic Reynolds numbgtg]. In fact such
nel in the presence of a uniform transverse magnetic field. MH&nh assumption is valid for flow of liquid metafs.g., mercury or
flow of a non-Newtonian fluid in a channel of slowly varyingliquid sodium or blood flow in arteries. For example, in flow of
cross section in the presence of a uniform transverse magnéficod (with electrical conductivityy=6x 10" mhos m'1) in the
field was studied by Misra, Pal, and Gudts/]. In both these |eft coronary arterywith radius 3.75% 102 m) with velocity 8.8
problems,[16,17), flow symmetry about the channel axis wasn/hour, the magnetic Reynolds number is 0.02. Further electrical
assumed. conductivity o of the fluid is assumed constant. For mercurys

In this paper viscous flow of an electrically conducting fluid imo-5 e m.u and for liquid sodiunr=10"*% e.m.u. It is also as-

a channel with symmetric and asymmetric constrictions is studigfmed that the external electric field is zero and the electric field
numerically without assuming flow symmetry about the centerlingue to polarization of charges is negligible.

Of the Channel. The ﬂOW iS permeated by a Uniform magne“c fleld |ntr0ducing the fo”owing dimensionless Variables

applied normal to the plane of the channel wall. Finite-difference

staggered grid is employed to solve the governing equations of the=t*U/h, x=x*/h, y=y*/h, u=u*/U, v=0v*/U,
fluid flow. A coordinate transformation is used to map a long

irregular geometry into a finite regular computational domain. p=p*/puU2 4)
Flow separation zones are compared with the corresponding zones .

for flow of an electrically nonconducting fluid. It is shown that thd€ a@bove equations become

separation zone decreases in size due to the application of the
magnetic field. It is also found that the flow asymmetry at high — t —=
Reynolds number is delayed in the presence of the magnetic field. X dy

Jdu  dv
=0, (5)

2 The Governing Equations

Consider the two-dimensional flow of an incompressible vis- )

cous electrically conducting fluidwith electrical conductivityo) dv duv dv°  dp 1

of densityp, in a long parallel-plate channel having locally sym- ot * ox oy ay * Re

metric and asymmetric constrictions on both the plates at the same _ )

location. Let &*,y*,z*) be the cartesian coordinates of any poinwhere RegUNv) is the Reynolds numbeM (=Boh/aTpv) is

in the flow domain, wheret* -axis is along the bottom plate andthe Hartmann number, ards the width of the straight part of the

y* is the normal to both the plates. Let, v* be the velocity Cchannel.

components along* andy* directions, respectivelp* the pres-

sure andU/4 be the centerline velocity for parallel flow in the

c_hannel _far_ upstream of the c_onstfictions. A unifo_rm magnetig Boundary Conditions

field By is imposed alongy* -axis (Fig. 1). The Navier-Stokes . .

equations, by taking into account the Lorentz forces due to 1€ Streamwise and transverse velocity components should be

magneto-hydrodynamieMHD) interactions, are written as zero at the rigid wallgno-slip condition. At the inlet and outlet
boundaries, the Hartmann velocity profi&g], is prescribed. On

au+(9u2+(9uv_ ap+1(02u+192u Mm? 6
ot ax "oy ox Relax  ay? Re" ©)

v
) : (7)

—_— + —_—
x> oy?

au*  * _ the upper y=1,(x)) and lower ¢=f,(x)) wall of the channel,
o W—O, @) the no-slip boundary conditions are
Ju* au* au* u=0, v=0 aty=fy(x), fi(x). (8)
Ut — vt —
at X ay The functionsf,(x) and f,(x) which represent the lower and
1dp* 2u* Au* UB(Z) . upper walls of the channel are given by
S Toae Taert )T v @ 1
Ehb(1+cos(7-rx/x0)) PSS
av* Lyt dv* - dv*  1ap* N Pv* N v* 3 f1(x)= ,
U TV ey T T pay  Nlae 2 T ay*2) ©) 0 D X=X
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1 ap* YE
1- 5 h(1+cog mx/xy)) [X|=<Xq —L=L. (18)

= Ix* M
f2(x) ©) h3| 2 tanh?f M)

1 s X=X

Hereh, andh,, are contraction parameters which are depicted in
Fig. 1.

The inlet flow far upstream and the outlet flow far downstre
of the constrictions are assumed to be Poiseuille flow in the
sence of magnetic field and Hartmann flgdg], in the presence
of magnetic field.

It may further be noted that under an electrically short-circuited

afondition, there is a nonzero net electric current normal to the

aplane of the flow since all the current flows in one direction. This
can be seen fromll) with E,=0. In fact

The steady equation of motion in the presence of magnetic field h B h
B, far upstream(or far downstreamof the constrictions is o jdy*=0Byg o urdy*, (19)
ap* d?u*
0=" 7% +pVW_JZBO' (10)  which gives upon usingl5) the net current normal to the plane of

flow asoByQ.

whereu* (y*) is the velocity of the unidirectional flow parallel to  we thus have the following conditions at the inlet and outlet
the channel walls. Electric current flows normal to the plane @foundaries. A= = o,

flow and Ohm’s law gives the current densjtyas

j,= o (E,+U*By), (11) u=y—vy? for M=0
where the electric fieldE, is constant becausé X E=0 in the
steady flow. Since the physical variables except pressure are func- hM— Mlv— }
tions of y* only, it follows from (10) that dp*/dx* = constant, cos 2 cos y 2
and this external pressure gradient is needed to drive the flow u= M , for M#0. (20)
against viscous stress and tfretarding magnetic force. 8 sinff—
Eliminating j, between(10) and(11) gives on using4), 4
& M2u= n ép*+ E,B 12 iti iti
ay? U=--20 | x* TOEBo), (12) 4 Initial Condition

The initial condition is that there is no flow inside the region of
the channel with constrictions while, on the other hand, Hartmann
velocity profile is prescribed at inlet boundary far upstream of the
constrictions. Physically this means that the flow is approaching
the constriction gradually.

whereu(y)=u*(y*)/U.

SinceU/4 is the centerline velocity for this parallel flow, the
solution of (12) satisfying the boundary conditions=0 aty=0
andu=0 aty=1 gives the Hartmann velocity distribution

C052—COS y—z

)= _ hz|\/| ' (13) 5 Coordinate Transformation
8 sin 4 It is somewhat unsatisfactory to simply impose the far-field
with boundary conditions at moderately large distances since, with in-
creasing Reynolds number, the disturbances created by the con-
5 M strictions are sizeable even far downstream. For this reason, a
h? [ ap* M cosh; suitable transformation is introduced to map the long region of
(_* +0E,By|= ———. (14) interestinto a finite one. Equatiof®)—(7) are transformed by the
pvU | ox i M introduction of the new variables,
8 sin a
Further the flow rateQ in the channel is assumed constant. _ . _ y—fi(x)
1
Uhj udy= Q= constant, (15) wherek is a constant which controls the grid distribution in the
0 computational plane. The grids in the physical plane are dense
which gives from(13) near the origin due to the nature of the function témh(The

value ofk is taken as 0.12 for low Reynolds number flows and
. Q 0.08 for high Reynolds number flows. The transformation defined
cosh— yrsinh= = (16) in (21) transforms the curved upper boundary: f,(x) into a
8 sinr?T straight line =1, the curved lower boundary=f(x) into a
straight linen=0 and the outflow and inflow boundaries info
Elimination of U from (14) and (16) gives the external pressure=*1. In the new system of coordinaté&), a uniformly spaced

h ( M 2 M):

gradient— dp*/dx* as rectangular grid is superimposed on fhel,1]X[0,1] domain.
N 3 Using the chain rule of differentiation, the continuity E&)
ap* _ prQM becomes
B e VT +0E,Byg. a7)
h3| 2 tanh=—M
’ K1) (L= €8 (6, 7) ot T
Since we are simulating an electrically short-circuited condition 9& Pan T 96— ay
(E,=0), we find from(17) that for maintaining a constant flow (22)
rate Q, the external pressure gradient is a function of the Hart-
mann numbeM given by and the momentum equatiofiggs. (6) and (7)) reduce to
954 / Vol. 125, NOVEMBER 2003 Transactions of the ASME
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L00=g18),  f{(x)=k(1-£))g{(8),
700 =k(1- €[~ 2keg] (§) +k(1-E)g/(H)], =12
_ 195(8) +(1-7)g1(€)
e we
~ 193(§)+(1-7)gi(é)
e =@ o
_%@-9® 1 (5) B
L= g M Tmg) Tt
(25)
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i)

(E-'li"nj)

u. ..
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(éli’ Tllj) (éi,nlj)

(éi_l,'rl 11)

T Vi1

(E.;li’n j—l)

Fig. 2 Arrangement of dependent variables in a typical MAC
cell

this type of grid alignment, the velocities and the pressure are
evaluated at different locations of the control volume as shown in
Fig. 2. The continuity equation for an incompressible flow con-
tains only the velocity components and there is no direct link with
the pressure as there is for compressible flow through the density.
In conventionalnonstaggeredgrid, the primitive variablegu, v,

p) for two-dimensional flow are coupled to every alternate node.
The use of the staggered grid permits coupling ofuhe, andp
solutions at adjacent grid points. This in turn prevents the appear-
ance of oscillatory solutions, particularly fgr that can occur if
centred differences are used to discretize all derivatives on a non-
staggered grid.

The time derivative terms are differenced according to the first-
order accurate two-level forward time-differencing formula. The
convective terms in the momentum equations are differenced with
a hybrid formula consisting of central differencing and second-
order upwinding. The diffusive terms are differenced by second-
order accurate three-point central difference formula. The source
terms are centrally differenced keeping the position of the respec-
tive fluxes at the centers of the control volumes. Thus in finite-
difference form witht=nét, £=i6¢, n=jon, and p(¢, n,t)
=p(i6¢,jon,ndt)=pj, superscripi refers to the time direc-
tion, ét is the time increment, ané, 67 are the length and width

Here a prime denotes derivative with respect to the argument. of the (i,j)th control volume. o _ _
The boundary conditions in the transformed coordinate systemThe discretized form of the continuity equation at thg) cell

are

u=0, v=0 at »=0,1.

file at é&=+1 are both given by

u(n)=n—n% M=0
M 1
_(cos?‘(;)—coshM( _E)) o o
83inf?(%)

6 Method of Solution

The above governing equations along with the initial and

(26)

The inlet velocity profile ag= —1 and the outlet velocity pro-

takes the form
n n

(1= 81%) k(1 ) Gel ) <5

N 1 vﬂ- —vinj -1
92(&li)—01(él) o7
where the quantitiegl;, 7l;, u, andu,. are defined as
on
5

0, (28)

0§
fi=&— - nlj=n-
Ue=0.25uj +u g+ Ui g Ul ),

Upe=0.25Ujj _;+ui g5 3 +ui g+ uf). (29)

boundary conditions are solved by the finite difference method.Here (l;,7l;) and ¢ ,7;) are the coordinates of the cell cen-
Control volume-based finite-difference discretization of the abover and the right top corner of the cell, respectively. Furtingr
equations is carried out in staggered grid, popularly known asduy,. stand foru-velocities at the top and bottom middle posi-

MAC (Marker and Cell proposed by Harlow and Weldl20Q]. In

Journal of Fluids Engineering

tions of the control volume of the continuity equation. Consider-
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ing the source, convective and diffusive terms at ik time
level, the momentum equation in ti§eirection given by Eq(23)
is put in the finite-difference form

@ﬂ(léﬁ)%;—?“wl 2165 7l P
+Ucdy . (30)
Herep;, pp, andUcdj are defined as follows:
Pe=0.25p{} + P’ 1)+ Pij 1 Pl 1j+ 1) (31)
Po=0.25pfj + P’ 1 TPl -1+ P 1j- 1) (32)
Ucd”=iD|ffu — Corujj — M—Zu” , (33)

Re

2 2

¢7U27 Uy —Up Ut dut— Updup
5—(1—5) 5 BT sy (48)
<9uu_(1 B) Ub+th¢ut;:b¢ub, (49)

where B is a combination factor which is determined from the
numerical stability criteria. With8=0, the scheme becomes cen-
tral differencing and wheB=1, it is a second-order upwind dif-
ferencing scheme.

The finite-difference equation approximating the momentum
equation in therp-direction is

vﬂﬂ_vﬂ - : +Vced!
02( &) —g1(&ly) ij

Pl — Pij+1
( 5 (50)

ot

where

wherep, andpy, stand for pressure at the top and bottom middle

positions of theu-momentum cell, respectively, and Djﬁ and
Corui”j are the diffusive and convective terms of trenomentum
equation at theth time level at(i, j) cell. The diffusive terms are
discretized centrally as

azu_ i+1j 2U | 1j 2
@—TJFO((%) )s (34)
U U 20 )
0—772—(5—)2 +0((67)). (35)

1
Vcd”——Dn‘fvIl Corvj (51)
Here Diffvi”j and Com;i”j are the finite-difference representation of
diffusive and convective terms of themomentum equation for
the nth time level at the celli, j). The diffusive and convective
terms in thev-momentum equation are differenced in the same
manner to those in the-momentum equation. The criterion used
in the u-momentum equation for the momentum fluxes is also
employed for thev-momentum fluxes.

The Poisson equation for pressure is obtained by combining the

A central difference formula is used for the mixed derivativeliscretized form of the momentum and continuity equations. The

d%uldédm in uniform grid.

In the present scheme the convective terms are differenced with
a combination of central differencing and second-order upwind

differencing schemes. The velocities, (u, ,u;,up ,v¢,vp,) at the

interface of the control volume are calculated by the same inter-

polation formula for both the schemes. Thus for themomentum
equation, the different symbols are defined by

u=(ujtul /2, u=(uj+ulg)/2, (36)
U= (uj+ui )2, up=(uj+uj_y)/2, 37)
vi=(vj i )2, vp=(v{j 1t {112 (38)

final form of the Poisson equation for pressure is

(A+B+C+D)pjj—Ap ;= Bp 3 +(F-E=D)pjj_,
+(E=F=C)p{j 1+ E(Pgj 117 Pl 1j-1)
+F(P_1j-1— Pi-1j+1)

Divj; , Ucdj—Ucd’
=5 (1-¢19) 5F
Ved;—Ved]

(92(§| )—91(&ly)on) (52)

where the suffixes, |, t, andb correspond to right, left, top, and Here DiV; is the finite-difference representation of the divergence
bottom middle positions of the control volume, respectively. laf the velocny field at celli, j). The expressions fok, B, C, D, E,
the second-order upwind scheme the choice of taking the momenare presented below.

tum flux ¢ passing through the interface of the control volume

depends on the sign of the velocities at that interfisee[21)).
Thus the momentum fluxes ferkmomentum are given by

it u=0, ¢y,=uj, (39)

it u<0, ¢u=ul\yj, (40)

it u=0, ¢y=uly, (41)

if u<0, ¢y =uj (42)

Suffix u of ¢ denotes the quantity foo-momentum. In like
manner,

it v=0, ¢y=uj, (43)

if <0, ¢u=Uj.q, (44)

if vp=0, Gup=Uj_q, (45)

it vp<O, Pyp=uj- (46)

_Ka-gHa-ap
(5¢)? '
_KA-g)a-ap)
(58)? ’
1
T (Go(E)—gu (€))7
k31— &) (1- &)

E=G(&.7l)) 45¢67
k(- )(a-&p)
F=G(&-1.71)) 4551577

The advantage in using MAC cell is that the pressure boundary
condition is not needed at the boundaries where velocity vector is
specified, because the domain boundaries are chosen to fall on
velocity nodes. For the cells adjacent to the upper wak=(),

Hence the finite-difference form of the different convectivéve get fromy-momentum equation

terms in theu-momentum equation are given by

i-uf Ur by — Uiy
B

u?

23

r |

~1-8 5

(47)
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Pij+1= P +192(&h) —91(él)}dnved; . (83)

Thus the Poisson equation for pressure for the cells adjacent to the
upper wall (=1) is
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(A+B+D+E—F)p{i+(E—A)p/,1;— (B+F)ply; 0.5x10 ° at any cell in absolute sense, pressure is corrected for
each cell in the flow field. The velocity components at the sides of

+(F—E—D)pi“j _+FplL 1j-1 the cell are then adjusted. The pressure correction formula is
+[92(€1) —91(él)16n(E-F)Ved —Epy 451 Pij = Pij + @20p;; , (56)
+[92(&li+ 1) —91(€li ) 10mEVed, 4 where pf; is obtained after solving the Poisson equatia,
. (=<0.5) is an under-relaxation parameter and
—[92(&li-1) —91(&li-1)]6nFVed' Div*
- | N
o DIV;}+k(1,§|_2)UCdFi_UCdin‘1J opij SATB+C+D)’ (57)
ot : S
¢ where Di\(} is the value of the divergence of velocity field at the
Vcd{} -1 ” cell (i, j) obtained after solving the Poisson equation for pressure.
P CRCRENGIL (54)  The velocity correction formulas are
2
wherep!! is the pressure located at the cell center inside the flow ni1 g, K(1=&)otop;,
g U =utt (58)
domain. 5S¢
The Poisson equation for pressure for the cells adjacent to the 2
inlet boundary ag=—1 can be expressed as N+l ok k(1—& ) otopy;
U= e (59)
(A+C+D)pinj_Apin+1j_Dpinj—1_Cpir}+1
ot op;i
Div! Ucd! Ved! —Ved! ntl_px gy J , 60
| P gy o, VOR Ve U (@ gy B en ©0)
ot 0§ om(ga(&li)—91(&li) sis
(55) T Py (61)

l)— 1)én’

wherepyj] is the pressure at the cell center inside the flow domain. R . (G(el)=aa(el)) 0w o
Similarly, the Poisson equations for pressure for the cells adjac#¥ftereuj , Uy, vjj, vij_, represent the updated velocity field
to the lower wall (7=0) and outlet boundaryg=1) are ob- obtained after solving the Poisson equation for pressure.
tained. The Poisson equation for pressigg. (52)) is solved
iteratively by successive over-relaxati®OR method. The value - . .
of the over-relaxation parameter is taken here as 1.2. 8 Stability Restriction of the Numerical Scheme

To make the finite-difference scheme numerically stable, cer-

: . tain restrictions are imposed on the mesh sig&s57 and also on
7 Pressure and Velocity Corrections ) . St. The time step is governed by two restrictions. The first restric-
In most of the codes based on staggered grid formulations, tiien is related to the convection of the fluid, requiring that the

local dilatation term at then(+1)th time level, Dii}“, is set fluid can not move through more than one cell in one time step. So

equal to zero. Here we replace the term: the time step must satisfy the inequality
untl_yn+l 8¢ On
Diln*1=|k(1— &2 e e | St<Min| —, —| , 62
ij ( g |) 5§ |U| |U| ij ( )
1 Ui’}“—vi’}tll where minimum is in the global sense. Secondly, momentum must
+ (@) —g.d) 5 not diffuse more than one cell in one time step. This condition,
92(&1i) ~ 0a (&l K which is related to the viscous effects, according to Hif2g|
by stability analysis implies

Ue— Upc _[Re 6882677 }

G(&l, mlyk(1—¢l? : St=Min| = ————| - 63

whereu,; andu, are at thenth time level, in order to obtain the penoting the right-hand side @62) and (63) by st; and ét,,

exact form of the transformed continuity equation in the Poissqaspectively, we find that both these inequalities are satisfied if the
equation for pressure, so that the decoupled tendécitgcker- (ime stepst satisfies

board effeck of pressure field gets eliminated. With this incorpo- ]

ration, the pressure equation becomes independent 6fljth St=Min[éty, 6ty].

time level velocity field. For a large number of grid points, a Veryjance in our computations we take

large number of iteration steps are needed for satisfactory level of

convergencehere the convergence criterion for SOR iterative St=cMin[ 6t bt5],

scheme is that the pressure difference between two succes%rec is a constant lying between 0.05 and 0.25.

iterations is less than 0:610"°). To reduce the computation time  Tpq present numerical scheme is semi-implicit and the present
for each cycle, the number of iterations in the SOR iteratiogyge is employed for the prediction of flow variables for moderate
scheme is kept limitedhere the number of iterations is JBUt  Reynolds number flows. A typical value of the time siip(i.e.,
convergence of the pressure solutions cannot be expected Wilical CFL number is obtained as 0.002 with the grid sz
such a small number of iterations. So the velocity field obtained s, — 9 01 for Re=1000. For high Reynolds number flows, time

after solving the momentum equations using an already knc_’"g{bp(consistent with the above two inequaliti¢ms to be reduced
inaccurate pressure field may not satisfy the continuity equat'oébcordingly.

This necessitates a corrector stage. In this stage pressure and SUroreover, the combination factgt is selected according to the
sequently velocities are corrected to get a more accurate Veloqméquality

field in the sense that it will satisfy the continuity equation more ust! oot

accurately. This second stage starts with computing the divergence 1=pB=Max Sel'l 57

of velocity field for each cell. If it is found to be greater than § 71 ij

Journal of Fluids Engineering NOVEMBER 2003, Vol. 125 / 957

Downloaded 03 Jun 2010 to 171.66.16.152. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Table 1 Results of different grid sizes for a long straight channel at Re =600 M=0

Grid Property y—0 0.1 0.3 0.5 0.7 0.9 1
100%x 50 u 0 0.089947  0.209878  0.249854  0.209878  0.089947 0
200X 100 u 0 0.089996  0.209965  0.249958  0.209965  0.089996 0

Exact u=y-y? 0 0.09 0.21 0.25 0.21 0.09 0

This inequality yields a very small value of the paramgieAs a Results obtained from this scheme for a locally constricted
safety measure the value is multiplied by a factor 1.2, in practicehannel for different grid sizes are computed at=l60 and are
presented in Table 2.
: . Table 2 shows that andv velocities are in good agreement in
9 Numerical Algorithm different grid sizes. The actual computations are carried out on

One complete calculation cycle comprises of the following00x 100 and 206 50 uniform grids for high and moderate Rey-
steps: nolds number flows, respectively.

Stage 1 For the verification of our numerical scheme, the shear stress on
the upper wall in the absence of magnetic field€0) are com-

a. Velocitiesui”j andvi”j are initialized at each cell, j). Thisis  pared with those obtained by Vradis, Zalak, and Benfggim the
done either from the result of previous cycle or from the prease when the shape of the constriction was taken in the form of a
scribed initial conditions. o Gaussian profile and flow symmetry was assumed about the cen-

b. Time step §t) is calculated from stability criteria. _ terline of the channel at Re50 (see Fig. 3. This is justified since

¢. The Poisson equation for pressure is solved to get the intgf-jow Reynolds number, flow in a channel with geometric sym-
mediate pressure fielgpf) using velocitiessjj anduvjj of thenth  metry (h,=h,) will also be symmetric about the channel center-

time step. line. Subsequent computations of flow characteristics will vindi-
d. The momentum equations are solved to get intermediate ¥gtte this assertion. It is clear from this figure that at a given

locities ufj andv; in an explicit manner using the velocitieﬁ , location, the shear stress at the upper wall denotet],bgcreases

vi; and pressurep(;) as found from solution of Poisson equatiorwith increase in the magnetic parameliérThe physical explana-

for pressure. tion for this is as follows. As the magnetic field increases, the

Stage 2 Hartmann layeiwhere the voticity is confinedwhich is formed

) ) o near the walls becomes thinner resulting in increase in the velocity
(¢) The maximum cell divergence of velocity field is calculateqyragient at the walls. Thus the shear stress increases with increase
and is checked for its limit. If satisfied, steady-state convergenge. it can be further seen from the figure that for a given value
or limiting nondimensional time criterion is checked for whethegs \ the flow separates at a point downstream of the constriction
to stop calculation. If maximum divergence is not satisfactoriljyhere , = 0) and then reattaches at a point further downstream

low, it becomes necessary to go to stép o wherer,, again vanishes. It is interesting to note that the length of
(f) The pressure at each cell of the flow domain is correct;]g

and subsequently the velocities of that and left and bottom neigh-; separation zong.e., the distance between the point of sepa-
a y na tion and the point of reattachmgniecreases with increaselim

. . 1
boring cells are adjusted to ga}"*, v{;"*, andpjj . Then stefi®)  and the separation zone disappears altogethdt a#. We thus
is again performed. arrive at the novel result that the magnetic field tends to delay

This completes the necessary calculations for advancing the fi§@Paration and by applying a strong magnetic field, the flow sepa-
field through one cycle in time. The process is to be repeated uf@fion can be completely prevented. In this connection it is impor-
steady-state convergence or limiting nondimensional time f@nt to mention that since the flow rate is assumed constant, the

achieved. external pressure gradient is a function of Hartmann nurivbas
In what followsu-velocity, v-velocity and shear stress are comshown in Eq.(18). Thus it is not the case that simply applying a
puted when the steady state is reached. strong magnetic field eliminates separation—in a practical situa-

tion, the externally applied pressure gradient will need to be ad-
. . justed appropriately. Certainly in blood flow through arteries,
10 Results and Discussion pressure and its gradient are likely to be crucial items in determin-
The governing equations of motion are solved numerically ug whether such a method is suitable for medical application.
ing pressure-based finite difference approximation. The gridhis result admits of the following physical interpretation. Near
independent study is made for the verification of the present nilie channel axis of the constricted region, where effects of viscos-
merical scheme. The values oivelocity at different ordinates in ity are not pronounced, the Lorentz force arising out of the flow of
a straight channel are compared with the exact solution at REectric current in the presence of magnetic figiiven by the last
=600 as shown in Table 1. This shows good agreement betwderm in Eq.(2)) has a retarding influence on the flow. Since in the
exact values ofu-velocity and the computational values ofsteady state, the flux of fluid flowing across any cross-section of
u-velocity obtained from different grid sizes for a long straighthe channel is constant, it follows that the axial velocity near the

channel. channel wall at the same cross-section increases with increase in
Table 2 Results of different grid sizes for a locally constricted channel at Re =600, M=0 with
X,=2, h,=0.3, h;=0.3 at x=0
Grid Property y—0.3 0.34 0.42 0.50 0.58 0.66 0.7
100x 50 u 0 0.270166 0.520523 0.562355 0.518616 0.268363 0
200% 100 u 0 0.269179 0.519295  0.561244 0.518496 0.268444 0
100% 50 v 0 0.004011 0.007834 —0.000530 —0.008728 —0.004349 O
200X 100 v 0 0.003916 0.008059 —0.000199 -—0.008392 —0.004045 0
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Fig. 3 Distribution of shear stress on upper wall for different values of M at Re=50, xo=1, h;=0.5.

M. This increase in fluid velocity near the walls with increasihg cally separated flows since as the Reynolds number increases, the

enables the fluid to overcome the influence of any adverse pregurcation of flow(i.e., development of flow asymmejrpccurs
sure gradientdownstream of the constrictiprand thereby en- pefore flow separation takes place.

hances the ability of the fluid to withstand flow separation near the o ,rther point may be noted. We have assumed that the two
wall. This result seems to be of great physiological interest an% '

likely to have important medical applications. One limitation of rtical S.'des‘. of the channéle., the channel walls parallel to
our analysis on prevention of flow separation with regard to medfy-Plane in Fig. 1 are at a very large distand apart such that
cal application may be noted. In the present study, electricafgpth of the channeh<D. This ensures that the flow in the
short-circuited condition is simulated. However, for flow in bloodchannel is effectively two-dimensional so that the flow variables
vessels, the situation is more likely to correspond to the opeare functions ofk andy and no secondary flows are considered.

circuit condition (zero net current Zamir and Roach23] sug-  Thus any three-dimensional effect due to the dependence of the
gested that intimal cushions may occur due to flow separatigRysical variables on the transverse coordirzatan be neglected.
whereby the flow of blood in a cardiovascular system can reve

its direction. Further the suppression of flow separation has enolc 1€ itis expected that the neglect of _three-_d|men5|onal effects

mous applications in engineering design and chemical systetiid not affect the development of flow bifurcations. ,

involving problems associated with heat and mass transfer. It is seen, however, that &4 increases, the velocity profile
In the present study, we investigate flow separation in the cogradually becomes symmetric and separation also gradually di-

stricted channel with the shape of the constriction given by(@q. Minishes. Separation disappears completely Nbor 10 and the

in the presence of magnetic field. Numerical computations avelocity profile has a symmetric shape as shown in Fig).4n

carried out for differents values &, Re,h,, h,, andx,, where Fig. 4b), velocity profiles are displayed at several locations in the

h, andh, are the heights of the top and bottom constriction @nd channel forM =0, 3, 5, and 7 with Re 1000, h;=h,=0.3 and

is the width of the constriction. Figure@ shows theu-velocity Xo=2. It can be clearly seen that =0, the flow shows ten-

profile at the locatiorx=1.507 for various values d¥l with Re dency to separate downstream of the constriction and this ten-

=1000,h;=h,=0.3, andx,=2. It can be seen that inspite of thedency gradually disappears with increasevin

geometric symmetryH,=hy), the velocity profile forM=0 is Figures %a) and 8b) show the distribution of shear stre@t-

not symmetric about the channel centerline and shows differenensionlessr,, on the upper and lower walls in the case of asym-

separated zones in the upper and lower walls of the channel. Wetric constriction geometryh(=0.5h,=0) for several values

thus conclude that in the absence of magnetic field, flow inaf M with Re=350 andxy=1. Here also the separation zone

channel with geometric symmetry becomes asymmetric followetcreases with increase M and separation completely disap-

by separation at high Reynolds number. pears forM = 8. Figure &c) gives the pressure distribution on the
Although the flows separate at high Reynolds number, thespper wall for several values d¥l in the case of asymmetric

flows are steady because the Reynolds number is not high enoeghstriction geometryl;=0.5h,=0) for Re=350 andxy=1.

to cause turbulence and further the magnetic field also stabilized et us try to have an estimate of the value of the magnetic field

the flow (see[24]). These steady flows are invariably asymmetristrengthB,, in different regions of the human cardiovascular sys-
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Fig. 4 (a) Velocity profiles for different values of M at x=1.507 for Re =1000,
h=0.3, h,=0.3, xq=2. (b) Velocity profiles for M=0, 3,5, and 7 at x=—4.855,
—2.534, —1.507, 0, 1.38, 2.017, 2.79, 3.868, and 4.568 for Re =1000, h,=0.3, h,
=0.3, xg=2.

tem for the Hartmann numbers 8 and 17. We fis} formed downstream of the constriction, which decreases in size as
=92.38 Gauss,B,=196.299 Gauss foM=8 and 17, respec- M increases. The separation completely disappeardferl?.

tively by taking the viscosity of blood to be 4.5 |tisfound from our computations that in the nonmagnetic case

x10 3 kgsec*m ! and electrical conductivity o=6 (M=0) for a symmetric configuratiorh(=h,=0.3 andx,=2.),

x 10"t mhosm* (see[15]) for the main left coronary artery the flow becomes asymmetric before it separates at the upper wall
(with the radius 3.7% 102 m). For the femoral artergwith the and the lower wall at different Reynolds numbers. It so happens

; — - hat as the Reynolds number increases, the flow first separates on
radius 2.2% 10 2 m), the values of the magnetic field strengt)‘iH '
areB,=153.96 Gauss and 327.165 Gauss for the Hartmann nuffi€ uPper wall when Re350. However, when Re400, flow

bers 8 and 17, respectively. The above values of the radii of dfEParates at both walls. Thus even for a symmetric configuration,
ferent arteries are taken from McDond[b]. the occurrence of separation either at the upper wall or the lower

The distributions ofr,, for various values oM are shown in wall is not random. The fact that separation first occurs at the
Figs. 6a) and Gb) at a high Reynolds number (R2000) with upper wall is attributed to the bifurcation of the flgire., the flow
h;=h,=0.3 andx,=2. For M=0, a large separation bubble isno longer remains symmetric about the central axis of the chan-
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nel) at a certain critical value of Reynolds number,Rehich is Re

300 for hy=h,=0.3 andx,=2). before flow separation takesrig. 7 Distribution of rm.s. v-velocity on the channel center-
place. In the presence of magnetic fielsl € 0) bifurcation of line against Re for different values of M with x,=2, h,=0.3, h,
flow (development of flow asymmetryoccurs at Rg=370 for =0.3

M =5 and the flow separates on the upper wall atB20 and the

flow separates on both the walls at-R&5. What exactly hap-

pens to bring about the asymmetry or what triggers it, is not clegf asymmetry of the flow i® . which is the root-mean-square
at this juncture. It could be due to the following two reasons: (rm.s) v-velocity on the centerline of the channel, the flow being

i. When the Reynolds number increases above a particuffmmetric whem .= 0. Figure 7 shows the variation ofy. with
critical value, there could be a small pressure differential® for various values oM when h=h,=0.3 andx,=2. Itis
occurring between the two sidéist downstream of the clearly seen that for low Reynolds number, the flow is symmetric.
constriction which pulls the flow to one of the sides, i.e. The transition ofv,,. from a value zero to a nonzero value is,
triggers the asymmetry. ' 'however, smooth and not abrupt as observed by Fearn [et14l.

ii. The growth of the shear layers originating at the two lip he ngnolc:]s “U_”_‘b?fRat Wkl‘('jCh thebflow etl)e_comes sffymlmetrlc
near the exits of the constriction and their subsequent intdgme” 0) S the critical Reynolds number Relt is very difficult
action might be responsible for the asymmetry. o fix Re; numerically. It is observed from Fig. 7 that fof =0,

there is symmetry breaking when Re300 and the flow becomes

We now focus our attention on the asymmetric flow. A measussymmetric when Re exceeds 300. This graph further reveals that
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1 Introduction overestimate viscous effects in two-phase regimes. Consequently,

It is well known that cavitation in injection nozzles has a stron
impact on spray formation and atomization, which are directl . . IS
correlated to the efficiency of the combustion process. Wu et %ll_Because of the nearly incompressible main liquid flow and the

o h sensitivity of cavitation dynamics with respect to pressure
[1] found_that the spray cone angles for cawtatlon-free nOZZI(.aS Ef)rgundary conditions, quantitative accurate simulations cannot be
systematically smaller than those for nozzles likely to cavitat

o o . restricted to the nozzle flow itself, but require simultaneous treat-
Chaves et al[2] verified that supercavitation and turbulence WI|Enem of the cavitating flow inside the nozzle, together with the

cause finite disturbances of the jet which, immediately at the . . . . .
nozzle exit, initiate atomization. DJue to the small scaleyof 10 xternal jet, especially in case of high frequency excitations of the

um—1 mm and the high speed of several hundred meters Ijection pressure. Therefore, our extended model includes simu-

second, experiments on this subject are very rare and, if existi tion of the interaction of the external fluid at the nozzle égés

L ' . o g "ain with the liquid and vapor flowing through the nozzle. The
very limited concerning detailed quantitative data. Quantitative ternal fluid can instantaneously flow into the nozzle and pen-

correct experiments, by applying more appropriate larger Scaﬁgte the cavitation regime as well as pressure waves can leave
t
o

mpirical corrections will be implemented which account for the
@Wer eddy viscosity of mixtures with higher gas/vapor contents.

models, are not possible because of the necessity to preserve . . - ;

exact time scale of the internal cavitation dynamics, which is €nozzle, and directly interact with the jet.

the order of 1-1Qus. Depending on the nature of the combustion

process, the injection pressure reaches 1000—2000 bar in Diesel

engines and is around 100 bar in the new technique of direzt Mathematical and Numerical Descriptions

injection in Otto engines. In addition, the pressures upstream and

behind the nozzle fluctuate with high frequencies in the range of2.1 Governing Equations. The continuity equations for

1-100 kHz. each phase/component of a two-phase cavitating flow consisting
Therefore, it is obvious that numerical simulations are mosf liquid, vapor and gas are

important and very promising to improve understanding and for

optimization of this complex unsteady turbulent two-phase micro d(a,p,) 1V (ayp,G,)=M (1)
fluid dynamic problem. Our previous work3], has focused on at vPv v

attempts in the numerical simulation of the two-phase flow of

injection nozzles including external jet flow. The work assumed daipy) v . 5
that the material derivatives of liquid and vapor are equal and at +V-(apic)=-m,, (2
opposite in sign. This is true for partially cavitating flow. How-

ever, it is invalid if another componef.g., here ajris involved I agpg)

in the cavitation region, i.e., when the vapor and the(gas from o +V-(agpyCy) =0, @)

the downstream chamber behind the injection nozzle contact each )

other. Following the idea of this previous work, we removed theheret stands for timec for the velocity,m, for mass exchange

non-necessary assumption and recalculated the cases. rate between the liquid and the vapor. The subsclipts andg
Our physical modeling follows the homogeneous two-phase agiand for the values of pure liquid, pure vapor and pure(gas

proach and resolves the dispersed bubbly cavitation structure dyindicates the volume fraction of the fluid componeit With

applying a bubble growth model. The numerical method is a corife compatibility condition

bination of the volume-of-fluid technique with extension for simu-

lation of flows with phase transition for tracking the local vapor ata,tag=1 (4)

production and thg collapse of bubble_s, respectively. The turbu-Note that physically, # ¢ # ¢, . Equationg1)—(3) can be used
lence model used is the-w model of Wilcox[4], at present the qgether with their own corresponding momentum equations for
original single-phase version and therefore, with the tendency ddch phase/component to solve two-phase flows. This means three
sets of the equation systems are needed to be solved if the external
*To whom correspondence should be addressed. flow of the injection nozzle is considered. It is a natural extension

Contributed by the Fluids Engineering Division for publication in tiee/BNAL i : :
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering DivisionOf the two-fluid model and the computations will be eXtremEIy

March 11, 2002; revised manuscript received May 14, 2003. Associate Editor: s.¢ostly. To reduce the CompUtationa_l time, the t_WO-phase flow is
Ceccio. treated as a homogeneous vapor-liquid-gas mixture. We assume
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that c,=¢=cy=c, hence only one set of equations is used for 2.2 Cavitation Model—Bubble Dynamics. The closure of
description. The continuity equation, together with the momentuthe system of equations requires an appropriate cavitation model.

equations for the mixture quantities are Cavitation may consist of small bubbles only, or may contain
ap larger pockets of vapor. Here the vapor is assumed to consist of
— +div(pc)=0, (5) mini spherical bubbles, which grow and collapse accordingly to
at the pressure dynamics. Thus, the vapor fraction can be calculated
ape) 2 . as
T+dlv pcc+| p+ FH dIVC>| =2up divD, (6)

4
) . . . ) a,=a-Ng 7R, (18)
wherep is the static pressure,is the unit tensor, anB is the rate 3
of strain(deformation tensor. The equations of motion are closegyhereR is the bubble radius and, is defined as nuclei concen-
with the constitutive relations for the densityand the dynamic 4tion per unit volume of pure liquid. Due to Eq41), (12), and

viscosity s (18), we can derive the vapor product rate as
p=apita,p,+agpg, ™ ( 4
dl ngz 7R
p= ey, + agpg. ®) der, _ ’3 LA ada 19)
The propertieg and . of pure liquid, pure vapor, and pure gas dt dt 3 dt’

are assumed to be constant. To overcome numerical difficultie
due to the strong variation of the density between the liquid and ™’

vapor phases, as proposed by Sauer dt5d).Schnerr et al[6], 4
and Spaldind 7], we use the so-called nonconservative form of da an dl 3 7R
the continuity equatioEg. (5)) with the advantage of continuous v o . (20)
volume fluxes at the cell interfaces: dv  ptaglpmpy) 4 o dl
—1(dp ~1dp ptagpi—py) 3
V.c= o\t +e VP) T dt (9)  Again, this equation is different from the previous wdg], since
] the non-necessary assumption for the material derivatives of lig-
Due to Egs(3), (4), (7), and(9), we obtain uid and vapor is removed.
de Bubble growth rates have been investigated since the beginning
— 9 __a4V.c 10) of the last century}8,9]. The simplest but very effective descrip-
gv-c, (10) © : . :
dt tion for the bubble growth is the Rayleigh relation:
de da, dag da dr 2 0(R)—
= v 8 _ Y, . _ _ P(R) — p.
at  dt dt dr %V (1 R=Gt=V3 5 (21)
V.c P~ Py da, (12) wherep(R) is the pressure in the liquid at the bubble boundary

and p.. is the pressure at a large distance from the bubble. This
relation is applicable in the range of moderately low pressures. In

to;gtﬁel:Ovcﬁﬁntsr?év;tglriecn%&nng/uaeggggo?g)(ll)yz/))aisprsgsl\éi?e order to model both the bubble growth and collapse processes, the
correction method, here a modified SIMPLE algorithm. The ad tlc_)llowmg formulation is implemented in the code:

tional term ofde, /dt is zero for flows without mass transfer . (R)— 2 [p(R)—p..|
v p P- p P-
between the phases. R= = 3 . (22)

In this study,p(R) is set equal to the equilibrium vapor pressure
+a,V-c, (13) Puap andp., to the ambient cell pressure. The bubble growth rate

may be zeroR=0 whenp(R)=p.. .
day da The use of the relations of Eq&l8) and (20) requires knowl-
—+V- (€)= -+ V-c, (14) edge of the nuclei concentratio. Unfortunately, this parameter

at dt is not easily measured. Fujimoto et &lL0] estimated that the

we can derive the following transport equations for the volumealues ofng lie near 16%nuclei/m? for internal flows of small
fractionse; : scale. However, as pointed out by Chen and Hejst&}, experi-
mental observations cannot detect bubbles at the submicrometer

T ptagp—pg dt”

da, v _de,
g TV (@O=gr

da, +V-(a,0)= P % (15) scale, so many additional nuclei of this size may be present. In
at v pt+ag(pi—pg) dt’ addition, the growth of the smallest bubbles will be affected by
surface tension forces which are not considered in this model.
%JFV.(a 0= Py % (16) Furthermore, both nucleation and bubble coalescence may occur.
at ! ptag(pi—pg) dt’ Therefore, it is difficult to prescribe this parameter for injection
nozzles. Indeed, one can use a transport equation to calculate the
ﬂJFV.(a 0=0 17) numbern of the nuclei and/or bubbles, which is time-consuming
ot g ' and is going to be carried out in the near future. Alternatively, as

Chen and Heistdrl1] indicated, in theory, one could arrive at an

optimum nuclei density to match experimental observations for a

given cavitation condition and this value would then be used to
redict cavitation behavior at all other conditions. Following this
Ea, we accounty as an empirical parameter which will be de-

Note that we did not use the relatidy, /dt= —de, /dt which is

non-necessarily imposed in the previous wd@, The relation is

true for partial cavitation but invalid for multicomponent flow.
Therefore, the new source terms of the transport equations for
volume fractionse; (Egs. (15—(17)) are slightly different from . : :
the previous work. The newly derived equations should theore%ﬁrmmed via a numerical way.
cally improve the calculation accuracy in the region where all 2.3 Solution Procedure and Boundary Conditions. Due

three componentdiquid, vapor and gasare involved. to Eq.(4), only two of Eqs(15)—(17) need to be solved. Here, we
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select Eqs(16) and(17). These transport equations are explicitly
discretized. The solution procedure is similar to the CICSAM P
(compressive interface capturing scheme for arbitrary meshes
method,[12]. However, because we treat the fluids as a homoge-
neous mixture in the cavitation domain and do not capture sharp =~ ©eldwateriza'cy
interfaces, the convective terms of E¢E6) and(17) for the cavi- ¥
tation domain are approximated using a hybrid method that com- &
bines central differencing and upwind differencing algorithms: =

£ Air
; H] Pra
L]

Qcellface ﬂaupwind+ (1= B) agownwinds (23)

where the weighting factg8 is set to 0.75 in this study, instead of
the CICSAM factor of Ubbink.
The formulation of the numerical solution procedure is based
on a cell-centered finite volume method for the variables, €,9., Fig. 1 Computational mesh and boundary conditions of the
v, p, k, w. The calculations are performed by first computing thgvo-dimensional plane model injection nozzle
volume fraction transportatio(Egs. (16), (17) for the new time-
step, and then using the new volume fractions, i.e., the new mix-
ture density, to solve the momentum equation. The momentum | 4 )
equation(Eq. (6)) is implicitly discretized and coupled with the tration of the order oho=1x 10" nuclei/m’ X meter agree very
continuity equatior(Eq. (12) via the SIMPLE algorithm, similar Well with experimental observations and the nuclei radRys
to the solution procedure proposed by Ferziger and’ B&8t =0.3um is in the insensitive range. In this study, these values

To model turbulencey is used instead of the molecular vis-Will be used, which correspond to an initial vapor fraction of
cosity w: a,0=0.0011%.

fhor= i+ 1t (24) 3.1 Steady Flow. The calculations are first carried out for
eff v the case withppjeciion= 80 bar andpg,;;= 21 bar. For the sake of
where u, represents the turbulent viscosity which is modeled usimplicity, the inlet pressur@,, for the computational domain
ing the Wilcox k—w model, [4]. For details of the turbulence (Fig. 1) is set asecion iN the calculations. The computed result
modeling, we refer to the work of Yuan et @l4]. yields a length of the cavitation region approaching 20,
Solution of the Navier-Stokes equations requires appropriaighich agrees well with the experimental observations of Roosen
initial and boundary conditions to make the resulting system ef al.[15], see Figs. 2 and 3. Chaves et[&l] have observed that,
algebraic equations solvable and the results unique. Since theaffer a small increase of the injection pressure above the pressure
fects of initial and boundary conditions may be remembered kyt which cavitation first appears at the nozzle lip, the cavitation
the flow for a considerable time, they can have a significant influegime reaches the nozzle exit. To confirm their observations, an-
ence on the results. Therefore, the initial and boundary conditiopther test case Wit jecion=80 bar andpg,= 11 bar is consid-
should be provided as realistic as possible. In this study, stationafed, which demonstrates that under these conditions, the cavita-
liquid in the nozzle and a sharp liquid interface with the air at thgon reaches the nozzle exit, see Figs. 4 and 5. The calculated
nozzle exit are assumed as initial conditions. Both inflow an@sults confirm that the flow is already supercavitating, although
outflow boundaries are modeled as constant-pressure surfaceghBtcavitating region outside the nozzle exit cannot be very obvi-
the inlet, the turbulent kinetic energdyis set to be equal to 6 ously recognized in the figure due to the restriction of the color
X 10’4ui2n. The value of the specific dissipation rases selected map. The vapor content, just behind the nozzle exit reaches 9%.
using the length scale equation, sge3,14. On the wall, the Because some cavitation bubbles collapse outside the nozzle in
boundary conditions are the impermeability and no-slip for thiéne supercavitating situation, it is necessary to include the outflow
velocity, and the normal gradient of pressure is assumed to inethe calculation.
zero. Wall functions based on the law of the wall are used asReboud et al[16] and Delannoy et al[17] found re-entrant
boundary conditions for the turbulence modelifd4]. jets and cloud shedding processes in divergent tunnels. However,
neither re-entrant jets nor disintegrations of the cavity are found in

Zmm =l=1mm-—= = Smm -

3 Results

As in our previous work[14], the two-dimensional plane ex- o
perimental test cases of Roosen ef ] have been re-calculated Cavitation area
to validate our numerical scheme and to study the physical effects
concerning the interaction between the cavitating flow and the
external jet of the injection nozzle. The fluid used in the experi-
ments was tap water. The “bore hole” of the nozzle consists of a
rectangular-shaped channel of 0.2 xt28 mmx1 mm (width
Xheightxlength. Differently from the previous work, the present
flow regime includes simultaneous treatment of internal and ex-
ternal flow. Figure 1 shows the nozzle geometry and boundary
conditions. To reduce the computational time, we assume a two- Al na
dimensional flow and symmetry with respect to the nozzle axis. A
computational mesh of 9613 nodes for the nozzle block and Sl
79x49 for the outflow block is used for the spatial discretization
of the lower half geometry.

Inception of cavitation in a liquid requires the presence of nu-
clei. As discussed in Section 2.2, we accoogtas an empirical
parameter and determine it in a numerical way to match experi-
mental observations for given cavitation conditions. This value
will then be used to predict cavitation behavior at all other condiig. 2 Experimental density gradient and velocity distribution
tions. Our previous work for injection nozzle internal floW4], in the nozzle hole for  pjyecion =80 bar and pe=21bar, flow
has shown that the numerical solutions using the nuclei concerm left to right, from Roosen et al.  [15]
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Fig. 3 Computed steady vapor fraction distribution in the Fig. 6 Computed steady vapor fraction distribution. Piniet
nozzle hole. pe=80Dbar, pgg=21bar=const., Re =Up-H/v  =800bar, pg=11bar=const., Re =" H/ v~8.82X 10*.
~2.78X10%,

the wall of the experimentgFigs. 2 and 4 are liquid layers or

this study. This mechanism was not reported by Roosen Et5l. they are experimental effects due to the wall surface roughness.
either, whose experimental investigations are referenced in thisCavitation has its own length scale which is not possible to be
study. This might be attributed to the high speed of the interna¢aled up[2,18]. This length scale is determined by the charac-
flow and the small scale of the nozzle. In the submerged cavitatitgyistic collapse time of a given cavity and the flow velocity. If the
cases with low speed flow, the cavities have sufficient time epllapse of a bubble or cavity occurs downstream of the nozzle
condense and collapse inside the tunnels. On the other hand, ki, i.e., in the external jet, this is called supercavitation. Super-
authors believe that the formation of re-entrant jets may be causgyitation occurs if the collapse time of the vapor cavities is
by the interaction of the cavitation and the flow separation in tdenger than the transit time of the fluid through the nozzle. It can
divergent tunnels. be expected that higher pressure differences between the nozzle

In addition, due to the restriction of the employed turbulendélet and exit cause stronger supercavitation. For demonstration of
modeling, the sublayer of the boundary layer is not resolvesirong supercavitation, an example with a realistic pressure of
Some mechanism in the boundary layer cannot be revealed ppgre:=800 bar andpg,;=11 bar is calculated. Figure 6 shows the
cisely. Chaves et a[2] found that there is a layer of liquid be- computed vapor distribution.
tween the vapor cavity and the nozzle wall. The numerical SiMU-5 5 beriodic Unsteady Flow. Chaves etal.[2] have

lations in this study could not identify whether the white sheets Yaimed that supercavitation is an inherent unsteady process that
can only occur at high flow velocities. So far, this unsteadiness

has not yet been captured because of the constant outflow bound-

Cavitation area ary conditions and the single-phase turbulence model. The col-

lapse process is strongly influenced by the boundary conditions,

Py [Bar] W[10 " m’)
e
10a- Supply pressure, | = 37.25 kHz
B = 115
— Mina sl
10
s
= a0
e - = .—_ & 1=
i i s Total vapor vohsme
— = L N TR 1 1 1
] Z5 3] 78
1us]
P [Bar] rh [gps]

10

Fig. 4 Experimental density gradient and velocity distribution sl s
in the nozzle hole for  Pjyecion =80 bar and pg,=11bar, flow Supply presmu, 1= 3725 1s
from left to right, from Roosen et al.  [15]

Mass llow rale |with cavitaon moedal)
L o -

50 =]
tws]
Vapaor Fraction [%:]
| _ERIEEEAERNEEEE | ] ithi i
110 M 30 &1 S0 61 T 90 1M Fig. 7 Integrated total vapor volume within and outside the
nozzle (top) and mass flow rate at the nozzle exit  (bottom ) de-

Fig. 5 Computed steady vapor fraction distribution in the pending on the rectangular inlet pressure pulse. Downstream
nozzle hole. p,==80bar, pgi=11bar=const., Re =uy-H/v chamber pressure pg,=11bar=const., Re =ue-H/v=2.78
=~2.78X 10%. X104,
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Pinet=80%=10 bar, f=37.25kHz,

the nozzle geometry, and the main axial flow. The single-phasezzle fluctuate with high frequencies. The reason for the up-

turbulence model overestimates the viscous effects in two-phageeam pressure fluctuation is the well-known “water hammer”

regions. effect in the needle chamber. In order to understand the effects
In real cases, the pressures upstream and downstream dhesed by the fluctuation of the upstream pressure further, calcu-
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Fig. 9 Unsteady jet flow nearby the nozzle exit. Periodic unsteady inlet pressure Piniet=80=%10 bar, f=37.25kHz, down-
stream chamber pressure  pg,=11bar. Left: computed with cavitation model, Re =+ H/ v=2.78X10%; right: computed

without cavitation model, Re  =ye+ H/ v=~3.0X 10%.

lations for the case with a rectangular inlet pressure pulse dlew separates temporarily in the nozzle, see plots 8, 9 and 1 in the
performed. The pressure pulse and the calculated results kfé column of Fig. 8. In these situations, the gas) from the
shown in Figs. 7-9. downstream chamber is drawn up the sides of the nozzle into the
The integrated total vapor volume within and outside the nozztegion of cavitation. This phenomenon, called hydraulic flip, was
shown in Fig. 7 indicates that the cavitation process in the injefirst observed by Bergwerf19] and further investigated by
tion nozzle is very complex. As a difference from the unsteadghaves et al.2] and Soteriou et a]20,21]. Since both inflow and
partial cavitation, where only one vapor volume peak is reachealjtflow are modeled as constant-pressure surfaces, thaigais
[18], the total vapor volume reveals a secondary peak during oaklowed to enter the computational domain in the downstream
inlet pressure period for this supercavitating flow. The physicahamber.
reason is the interaction of the cavitation with the air from the The calculated mass flow rates shown in Fig. 7 demonstrate that
nozzle outlet. Figure 8 shows the details of the calculated flotwe discharge of the nozzle strongly depends on the cavitation
field in the lower half of the nozzle. The time interval is oneintensity. The deviation of the computed mass flow rates, with and
eighth of the period. However, a plot at the time T+11/16T  without the cavitation model, is on the order of 10% of the aver-
(Fig. 8.7) is inserted in order to demonstrate the instantaneoaged mass flow rate, i.e., cavitation chokes the liquid flow and
supercavitation. The velocity field also shows that the cavitatimgduces the discharge significantly. In addition, it is recognized
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from Fig. 7 that the cavitation process enhances the mass flow rate t = time
fluctuation, which intensifies the unsteadiness of the jet and jet T = time of period
atomization. u, v = Cartesian components of velocity
Wu et al.[1] found that the spray cone angles for cavitation- V = control volume
free nozzles are systematically smaller than those for nozzlesx, y = Cartesian coordinates
likely to cavitate. Chaves et aJ2] found that, when cavitation a = fluid volume fraction per unit volume of mixture
reaches the nozzle exit, the spray angle levels off at a value thatis x = dynamic viscosity
almost independent of the injection pressure. Furthermore, Chaves p = density
et al. identified the isolated effect of cavitation: For lower injec- ® = specific dissipation rate
tion pressure, the jet is smooth where cavitation does not reach {h8i.es
nozzle exit. The jet has a rough surface where cavitation has o
reached the exit. This causes finite disturbances that immediatgly!, 9 = vapor, |lql4ld, gas
initiate atomization. 0, = initial, farfield
To demonstrate the sole effect of cavitation on the jet, a com-
parison of the computed liquid fractions with and without th&keferences
cavitation model is made. The results are depicted in Fig. 9. The1] wu, K.-J., Su, C.-C., Steinberger, R. L., Santavicca, D. A., and Bracco, F. V.,
dark color indicates the pure liquid. Since the supercavitation pre- é983v1“0'\/éeasuzeorgerﬁ 30f the Spray Angle of Atomizing Jets,” ASME J. Fluids
; ; itati _avi ng., pp. —-413.
dICt.ed using the cav[tatlop model extends qnly to the ”.ea'.r ex!:[z] Chaves, H., Knapp, M., Kubitzek, A., Obermeier, F., and Schneider, T., 1995,
region of the nozzle in this test case, see Fig. 8.7, the liquid-air ~ “Experimental Study of Cavitation in the Nozzle Hole of Diesel Injectors
mixture predominates in the most part of the downstream cham-  Using Transparent Nozzles,” SAE Paper 950290. _
ber. It is easily recognized that the integral dark area using thé3] Yuan, W., and Schnerr, G. H., 2002, “Optimization of Two-Phase Flow in
cavitation model is smaller than that without the cavitation model Injection Nozzles—Interaction of Cavitation and External Jet Formation,”
X . L. . . Proc. 2002 ASME Fluids Engineering Division Summer MeetMgntreal,
This confirms that cavitation reduces the discharge as shown in  canada, July 14-18.
Fig. 7. However, the band of the liquid-gas mixture using the[4] wilcox, D. C., 1998, Turbulence Modeling for CFDDCW Industries, La
cavitation model is about 25% broader than that without the cavi-S] garada,JCA. 4 Sehmerr G, H. 2000, “Unsteady Cavitating Flo A N
3 H H ] H i auer, J., an chnerr, I o P , nsteady Cavitating OW—, ew
tation model. This means .that the |IQUId has been Int.ens.lfled tC{ Cavitation Model Based on a Modified Front Capturing Method and Bubble
spread around. Therefore, it can be thought of that cavitation may pynamics,” Proceedings of 2000 ASME Fluid Engineering Summer Confer-
have positive influence on the atomization process, even though ence Boston, MA, June 11-15.
the disturbance is finite. This agrees qualitatively with the findings!6] 3ch?er3 Gc H‘¥ ta_md DSauer,_J-,P 2001,d‘_‘Physifcilthalmi Nur?ericlachC;deling of
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In the presented study a special test pump with two-dimensional curvature blade geometry

M. Hofmann was investigated in cavitating and noncavitating conditions using different experimental
: techniques and a three-dimensional numerical model implemented to study cavitating
B. Stoffel flows. Experimental and numerical results concerning pump characteristics and perfor-

mance breakdown were compared at different flow conditions. Appearing types of cavita-
tion and the spatial distribution of vapor structures within the impeller were also ana-
lyzed. These results show the ability of the model to simulate the complex three-
dimensional development of cavitation in a rotating machinery, and the associated effects
on the performancelDOI: 10.1115/1.15962338

Laboratory for Turbomachinery and Fluid Power,
Darmstadt University of Technology,
Darmstadt D-64289, Germany

1 Introduction engine turbopumps13,14. The application to the centrifugal

o . . pump represents a first step of validation of the model on steady-
The work presented in this paper was carried out in the scope# te cavitating flow in turbomachinery.

the European Research Program PROCOPE, between researchers
of the TUD (Darmstadt University of Technology, Laboratory for
Turbomachinery and Fluid Poweand of the LEGI(Laboratoire 2 Geometry
des Ecoulements ®physiques et Industriels de Grenobl&@he A special impeller geometry has been chosen to easily adapt
aim of this European program was to improve the understandiegisting measuring techniques for a single hydrofoil in a test sec-
of the unsteady behavior of cavitating flows and the related enen, [3,15], to a pump test rig. Optical access in two planes was
sive aggressiveness by experimental analyses and developmemhadle possible to enable a view perpendicular to the blade surface
numerical models. on both suction and pressure side by Plexiglas windows in the
In this context, some research works were developed by bdthusing and a Plexiglas shroud. The impeller has five single-
laboratories to analyze and to characterized erosion phenomergiiyed blades with two different radii at inlet and outlet. The part
[1,2], as well as to study and to model unsteady cavitating flovf the blade with the larger radidthe second part in flow direc-
around a two-dimensional hydrofof3], and in a cascade of threetion) was also made of Plexiglas to obtain optical access to the
hydrofoils, [4]. pressure side of the following blade and the entire channel, re-
In order to extend those previous analyses, the present st@cﬂ&ﬁ?“vely- _ _ .
consists of investigations by experimental means and numericaf '9uré X&) shows the intersection of the two blade radii. An-
simulation of a special centrifugal test pump in cavitating an@tner characteristic is the parallel hub and shroud to get an almost
noncavitating conditions. Experiments were carried out at th@o-dimensional blade-to-blade channel with constant width. An

TUD using different experimental techniques. The measurem 'a"sym”.“?t“c housingFig. 1(b)) is ysed to obtain a'"?os.‘ con-
of classical pump characteristics and performance breakdown qnt conditions at the impeller outléf we neglect grawtatlon_al

. I . ) . ... _forces that are small compared to the performance of the impel-
different flow conditions were associated with flow visualisation

; o e ?er). With these preconditions we obtain comparable cavitation
Appearing types of cavitation and the spatial distribution of VaPonditions in each channel without the influence of a volute cas-
structures within the impeller were analyzed.

Three-dimensional Navier-Stokes codes taking into account thng\.lominal conditions are at a rotational speed of 36 Hz and a
cavitation process have been developed during the last YeaiSw rate Q=210 r7/h. Specific speed of the impeller is,
[5—8]_, based on different multlpha_se flow app_roacl1[9$l,0]. In- _=nQY/H3*=20 (European unitsa, andn in rppm, Q in m¥s and
dustrial CFD codes are now starting to take into account cavitg-in"y) “the outer impeller diameter equals 278 mm. Cavitation
tion models, allowing first applications to pump geometrieg,qngitions are defined by NPSH value based on the upstream total

[ll,_lZ: In this corjtext, a numerical model for three-dimension%ressure’ water vapor pressure and density at ambient tempera-
cavitating flows is developed at LEGI, based on the threge.

dimensional code FINE/TURBO™, developed by NUMECA In-
ternational. This work is performed in cooperation with thﬁ)’ Visualizations
Rocket Engine Division of SNECMA Moteurs and the Frenc
Space Agency CNES, with the final objective to provide accurate Besides the measurements of the characteristics of the pump at
simulations of unsteady cavitating flows in the inducers of rockéifferent flow-rates and cavitation conditions, various visualisa-
tion techniques were used. All images shown in this paper were
iCurrently at ENSTA UME/DFA, chemin de la Huniere, 91761 Palaiseau cedel@ken at nominal flow rate with various values of NPSH, where
France. both cavitation on suction and pressure side of the blades occurs.
’Currently at LTDS/ENISE, Saint-Etienne, France. Stroboscopic light was used on one hand for standard imaging

Contributed by the Fluids Engineering Division for publication in tiee/BNAL P ; . . _ . . e
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionand high-speed video with the light-sheet illuminatitfig. 2)

June 26, 2002; revised manuscript received October 24, 2002. Associate Editors/ @S applied to Obserlve self-oscillating states of the cavitation on
Tsujimoto. the blade pressure side or other unsteady eff¢t6,
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Fig. 1 (a) Impeller geometry, (b) housing

The investigated flow conditions during the experiments shotw take the image at every phase angle compared to a reference
always unsteady behavior of the leading-edge cavitation, not ordpgle with a step size of 1 deg. Hence, the illuminated blade had
concerning the unsteadiness of the closure region of the attacti&drevolutions between every image.
cavitation but also the shedding of vapor structures in the channelBased on 500 images, each of them illuminated during.$0a
Besides the well-known attached cavitation on pressure and suwan gray value distribution was calculated to identify the statis-
tion side, another type of cavitation occurs at the inlet of thécal mean cavity on the leading edge of the blade.
impeller caused by the strong curvature of the streamlines alongrhe standard deviation of the gray values or its variance can
the front shroud. It is visible either as attached cavitation caussdrve as a quantity to determine the unsteadiness of the cavitation.
by the depression at the radigregions B and C in Fig.)3or as In regions of these images with higher values of the varigtee
shear cavitation because the flow was separating at the inlet radiesidentified as dark regiopsthe fluctuations of the gray values
of the front shroud at lower values of NPSkegion B in Fig. 4.  and, therefore, the fluctuations of the reflecting vapor structures
Dependent on the length of the attached part of the cavitatiane larger than in regions with a smaller variance. Those regions
(region A in all figure$ the extent of this shear layer cavitationare constantly filled with either water or vapor. The result of such
spreads into the channel as it is shown in Fig. 4 at two differeattreatment is shown in Figs. 5 and 6.
stages of a cavitation cycle. In Fig(a4 the larger extent of the  Mean distribution(Figs. 5a) and a)): The attached part of the
shear cavitatioriregion B on top of the attached pafsee region cavitation can only be identified by its two-phase interface, be-
A, the illuminated interface of the cavitation sheet on the pressurause the light is mainly reflected. But the mean region with a
side is visible. In Fig. 4b) (with a smaller cavitation sheeho cloud shedding is also indicated by a higher mean gray value just
shear cavitation can be seen. The contour of the interface of th@vnstream of the closure region of the cavitation sheet. For the
attached part of the cavitatidnegion A already indicates a dif- comparison with numerical results, we just identify the attached
ferent state of the typical self-oscillating cloud cavitation condpart. As expected, the extent of both regions enlarges with de-
tion. creasing NPSH value. As already mentioned, the flow has the

With the aid of laser light-sheet illumination of the vapor-fluidtendency to separate at the leading edge of the blade, which is
interface, an analysis of the unsteadiness of the attached pareohancedFig. 6(a)) at lower pressure conditions.
the cavitation in the impeller could be done at half-width of the Standard deviatiofFigs. 5b) and @b)): The fluctuation of the
channel. The images were taken at a rate of 2 Hz but triggered slyedding becomes larger with decreasing NPSH and its extension
an angular encoder and a special signal conditioning that allow#ts almost half of the height of the channel. This is a result of the

higher production of transient vapor structures from the leading
edge cavitation. In contast, the interface of the attached cavitation

—— seems to be rather stable. Probably the flow is clearly separated
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Fig. 3 Unsteady-state of blade cavitation on suction side,
NPSH=8 m, stroboscopic light illumination (a scaling bar is
Fig. 2 Visualization setup added to each image, representing a length of 10 mm )
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Fig. 4 Unsteady-state of blade cavitation on pressure side at two different time and NPSH =7 m (laser light sheet )

from the leading edge, the separation zone is almost steadily filled Fig. 7, characterized mainly by its maximum slope\rz;%,

Wri1th va;lz)or, and only in the closure region vapor is shed into thﬁhereAfmn:aP/ap. Ay can thus be interpreted as the minimum
channel.

speed of sound in the mixture.
The numerical model of cavitating flows based on that physical
4 Physical and Numerical Model description is generated on the basis of the commercial code
. . . .FINE/TURBO™ developed by NUMECA International. FINE/
The main features of the physical and numerical models appli

. ) ! : ; RBO™ is a three-dimensional structured mesh code that
to simulate the flow field in the pump are summarized in thseOIVeS the time dependent R Ids- d Navier-Stok
present paper. More details are given{ 118,14,17. - X pendent Reynolds-averaged Navier-SIokes

Cavitating flows are described by a single-fluid model, based &quat!ons. T|me_-accurate resolutions o_f the equations use the
previous numerical and physical work developed at LEG/18]. dual-time stepping apprpach. Pseudo-time derivative terms are
This fluid is characterized by a densijpythat varies in the com- a}dded to march the solution tc_;wa_rds convergence at each physical
putational domain: when the density in a cell equals that one Jne-step. The range of application is extended to weakly com-
the liquid (0,), the whole cell is occupied by liquid, and if it pres&ble or |ncompre35|ble_floyvs b_y introducing alprecondltlon-
equals that one of the vapop,), the cell is full of vapor. Be- "9 matrix, [19]. Thg discretization is based on a finite volume
tween these two extreme values, a liquid/vapor mixture, still cofPProach. Convection terms are treated by a second-order central
sidered as one single fluid, occupies the cell. The void fractisitheme associated with artificial dissipation terms. The pseudo-
a=(p—p1)!/(p,—p1) can thus be defined as the local ratio ofime integration is made by a four-step Runge-Kutta procedure.
vapor contained in this homogeneous mixture. The physical time-derivative terms are discretized with a second-

Velocities are assumed to be locally the same for liquid and f@fder backward difference scheme. The code resorts to a multigrid
vapor. An empirical state law is used to manage the mass flu@gategy to accelerate the convergence, associated with a local
resulting from vaporization and condensation processes. THiafe-stepping and an implicit residual smoothing.
barotropic law links the density to the local static pressi(®). The numerical model was adapted to treat the cavitation pro-
When the pressure is remarkably higher or lower than vapor preess[13,17. The key point of this adaptation is the modification
sure, the fluid is supposed to be purely liquid or purely vapoof the state law of the fluid. Applied barotropic law implies the
according to the Tait equation or to the perfect gas law, respestmultaneous treatment of two different cases: the fluid is highly
tively. The two fluid states are joined smoothly in the vaporeompressible in the liquid/vapor mixtufghe Mach number can
pressure neighborhood. This results in the evolution law presentesl as high as 4 or)5and is almost incompressible in the pure

— ——
- e
Fig. 5 Mean vapor distribution and standard deviation on pressure side, Qn, NPSH =7m

Fig. 6 Mean vapor distribution and standard deviation on pressure side, Qn, NPSH =6m
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Fig. 7 The barotropic state law  p(P) for water

with the adjacent channels. This automatically implies that the
five channels will behave the same way during the numerical
simulation.

H-O meshes are particularly well adapted to the present geom-
etry, because of the sharp leading and trailing edges 8). H-I
meshes induce more important stretchings of the cells in these
areas, but they also lead to more reduced mesh sizes.

Noncavitating steady calculations were performed with the dif-
ferent meshes, and the results showed the weak influence of the
mesh type on the pump performance and on the pressure field
around the leading edge. Consequently, all the simulations pre-
sented hereafter were obtained with the H-1 300,000 cells mesh,
whose structure is presented in Fig. 9. Special attention was paid
to the cavitating areagsuction side of the blade, leading
edge . . ): the stability study reported ifil7] shows indeed that

vapor or pure liquid areas. So the main difficulty consisted icells characterized by a high distortion or high aspect ratio
managing these two different states of the fluid, without creatingrongly penalize the numerical stability in cavitating conditions.

any spurious discontinuity in the flow field. Besides, cavitatiomhus, a fine grid is applied in these areas. Figure 9 hereafter
consists in a very sharp and very rapid process. The density vadpows the radial mesh structure, a three-dimensional view of a

tions in time and space are smoothed to avoid numerical instabfipmplete blade-to-blade channel, and some details of the mesh on
ties. This under-relaxation of density implies that a minimurghe hub surface.
number of pseudo time-steps must be imposed within each physitongitions applied for the simulations are the following:
cal time step to avoid any effect of this parameter on the result.
More details concerning the basic numerical method can bee Turbulence model: we use for the simulations presented in

found in[20], and a more precise investigation of the influence of

numerical parameters in cavitating conditiofastificial dissipa-
tion, turbulence model, physical time step, meshesiz.) is
available in[17].

The model was applied to the presented centrifugal pump ge-
ometry. Several meshes were tested, as well H-I typed as H-O
typed, including between 300,000 and 700,000 cells. They are

composed of two block&he impeller and the inlet domaiim the

H-I case, and three blockghe inlet domain, the impeller, and the
outlet domain in the H-O case. Only one blade-to-blade channel
is treated, and periodicity conditions are applied to the frontiers

Fig. 8 Mesh of the leading edge with
H-O type mesh

@ (b)

(a) a H-1 type mesh, (b) a

Fig. 9 Mesh applied for the calculations
blade channel, (c) view of the mesh on hub side of the pump.
the single blade-to-blade channel. )

Journal of Fluids Engineering

(300,000 cells). (a) Meridional view,

this paper a Baldwin-Lomax turbulence model. A more de-
tailed study of the influence of the turbulence model on two-
dimensional unsteady cavitation simulation is proposed in
[21] and[22]. Those works pointed out a major influence of
the compressibility effect modeling on the unsteady behavior
of cloud cavitation. Other three-dimensional calculations con-
sidering differentk-¢ turbulence models are in progress to
improve the physical analyses.

» Boundary conditiongFig. 10: velocity is imposed at the
inlet of the suction pipe. Laws of the wall are imposed along
solid boundaries. The relative motion between the inlet pipe
walls and the impeller is taken into account. On the other
hand, the outlet housing shape is not described and the par-
allel walls are treated as hub and shroud extensions up to the
outlet, at 1.5 times the impeller outer radius, where a uniform
static pressure is imposed.

Initial transient treatment: First of all, a steady step is carried
out, with a pseudo vapor pressure low enough to ensure non-
cavitating conditions in the whole computational domain.
Then, the NPSH is slowly lowered by increasing smoothly
the pseudo vapor pressure at each new time-step up to the
physical value. Vapor structures spontaneously appear and
grow during that process, in the regions of low static pres-
sure. The final NPSH value, depending on the outlet static
pressure imposed, is then kept constant throughout the
computation.

(b) three-dimensional view of a blade-to-
(The entire pump geometry is reconstructed by rotation of
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fixed static pressure inlet where the velocity is calculated from measured flow rate and

S ’ the area of the measuring cross section. Precise locations of the
sensors in the experiments are consistent with the inlet and outlet
of the computational domain in the calculation.

We observe a reliable agreement between the pump character-
istics given by measurement and computation in the whole range
of flow rates investigated experimentally. The model gives a better
prediction when the flow rate is over 50 percent of the nominal
value (Qn=210 nt/h), and the numerical simulation becomes
unstable at very low partial flow rate. As a matter of fact, the
numerical simulation slightly overestimates the pump head. This
is an expected result, since the flow through the side chamber is
non-rotating tip J not taken into account in numerical simulations. This gap flow of

the pump impeller has to be added to the flow rate actually pass-
ing through the blade-to-blade channels and is therefore slightly
higher in the experiments than in the model. At nominal flow rate,
the head is overestimated by about 5 perddft5 m instead of
38.5 m). The uncertainty of the measured value was estimated to
Fig. 10 Bound giti be no more than 0.8 m and _corresponds to 2 percent of the value,
9. oundary conditions which also has to be taken into account.

rotating shroud rotating hub

imposed velocities

5 Noncavitating Characteristics 6 Cavitation Behavior

Experimental tests and numerical calculations were performedNumerical simulations of the pump are performed in cavitating
considering a large range of flow-rates, in non-cavitating condionditions at several flow rates. First, we present some qualitative
tions. Figure 1(a) illustrates the computational result at nominal€sults, consisting in a visualisation of the vapor/liquid structures
flow rate: the total pressure distribution is represented at halfside the pump at nominal flow rate and for several NPSH val-
width of the pump channels. Figure (bl presents a comparison Ues. Then, a quantitative analysis is performed, using the experi-
between the numerical and experimental performance charts. miental results: head drop charts are studied at three flow rates, and
rectly based on the measurements performed, the head of @ shape of the cavitating areas at nominal flow rate is compared
pump is defined as the difference between downstream static présvisualisations inside a blade-to-blade channel.

sure and upstream total pressure. 6.1 Qualitative Results. The head drop chart (NMPSH ob-
poutlet_ pinlet tained by the calculation at nominal flow rate is drawn in Fig. 12.
tot . . .
= The green line corresponds to the apparition of vapor in the flow
P9 field. The six blue points indicated on the chart are related to the
. pV2 six visualisations of the cavitating flow field presented in Fig. 13
where r-?;'te‘: pnlet T‘“"’t and 14 hereafter. The quantity NPSH has the following definition:
Fj;nltet_ P
i . . va|
PMet and PU%t gre the static pressures measured, respectively, NPSH= OTP

at the pump inlet and outlet, and,\; is the mean inlet velocity.

The outlet pressure was determined by taking the static wall preswhere the inlet total pressure was defined previously.

sure in the vaneless diffuser at 5 static pressure taps located at &he head drop is only partially obtained by the computation:

diameter of 500 mm and averaged by connecting all pressure tdpis point will be discussed hereafter.

to a single pressure transducer. Figures 13 and 14 show the development of cavitation corre-
The total pressure at pump inlet is determined from the wadponding to the six operating conditions indicated on the chart.

pressure and the velocity head two diameters upstream of pufigure 13 illustrates the apparition and the growing of vapor/

(Bar)

Head{m)

1 —
0 -+ t 1
0 S0 1001 150 200 250 30 3%
Flow rate {m3/h
a ] b

Fig. 11 (a) Total pressure elevation in the pump  (nominal flow rate ), (b) characteristics H(Q) of the pump in noncavitating
conditions
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41 T ] second configuration, in the middle of the attached cavity. On the

i 1 = contrary, the vapor region on the shroud is characterized by a low
void ratio, which reaches only 60 percent, and the cavity on the
! pressure side of the blades is mainly composed of liquid, even
I - when its volume increases. That low void ratio is probably related
& EERIE to fluctuations of the vapor/liquid structures, which are not ob-
tained by the simulation. It is worth noting that we use here a high
time-step At=10"*s, i.e. 1/300 of one rotation peripdso that
the unsteady phenomena are not modelized, and a quasi-static
head-drop chart can be obtained. As a consequence, each operat-
ing point represented here corresponds to a mean flow field that
j does not take into account the eventual instabilities generated by
: .‘ : cavitation.
5,0 10,0 15,0 20,0 25,0
NPSH (m)

6.2 Comparisons With Experiments. Numerical simula-
tion of the cavitation characteristics of the pump was performed at
Fig. 12 Head drop chart at nominal flow rate. The points indi- different flow rates. The_ shape of_ the _cav_itating structures is first
cate the cavitating conditions visualized on Figs. 13 and 14. compared to the experimental visualisations presented above at
The line corresponds to the apparition of vapor. nominal flow rate. When the NPSH decreases in the calculation,
attached cavitation sheets grow both on the suction side and on
the pressure side, as observed experimentally. Moreover, vapor

liquid areas on both faces of the blades, and finally the progressffHctures appear at the inlet radius of the shroud. This cavitation
filling of blade-to-blade channels by the vapor. Blades are color@ghavior is fully consistent with the observations reported previ-
in gray, the shroud in blue, and the external shape of the tw@Usly. The visualisation obtained in Fig. 3 is compared to the
phase areagorrespondingd a 5 percent void ratids colored in  cOmputational results to enhance the reliable agreement. The cavi-
yellow. tation number was adjusted to give the same global extent of the
We observe that cavitation appears first on the suction(§ige ~cavitation structures as in the experiment: the numerical result
13-1), and also quite rapidly on the pressure sifigy. 13-2. The then g:orresponds to a NPSH about 10 percent _IOV\_/er than the
vapor volume increases mainly on the suction $flgs. 13-3 and €xperimental on€7 m, instead of 8 m The three cavitation areas
13-4). A vapor structure also grows on the shroud, in the vicinit@re correctly simulated by the codkig. 19: attached cavity on
of the inlet, caused by the local curvature of the streamlines.tfie suction siddA), extent of cavitation on the shroud along the
progressively joins the attached cavity on the blade. blade (B), and cavitating flow on the inlet radius of the shroud
The pressure side cavity is almost uniform from hub to shroutG). In the computation, attached sheet cavity and extent on
and it grows slowly as the NPSH decreases. On the contrary, the shroudB) belong to the same vapor structure, while they look
suction side cavitation remains very close to the shroud, where ffke two separated regions in the experiment.
obstruction is mainly visibléFigs. 13-5 and 13%6 Figure 16 shows the attached cavity on the pressure side of the
For a better understanding of the liquid/vapor mixture behavidade. Its size is compared to the mean distribution obtained from
in the pump, we have presented on Fig. 14 the void ratio distdgray level averagingFig. 5. Both experimental and numerical
bution on a blade-to-blade surface, close to the shroud. The WRSH values are equal to 7 m. Here, the calculated cavity appears
locity field is also drawn in each case. It indicates the void ratiemaller than the experimental one. Moreover, only the steady at-
variations in the suction side cavity, and in the two-phase aret@shed part of the cavity on the pressure side is obtained by the
observed on the shroud. computation. The transient vapor structures in the unsteady cavity
We observe that the void ratio obtained on the suction side dbsure region are not found from the simulation. Actually this is
the blade increases rapidly: it reaches almost 90 percent in gtél a limitation of the physical and numerical model. The mesh

| =

=

—

W

/\ : \
4 5 6

Fig. 13 Development of the two-phase areas as NPSH decreases (corresponding to points on Fig. 12 )
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P 5 6

0.6 0.4 0.2 void ratio (-)

Fig. 14 Void ratio evolution on a blade-to-blade surface close to the shroud, and velocity fields (corresponding to the
NPSH decrease represented on Fig. 12 )

size and the standard turbulence model used in the calculationgtessive than in the experiments. However, all the numerical re-
not allow catching the cloud shedding process downstream of thelts represented in Fig. 17 refer to a converged solution at the
attached cavity. An ongoing work is pursued to improve this aserresponding physical time-step.
pect. Results obtained from first simulations of the pump cavitation
In Fig. 17, we summarize the whole comparison, by drawinigehavior are promising: the head drop is predicted with a good
the head drop curves for three different flow rates: namely 0.8Qmmogeneity with respect to the 3 flow rates. The NPSH values
Qn and 1.08Qn. In non-cavitating conditions, we observe agairohtained for the 3 percent and 10 percent head drop are globally
slight overestimation of the pump hegéabout 5 percent at nomi- overestimated in respect to experimental valigésabou 1 m for
nal flow rate, mainly due to the fact that the gap flow through thé¢he 10 percent head drop, and 1663 m for the 3 percent head
side chamber is not considered in the simulation. From the ndrop, see Fig. 18 These results correspond to our first try of
merical point of view, while decreasing the NPSH, the perfopredicting the cavitation characteristic of a pump, and a study of
mance drop appears first as a smooth decrease of the pump heeleffect of the model parametdmainly the turbulence model
The final head-drop is only partially simulated because the commight probably improve the quantitative agreement.
putation rapidly becomes unstable and st@his is more particu- It can be observed that the head measured in experiments in-
larly the case at 1.08QnOur upstream boundary condition con-creases a little bit in low conditions before the head drop, for the
sists in imposing in a strict manner the mass flow rate passing ttneee flow rates. This effect is not obtained in the calculations.
pump. Because the coupling between the pump and the hydratdiowever, it does not exceed 1 to 2 percent of the initial head,
loop is not taken into account, the effects of the cavitation blockvhereas the discrepancy between calculations and experiments
age on the flow rate are neglected and the head-drop is less mraacerning the pump performance is about 2 to 5 percent. More-

10 mm

Fig. 15 Vapor structures on suction side (experiment NPSH =8 m, computation NPSH =7 m). Calculation: iso-density
contour (p=20.95p,: void ratio >5 percent ) drawn in yellow, shroud in blue, blade in gray.
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T
1 0.8 0.6 0.4 0.2 0 void ratio (-}
Fig. 16 (a) Numerical void ratio distribution,  (b) pressure side cavity, comparison with experiment (NPSH=7m)

over this effect, which has been observed also in the case of tdr- Conclusion
bopump inducerg17], is not yet well explained, may be due to a umerical and experimental results were presented in this

coupling between the pump channels; such a phenomenon can . . : . i
be predicted here because only one channel is considered. It pr%?g- y, conceming a test pump having an impeller with 2D curva

; ; . . " fe blade geometry.
ably involves slight interactions between the cavities and tﬁg : . . .
boundary layer along the blade sides, which are not simulatgg':rom the experimental point of view, besides the measurements

; 7 . the cavitation characteristics of the pump in various conditions,
with a sufficient accuracy by our simple turbulence model. a special visualisation set-up was developed to investigate the

unsteady behavior of leading edge cavitation. Image processing
and statistical treatment of the photographs taken at given impel-
ler position allowed to quantify the attached and cloud cavitation
extent.

A numerical model of three-dimensional cavitating flows, based
on the three-dimensional code FINE/TURBO™, has been devel-
oped to predict the cavitation behavior in turbomachinir$,14.

This model was applied to the centrifugal pump geometry. Non-
cavitating and cavitating conditions were investigated. Calcula-
tions were found to be in good agreement with experimental mea-
O exp.08Qn  =e=num0.8Qn surements and visualisations. Experimental and numerical results
E@ I concerning the pump characteristics and performance breakdown
30 & ,_-"’ — O exp.Qn == rum. Qn were drawn at different flow conditions and the mean spatial dis-
- R tributions of vapor structures within the impeller were compared:
exp. 1.08Qn  =*=rnum 1.08Qn It was found that the main features of the cavitating flow field are
5 i ! i ' correctly simulated by the model. These results show the ability of
0.0 5.0 10.0 15.0 200 250 the model to simulate the complex three-dimensional develop-
NPSH(m) ment of cavitation in rotating machinery, and the associated ef-
fects on the performance. This is of first importance for the pur-
F|g 17 Head—drop curves in Ca.Vitating conditions: COmpari- pose of pump future des|gn However, the ﬂuctua“ng two_phase
son at 0.8 Qn, Qn, and 1.08 Qn. areas are not simulated yet, and work is in progress to improve the
numerical model in that way. This is a necessary further step to
—&—NPSH 3% num predict more efficiently the local void ratio, since its distribution
~—&— NPSH 10% num usually slightly evolves when unsteady effects are correctly pre-
- ® = NPSH min num dicted,[lS]._Th_e final objective is to simulate the unsteady effects
10 —A—NPSH3% exp due to _cawta_tlon(cawty self-oscillation, rotating cawta_tl()nn
three dimensions, as we already performed in more simple two-
O NPSH 10% exp /
JRyAY

50

H(m)

dimensional configuration$4,23].
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Nomenclature

Anin = minimum speed of sound in the mixtue/s)
H = pump head: (P~ Pig")/p1g (m)
NPSH = net positive suction head(P{y'— Py.)/(p19) (m)
P = local static pressuréPa
Pt = total pressure P+ 3p,V? (Pa)
Pyap = Vvapor pressur¢Pa
PNt = static pressure measured in the inlet pipe)
PoUlet — static pressure measuredrat 1.5r°Ut (Pa)
Q, Q,, = flow rate, nominal flow ratém?3/s)
r = local radius(m)
routet — radius at the impeller outld¢m)
t, At = time, time-step(s)
V = local velocity (m/s)
Vinet = inlet mean velocity(m/s)
a = local void fraction
p = local density of the
mixture= ap, + (1— a)p, (kg/m®)
p, = liquid density(kg/m®)
p, = vapor densitykg/m’)
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Particle image velocimetry (PIV) was used to measure air velocities through a high
solidity radial flow fan utilized as an automotive vented brake rotor. A brake rotor is a
somewhat unusual fan in that its sole purpose is not to pump air but to dissipate thermal
Ross Gilbert energy, it has no conventional_inlet or c_>ut|et housing and it has a continu_ously varying
rotational speed. For three typical rotational speeds, the flow characteristics were cap-
G Graduate Student tured at the inlet and exit of the rotor, as well as internally through the cooling passages.
e-mail: gilbert@uwaterloo ca Inlet measurements showed a swirling entry flow condition with significant misalignment
of flow onto the vanes. As a result large regions of flow separation were found in the
internal vane-to-vane passages on the suction side surfaces, which would lead to poor
heat transfer conditions. The main flow exiting the rotor consisted of a series of jets
corresponding to the individual rotor passages and were found to be very unstable lead-
ing to a rapid decay in velocity.DOI: 10.1115/1.1624426

Department of Mechanical Engineering,
University of Waterloo,
Waterloo, ON N2L 3G1 Canada

1 Introduction pwD?

Automotive brakes are utilized to convert kinetic energy of mo- Re= )% @)

tion into thermal energy through the friction between stationalz(” measurements were conducted using standard air at 25°C
brake pads and a rotating surface. Commonly this is done using__i 184 ka/md. w=1.85% 10°5 ka/ .

; . . . - . g/m, pw=1. g/ms). Three rotor rotational
cast iron rotating brake rotor with stationary friction surfaceg eeds were used for the measurements: 342, 684, and 1026 rpm,
mounted in a caliper. Rotors may be solid disks or t\(vo dis presenting typical driving speeds of 50, 100, and 150 km/h,
separated by a vaned air flow passagented rotoy. In bringing @ regpectively. These three speeds resulted in Reynolds numbers of
vehicle to a stop the brake rotor must be able to store a S|gn|f|cair_1é2>< 10°, 3.65<10°, and 5.4% 10P.
amount of thermal energy since braking occurs in a relatively the focus of this study was to determine the characteristics of
short period of time. Subsequently, the brake rotor must then digz ajrflow for a vented brake rotor using P(see Adriar{9] and
sipate the stored thermal energy quickly in order to be ready f@frant[10] for a detailed description of the PIV techniqu&m-
the next application of the brake or friction contact. There aighasis was placed on determining the air velocity in as many areas
numerous considerations in the design of a vented disk brake roiprand around the rotor as possible. With PIV, it was possible to
and the air flow through the internal passages has previously béetate the internal areas of separation and recirculation, indicating
of less importance than manufacturing, materials, and structupaltential areas of poor heat transfer in the rotor. As well, the
issues. Improving the rate of heat transfer from a brake rotor wikcording of many images at each location showed the distinction
allow for smaller and lighter rotors since the amount of thermd&letween turbulence-intensive instantaneous vector maps and
storage required is smaller which will reduce vehicle weight argmooth, low-turbulence averaged velocity values.
improve fuel economy. Consequently, vented brake rotors using
internal air passages are used in an attempt to increase the level of )
forced convection and so improve the rate of heat transfer. Eady Experimental Setup

analytical wo_rk_ by Limpert1] stgted that the cpnvective_ heat 2.1 Apparatus. The design of the experimental test rig re-
trapsfer coeff|C|en_t of a vented disk brake rotor is approxmate[%/uired the fulfilment of several criteria to ensure an optimal envi-
twice that of a solid disk. , ___ronment for PIV. A vertical shaft was mounted to a steel test table

Previous work attempting to measure the airflow exiting gsing two pillow block bearings to ensure smooth rotation of the
brake rotor was completed using pressure based cobra probgger with minimal runout. The shaft was chain driven via an
[2—4], to measure the velocity profile in the radial-axial plane a{djustable speed DC motor. Rotational speed was determined us-
the exit of the rotor but not the radial-angular plane. As well, thigg a tachometer mounted on the motor which was continuously
inlet and internal passage flow field conditions were not measuredonitored. The end of the shaft was fitted with a production au-
Similar experiments have been carried out on centrifugal fans tomotive wheel hub in order to mount the brake rotor. The rotor
water using particle image velocimettiIV), [5—8], but the fans was mounted with the inlet away from the hub in order to keep
tested had volutes, which are never present on an automobile. Tih@t region free of any flow obstructiofsee Fig. 1 This is an
purpose of a brake rotor is significantly different due to the theidealized or optimum arrangement in comparison to an automo-
mal energy considerations mentioned above and in that rotors &€ wheel assembly where other components obstruct the incom-
subject to continuously varying rotational speeds such that titg flow. Figure 2 shows the rotor as installed on a typical auto-
design or operating point can not be defined. Also, the Reynolftive front wheel assemblyexcluding the rim and tine In
numbers examine@ranging from 2.0& 10* to 1.83x1CP) were Practice flow entering and leaving the rotor will be hindered by
lower in those studies than those of the brake rotor in this studf}e Wheel hub, brake caliper, and dust shield, as well as the rim
(1.82¢ 10° to 5.47x 1(F). The Reynolds numbéRe) is based on & d tire.

; } . The area surrounding the rotor was then enclosed using acrylic
the rotor outside diameter and the rotational speed of the ro‘[orpanels in order to contain the seeding particles necessary for PIV

measurements while maintaining visual access into the test envi-

Contributed by the Fluids Engineering Division for publication in ticeJBNAL ; :
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionronment' The dimensions of the enclos&ﬁeg mx0.9 mx0.61

Oct. 1, 2001; revised manuscript received June 4, 2003. Associate Editor: B. Scﬂﬁ) V¥Iere ]Ehﬁjsen large enough so as to eliminate any wall effects in
vello. the flow field.
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order to replicate the flow through the passages. An identical win-
dow was installed 180 deg from the first in order to balance the
rotor and limit vibration(see Fig. L

2.3 Particle Image Velocimetry. Simplistically, PIV oper-
ates on the basis of capturing images of a fluid flow and determin-
ing how far the fluid has moved from one image to the next. In
order to visualize an air flow, seed particles are introduced into the
flow and are typically illuminated by a high-power pulsed laser
light sheet. To illuminate this particular flow, a dual cavity pulsed
(2%x120 mJ Nd-YAG laser was used in order to create a light
sheet 2—3 mm in thickness spanning the region of interest. Vapor-
ized mineral oil has been shown to follow airflow quite wglll],
Fig. 1 Vented rotor showing sections removed for internal PIV and was used as the seeding medium. The smoke was introduced
measurements into the enclosure well upstream of the measurement region
around the rotor. As well, the smoke was allowed to stabilize in
the enclosure before measurements were obtained. To capture im-
2.2 Rotor Geometry. A typical production automotive @d€S; @ CCD camei®odak Megaplus ES 1)Qvith 1008<1018

brake rotor was chosen to represent the radial flow fan used in #j¥€! resolution was used. The laser and CCD camera were linked

PIV experiments. All measurements were performed using tHfdrough a Dantec Flowmap PIV 1100 processor. Image process-

production brake rotor. The cast iron rotor consisted of two fl#g, cross-correlation of the images, and vector validation was
disks separated by a gap of 8 miwane widthb) with one disk Performed using an in-house tailored cross-correlation routine.
comprising the hub where the rotor was attached to the rotating'© determine the displacement of the particles between succes-
shaft. This gap was supported by 37 equally spaced radial vandi¥€ images an iterative multigrid algorithm was used as described
Each disk had an outer diametdd ) of 282 mm, and an inner DY Gilbert[12], which is an advancement of the work of Scarano
diameter D;) of 152 mm. The radial vanes were 54.5 mm irand Reithmullef13]. The iterative multigrid technique uses mul-
length beginning at a diameter of 168 mid () and ending at a tiple iterations to determine the velocity field with each successive
the inner radius of the disk to the vane. The purely radial ind@n integer amount based on the previous iteration’s results. The
vidual vanes were a constant 5.6 mm in thickn@sérom D,; to advancement of the technique by GilbE2] was to interpolate
D,, and were rounded at the entry and exit. This resulted in 37 &ftween vectors when determining the integer offset for each in-
flow passages each with a 8.7 n@ mm (W, X b) entry and a terrogation area, rather than applying the displacement of the
17.9 mmx 8 mm (w,X b) exit. For all measurements and resultgiearest velocity vector.
shown in this study, the origin of the cartesian coordinate systemThe advantage of the iterative multigrid technique is the ability
was located at the center of rotation of the rotor, and at the mitp use smaller interrogation areas to reduce the magnitude of the
width of the air passages between the two disks. velocity gradients within a single interrogation area as well as
In order to visualize the airflow inside the vent passages, optidaFreasing the resolution of velocity vectors. Smaller interrogation
access was required in the'Y plane. This was achieved by re-areas could be used with the standard FFT algoriftid, but the
moving a section of the upper disk, wide enough to expose at letiste separation between the images would have to be reduced,
two full vent passages. The missing section was then repladagreasing the relative error of the velocity measuremjerd].
with an acrylic window with the same thickness and shape in The iterative multigrid algorithm used in these experiments ap-
plied an iterative approach to the FFT cross-correlation. An initial
estimate of the velocity field was determined using the standard
FFT cross-correlation scheme. The next iteration then divided the
interrogation area into four smaller, equal areas. The new interro-
gation areas were then displaced by an integer amount based on a
bilinear interpolation of the previous velocity estimate and the
FFT cross-correlation was performed to refine the velocity esti-
mate. The process was repeated until the interrogation area was
reduced to the desired size. Typically, initial interrogation areas of
64x64 pixels were reduced to ¥8L6 pixels, using 50% overlap
in all cases. This resulted in typical interrogation areas ranging of
4.2 mmx4.2 mm (64x64 pixels down to 1.05 mnx1.05 mm
(16X16 pixel9 in size. A signal to noise ratio of 1.4 was used in
the cross correlatiofi.e., any vectors below this signal to noise
ratio were discarded After the final iteration of processing in
each experiment, the vector maps contained 15,252 ve(tags
X124 vectors

2.4 Image Orientations. Three distinct flow fields were ex-
amined in and around the rotor. In the first setup, the inlet flow
entering the air passages along the rotational axis was captured.
This was achieved by using a light sheet in ¥a& plane with the
region of interest between the center of rotation of the rotor, and
inner radius of the upper diskR(). The camera was oriented
perpendicular to the light sheet and focused on an image area of
85 mmx85 mm, resulting in a resolution of 0.084 mm/pixel. The
pulses of the laser were left untriggered so as to obtain an average

Fig. 2 Photograph of a typical front wheel automotive assem- inlet flow at various angular positions of the rotor. The horizontal
bly excluding the rim and tire (X-Y) plane was also measured in order to determine the levels of
980 / Vol. 125, NOVEMBER 2003 Transactions of the ASME
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2.5 Experimental Uncertainty. The rotors used in these
studies were actual cast iron production rotors and as a result
some geometrical uncertainty existed in the rotor due to its cast

CCD Camera manufacturing process. Despite some external machined surfaces,
the internal surfaces of the air passages were cast, leaving a com-
parably rough finish of approximately 0.3 mm. Measurements of
the experimental rotor revealed -a2.3% variation in both the
passage height and passage width.

The uncertainty in the machined outer diamef@y,, of the
rotor was determined using manufacturing drawings, while the

Rotor uncertainty in the rotational speed was determined from tachom-
eter data collected during the measurements. The outer diameter
and rotational speeds were found to carry uncertainties of 0.5 mm,
and 20 rpm(at all speeds respectively. This resulted in a Rey-
nolds number uncertainty ranging from 2.3% to 6.2% over the
three rotational speeds tested.

For the PIV measurements, the random error due to irregular
particles, electronic noise, etc., is shown to be si3@0.07 pixe)

by Prasad et a[.15]. For the current measurements, this results in

a random error of less than 2% in the determined velocities. The

work of Westerweel[16] suggests a typical bias error of 0.05

pixels when using an iterative multigrid algorithm. The resulting
bias error in the determined velocities is therefore approximately

1%. Westerwed]17] also suggests a relationship between the par-

ticle image diameter and the resulting root-mean-squUBIMS)
error. Based on the measurements made in this stadgrage
particle image diameters of 2.5 pixglkhe expected RMS error is

0.035 pixels, resulting in an additional 0.7% error in the calcu-

Fig. 3 Orientation of the laser and camera for ~ X-Y plane PIV  |ated velocities. A detailed analysis of the random, bias, and RMS

measurements error associated with PIV is given by Gilbdi2]. Based on the
total quoted uncertainty in the calculated velociti®s7%), the
kinetic energy values would have an uncertainty in the range of

) ) , ) 5% to 6%.
swirl present in the flow before entering the rotor. In this case,

the camera was suspended above the rotor while the laser formed
a horizontal light sheet from one side of the test enclogse® 3 Results and Discussion
Fig. 3.

The second test was arranged in order to visualize the internaB.1 Mean Velocity. Results presented here are all for Re
airflow through the rotor passages. The laser sheet was orientee-i8.65< 10° and N=684 rpm as all three rotational speeds gave
the X-Y plane at the midway pointZ=0) of the passagdg mm similar results. For all presented data the axes were made dimen-
from either disk. In this case, the laser was triggered to pulse onkfonless by the outer radius of the rotge., X* =X/R,, etc),
when an acrylic section of the disk rotated through the camera’s
field of view. This was done through the use of a stationary optical
switch with a single notch on a rotating wheel that interrupted the
light beam and ensured that each image captured the same pas
sages. Thus, the use of the word “triggered” will indicate that all
images were captured at the same angular position of the rotor
every time(phase resolved Conversely, “untriggered” will indi-
cate images captured at random time intervals, therefore, at no
particular position on the rotor. The straight and radial geometry
of the vanes allowed the illumination of two full flow passages in
each image. The image area in this test was 65X6B mm,
giving a resolution of 0.064 mm/pixel.

Nd-YAG Laser

| Ref. Vector

In the third and final test, three different laser and camera con- g o
figurations were used to capture the airflow exiting the passages al
the outer diameter of the rotor. In the first two methods, a light r——
Rotation

sheet in theX-Y plane was placed just beyond the outer diameter
of the rotor, still focused on a 65 mr65 mm area at the middle
of the passage widthzZ(=0). The flow was first measured with an
untriggered laser pulse for average exit flow conditions, and then
repeated with a triggered laser pulse in order to observe the indi-
vidual jets leaving each flow passage. In the third setup, untrig-
gered images were collected in teZ plane so as to view the :
characteristics of the exiting jets in a vertical plane. b ™ . i e
In all cases above, 500 image pairs were collected for each 06 05 -04 03 02 01 0
setup and the resultant velocity vectors were ensemble averaged ac X
each position. Each test was repeated for all three rotatior,‘_.?é.‘l Absolute mean velocity plot of the inlet flow (X-Z plane
speeds. Typical laser pulse separations ranged from105° to y*=0), N=684rpm, dimensionless velocity vector =0.1,
75x 10 %s in order to size the particle displacements appropréontours of isovelocity 0.008 dimensionless velocity units, di-
ately for the interrogation area size. rection of rotation is out of the page

Upper Disk
urface
Ri
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Fig. 5 Absolute mean velocity plot of the inlet flow (X-Y plane
at Z*=0.1), N=684 rpm, dimensionless velocity vector =0.3

while the mean velocities were normalized by the tangential speec
of the rotor at its outer radius, or rotor peripheral speél, (
=wD//2).

Inlet Flow. Figure 4 shows the mean velocity plot obtained
with a vertical light sheetX-Z plane at the inlet of the rotor at
Re=3.65x 10°. The vertical line aiX* =0 represents the axis of
rotation of the rotor, and the area of visualization extended just
beyond the inner radius of the dislR) where the air passage
entrances were located. The velocity contour lines in Fig. 4 are
separated by increments of 0.008 dimensionless velocity units.
Typical radial fan behavior was observed here as the flow was
drawn downwards into the center of the rotor before turning 90°
in order to enter the air passages. The largest velocity gradient, a
shown by the contour lines, occurred near the inner radius of the
rotor diskR; (X* =~ —0.54). Here the flow was drawn in towards
the center of the rotor and forced to accelerate around the edge ¢
the disk and into the air passages.

The results obtained in thé-Y plane atZ* =0.1 (1 mm above

-0.9

-1.0

i Pressure
Wi - Side
e
y ”;‘J"
iu' L Suction
s Side
e

1.0
Ref. Vector

.
o
n

|

4
0 0.1 0.2
Xi
——> Rotation

Pressure'
Side

=}
o
>
{o
=)
-
o
N

the upper disk surfageare shown in Fig. 5 and demonstrate the

effect of the rotor rotation on the incoming flow.
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X*

Relative mean velocity plot of the inlet flow (X-Y plane

at Z*=0.1), N=684 rpm, dimensionless velocity vector =0.4

982 /

Vol. 125, NOVEMBER 2003

Fig. 7 (a) (Top) relative mean velocity vector plot of the inter-
nal flow (X-Y plane at Z*=0), N=684 rpm, dimensionless ve-
locity vector =1.0. (b) (Bottom ) relative mean velocity contour
plot of the internal flow  (X-Y plane at Z*=0), N=684 rpm.

The shear forces exerted by the counterclockwise rotating upper
disk surface imposed a counterclockwise pre-swirl on the inlet
flow. In Fig. 6, the local tangential speedK) has been subtracted
from the absolute fluid velocitied/) in Fig. 5 in order to view the
velocities relative to the rotor surfa¢@/). All pre-swirl that does
not provide zero incidence onto the vane passages is detrimental.
This measured pre-swirl is detrimental as it causes the inlet flow
to be further misaligned with the air passages in conjunction with
the other vector directions and hence increases shock losses at the
vane inlet and reduces or restricts the amount of flow entering the
rotor.

Internal Flow (X-Y Plane). The velocity vector plot in Fig.
7(a) and velocity contours in Fig. (B) show the relative(W)
mean velocities at the midplane through the air passages. At Re
=3.65x 10°, the fluid reached maximum internal velocities equal
to the rotor peripheral speedl)() near the inlet 0.64<Y* <
—0.70) and along the pressure side decreasing toward the outlet.
With counterclockwise rotation, the pressure and suction sides
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Fig. 8 Absolute mean velocity plot of the exit flow (X-Y plane 02} } R <
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Fig. 10 Absolute mean velocity plot of the exit flow (X-Z plane

P o : . . t Y*=0), N=684rpm, dimensionless velocity vector =0.3.
were easily 'de.nt'f'Ed on th_e Ie_ft {md right S'de$ of the air .pa%ontours g)f isovelocit)?0.0S dimensionless veloci?/y units.

sages, respectively. There is significant separation and recircu

tion on the suction side which will be discussed in a subsequent

section. The contour plot shows the correspondence between the

measured velocities in the two adjacent passages.

lines of Fig. 9 show little variation in velocity along lines of
Exit Flow—Horizontal Light Sheet (X-Y Plane)Figures 8 and constant radius. The triggered measurements effectively showed a
9 show the distinction between triggered and untriggered PIV dgshase averaged picture of the flow at one rotor location, with peak
when measuring the flow exiting the rotor air passages. In badfloid absolute velocities exceeding 11, . When untriggered, an
cases, the center of rotation was locatedXt£0, Y*=0) and average of many random instantaneous pictures was observed,
the rotor vanes imposed both a radial and tangential velocity comnd the peak velocities measured were therefore lower at 0.95
ponent on the exiting flow. Both figures show the average of 500J,, but were more representative of the overall flow rate
image pairs. The images used for Fig. 8 were all taken at the saawhieved through the rotor.
Vertcaly wih he ineX" ~0). n contrast the 500 mages used, EXL Flow—Vertcal Light Sheet (<2 Plane)The use of a
for Fig. 9 were taken at random rotationél positions. In the tri yertically orler)ted l.'ght sheet revealeq thg behavior of the exit
: ; . ) . low as a free jet. Figure 10 shows a side viex+Z plane of the
8%?;' ?gfc()er':I\?énst)e'sth:sc?hnetog;i'lflr\]/%?o?:ri]t(i)gys tajcff:tztsinOfr;ge r']?tﬂ" otor atD, with several exit velocity profiles plotted downstream.
and direction de[;ending on their location within the ?egio ote that the velocity profiles in Fig. 10 represent only t_he radial
—1.05< Y* < —1.00 (velocit tour i in both Fias. 8 and 9@omp_onen.t (/X) of the absolute exit ve_locny. The velocity con-
' Lu{velocity contour fin€s in DOt FIgS. & and Iy, jines in Fig. 10 are separated by increments of 0.05 dimen-
are separated by increments of Q.0Bhese effects were removed

b . ih th i d ¢ th tsionless velocity units. Similar to typical free jet behavior, the
y averaging wi € untriggered measurements, as the con B%files steadily decayed with increasing downstream distéinee

creasing negativiX*). Near the rotor, the profile was narrow and
peaked at 0.4J,, while further downstream a&X* = —1.32 the

Y profile was much wider and decayed to a peak velocity of
i 0.25U, . Itis important to note that the velocity profiles in Fig. 10
~ Rotation I R, represent only the radial componeM,j of the absolute exit ve-
-1.00 X SO Y Vo locity, when, in fact, the jets also contain a significant tangential
\:‘ &s:::{?v( N7 X component ¥,), as shown in th&-Y plane(Fig. 9. The direc-
-105 RSN “\‘“ 8 tion of the v.eloicllty vectors outside of the jet core in Flg.. 10
S P R g ok B 3 Vector indicated a significant amount of entrainment by the jet. This av-
. B et pgial v ol eraged picture is in contrast to Fig. 11 which shows one of the 500
> AN AR AN AT ST R s e, instantaneous vectors maps used to ensemble average Figure 10.
N :&‘;::::::::Wﬁa Here, the turbulence and instability in the free jet was apparent.
R T Downstream vortical structures are dimensionally similar to the

rotor exit passage dimension.

3.2 Kinetic Energy

Inlet Flow. The turbulent kinetic energ¥,, was defined us-
ing the fluctuating velocity components; andv’.
Fig. 9 Absolute mean velocity plot of the exit flow (X-Y plane
at Z*=0, untriggered ), N=684rpm, dimensionless velocity

"2, .2
vector =1.0. Contours of isovelocity 0.08 dimensionless veloc- K,= u-to )
ity units. t 2
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Fig. 11 Absolute mean velocity plot of the exit flow (X-Z plane
at Y*=0, single instantaneous vector map ), N=684rpm, di-

mensionless velocity vector =0.3 Exit Flow. External to the rotor, the highest levels of turbulent

kinetic energy occurred periodically behind each passing vane.

For example, the vane oriented with t& =0 axis in Fig. 8

The values oK, were then nondimensionalized by?, the square induced the highest turbulence levels Xt~ —0.045 andY*
~ —1.03, an area which trails the tip of the vane as it passes. This

of the.rotor periphera] \{elocity. Levels &t were found to ﬂ.uc- area had a turbulent kinetic energy level of 0.046 compared to
tuate in a manner similar to the mean velocity plots, with th@ 020 in surrounding areas '

highest levels occurring in the areas of highest mean veloci Y Of all the measured flow areas, turbulent kinetic energy values
gradients. The highest measured values of turbulent kinetic enefgy o highest in the internal passages

occurred at the inlet near the inner diameter of the disk,where ’
the flow was forced to accelerate around the disk in order to enter3.3 Flow Balance
the air passagesX{ ~ —0.55,Z* ~0.1 from Fig. 4. In this area,

K* values of 0.0056 were observed, compared to an averagev\?“nﬂow' One method of comparing the experimental results
t - ’ . .
0.0025 throughout the rest of the plotted area in Fig. 4. as to compare the volumetric flow rates into and out of the rotor

based on the velocity profiles obtained from the PIV measure-
Internal Flow. The flow through the air passages displayefnents. In order to determine the inflow, a representative inlet ve-

the highest turbulent kinetic energy levels in the middle of thiecity profile (V,) was chosen along the upper disk surfazé (

passage, along the geometric division line between the presse®.1) plane between the center of rotatiofi (= 0) and the edge

and suction side. Here&K; levels peaked at 0.06 and were obof the inner radiusX* =0.54) as close to the upper disk surface

served to decrease gradually throughout the passage length to 0.01

at the exit(see Fig. 12

0.1
00
: Boion
0O atXe s
08} i
E o1l
08 [
e o1l
2 e 3 I
: -02 -1.1
xn
Fig. 14 Exit velocity profile used to calculate the mass flow
Fig. 12 Nondimensionalized turbulent kinetic energy plot of exiting the rotor, N=684rpm. Dimensionless velocity vector
the internal flow (X-Y plane at Z*=0), N=684 rpm =0.3.
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immediately after the passage entrance. The dominant cause of
this is the misalignment between the physical radially outward
vane angleg90 deg to the tangential direction in tieY plane

and the relative velocity approaching the vane as seen in Fig. 6
(dominant tangential velocity directiprand Fig. 4(minor axial
velocity directior). Thus the inlet relative velocity is perpendicu-

lar to the physical vane and the incidence angle is very large.
Figure 15 re-plots Fig. (&) with increased vector lengths on the
suction side of the passage. Out of plane effects not measured by
the planar PIV system are likely significant in this region due to
the reverse flow measured near the vane, close to the leading edge
(entrance as well as a recirculation zone centered near the vane
trailing edge.

The flow through the radial vanes of the rotor may also be
treated as a flow through a rotating diffuser. The study by Rothe
and Johnstorj18] provide relationships between the Reynold’s
X o number Rg, rotation numberRo, and the area ratio between the
outlet and inlet area of a diffuser. Rés the Reynolds number
based on the inlet flow area,
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Fig. 15 High resolution vector plot of internal flow (pressure
side vectors removed for clarity ), N=684rpm. Dimensionless w,(QIA)
velocity vector =0.2. _
Reg » ©)
as possible. This velocity profile was then revolved 360 deg hile Ro is defined as,
order to encompass the entire possible inlet area of the (Bigr
13). The volumetric inflow as represented by the flow number ®-Wq
Ro= ——+— 4)
(Q/A)
ng, The area ratioAR, is defined as the flow area at the trailing edge
was thus calculated from the PIV results to dgy ;=0.0115.  (Ruo) Over the flow area at the leading edge of the roy;J,

and was constant for all vanes at 2.06, and at a Re of 3.65
Outflow. The velocity profile used in the calculation of thex 10°, Rey, was 3300 and the rotation numb&p, was 0.11.

exit flow is shown in Fig. 14. The radial velocitie¥/() in the Based on these characteristics, this flow falls within a region of
profile were integrated betwe&if = +0.028 and revolved around two-dimensional stall if18]. This is due in part to the included
the outer diameter of the rotor to yielth), ,=0.0105 nondimen- expansion angl€9.65 deg of each air passage which in itself is
sional flow units(also determined from the PIV resyltsThis not enough to cause the level of separation measured. As well,
value is comparable to the calculated inflow, although it is loweRothe and Johnstofil8] suggest that the presence of rotation
leaving a difference of 8.2%. This difference is reasonable givémcreases the tendency for stall in the air passage by suppressing
the assumptions made and the integration method utilized to dlee turbulent mixing and shear stress of the Coriolis acceleration
termine the flow rate and it may indicate some mass flow bypagild.

ing the inlet and flowing over the upper disk surface due to the . .
position of the inlet flow control volume. 3.5 Independence of Rotational Speed.Figure 16 plots the

maximum resultant exit velocitiesV(.s) of the airflow at the
3.4 Separation Points. There are significant regions of flow three rotational speeds tested. When the velocities were normal-
separation in the internal flow passages of the rotor as shownized by the peripheral velocity,) of the rotor, a near constant
the relative velocity vector plot§tigs. 7a) and 1b)). These plots value of 0.895 was observed, indicating a linear relationship be-
show large areas of little or no flow in the-Y plane along the tween the rotational speed and the volume of airflow in the rotor
entire right(suction side of the passage. Flow separation begasver the range of speeds tested.
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Fig. 16 Relationship between the maximum exit flow velocities and the
rotational speed of the rotor
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4 Conclusions Y* represents radial or tangential direction as indi-

PIV measurements of a rotating automotive brake rotor re- cated in each figureY(* = Y/R,)
vealed interesting information about the flow structure through the ~ Z* = axial direction ¢* =Z/R,)
radial vaned air passages. The presence of large separation ARy cripts
in the air passages indicated poor performance as a radial flow ) )
fan. This is caused by the high incidence angle due to misalign- -0 = inlet and outlet, respectively
ment between the relative velocity direction and the physic@reek Symbols
blade angle. An additional factor was the effect of rotation, where — absolute viscositykg/ms
rotation number and diffuser area ratio were used to predict stall. M= i tic vi i 9 2
The areas of highest turbulent kinetic energy were found to occur z _ a':el:?:r Igi:g?:(t:ig? Hm7s)
through the middle of the air passages, where large velocity gra- _ degsi (kg/mP)
dients separated the pressure and suction sides. Normalized mean P ty(kg 3
velocity plots showed little variation at the three rotational speeds ® = overall flow number Q/wDj)
tested, indicating a linear relationship between the velocities e€eiv.i = overall inlet flow number based on PIV results
tablished in the rotor and rotational speed. Ppvo = overgall outlet flow number based on PIV results

These results will serve as useful information towards improv- @ = rotational speedl/s)
ing the geometry of the air passages in automotive brake rotors.

Improved geometry will result in improved flow through each aiheferences

passage, making the rotor more efficient in moving air. Further

tests are recommended in this aspect in order to verify a relation

ship between improving the air flow and improving the heat dis-[2) sisson, A. E., 1978, “Thermal Analysis of Vented Brake Rotors,” SAE Paper

sipation of the rotor. These rotors operate over a very wide range No. 780352.

of rotational speeds and a ‘best design’ for one flow would notf3] Hudson, M. D., and Ruhl, R. L., 1997, “Ventilated Brake Rotor Air Flow

characteristically apply to all flow ranges. It is important to note 4] IJZXE?E?;K}S' asrgléeprzz(targrﬂo.c?gggi“Numerical Study of Brake Disc Cool-

_however, that all rotors were tested W'th_OUt any obstructions at thé ing Accou‘ntir’19 for Both Aert')dyrylamic ‘Drag Force and Cooling Efficiency,”

inlet or outlet, and hence, the best possible performance was mea- SAE Paper No. 2001-01-0948.

sured. The inlet and the entire rotor can become severely blockef$] Paone, N., Riethmuller, M. L., and Van den Braembussche, R. A., 1989, “Ex-

by other components such as drive shafts and wheel hubs in full gerlmental In\_/estlgatlon of_ the Flow in a Va_neless"lefuser of a Centrifugal
. . ump by Particle Image Displacement Velocimetry,” Exp. Fluidspp. 371—

automotive wheel assemblies. 378,

[6] Shepherd, I. C., and La Fontaine, R. F., 1993, “Mapping the Velocity Field in

a Centrifugal Fan Using Particle Image Velocimetry,” J. Wind. Eng. Ind. Aero-
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The authors would like to acknowledge the financial support of(7] Shepherd, I. C., La Fontaine, R. F., Welch, L. W., and Downie, R. J., 1994,
the Natural Sciences and Engineering Research Council of “Velocity Measurement in Fan Rotors Using Particle Image Velocimetry,”

[1] Limpert, R., 1975, “Cooling Analysis of Disc Brake Rotors,” SAE Paper No.
4

Laser AnemometnASME, New York, FED-Vol. 191, pp. 179-183.

Canada(NSERQ. [8] Akin, O., and Rockwell, D., 1994, “Flow Structure in a Radial Flow Pumping
System Using High Image Density Particle Image Velocimetry,” ASME J.
Nomenclature Fluids Eng.,116, pp. 538-544.
[9] Adrian, R. J., 1991, “Particle-Imaging Techniques for Experimental Fluid Me-
A = cross-sectional area of rotor air passage inlet chanics,” Annu. Rev. Fluid Mech23, pp. 261-304.
(mmz) (A:W* b) [10] Grant, 1., 1997, “Particle Image Velocimetry: A Review,” Proc. Inst. Mech.
. 1 Eng., Part C: J. Mech. Eng. Sc211, pp. 55-76.
AR = area ratio W, /wjy) [11] Melling, A., 1997, “Tracer Particles and Seeding for Particle Image Velocim-
b = space between the two brake disks etry,” Meas. Sci. Technol.8, pp. 1406-1416.
DO! Di = disk outer and inner diameter, respectivéﬂ'yrn) [12] Gilberf[, R., 2001, “Evaluatiop of F!’:T Based erss-Co_rreIaf[ion Techniques
D,,, D,; = vane outer and inner diameter, respectivelym) \L/vaaetzgrllgonérgﬁfdgnage Velocimetry,” M.A.Sc. thesis, University of Waterloo,
Q = flow rate (volumetrig (m*s) [13] Scarano, F., and Riethmuller, M. L., 1999, “Iterative Multigrid Approach in
R,, R; = disk outer and inner radius, respectivéhgm) PIV Image Processing With Discrete Window Offset,” Exp. Flui@s, pp.
R,0, R,i = vane outer and inner radius, respectivétym) 512-523.

_ . [14] Willert, C. E., and Gharib, M., 1991, “Digital Particle Image Velocimetry,”
Re = rotational Reynolds number Exp. Fluids, 10, pp. 181-193.

Re, = Reynolds number based on inlet channel height (15 prasad, A. K., Adrian, R. J., Landreth, C. C., and Offutt, P. W., 1992, “Effect

Ro = rotation number of Resolution on the Speed and Accuracy of Particle Image Velocimetry Inter-
V,es = absolute resultant air velocityadial and tangen- rogation,” Exp. Fluids 13, pp. 105-116. = , _
. [16] Westerweel, J., 1997, “Fundamentals of Digital Particle Image Velocimetry,”
tial componentV,es= V5 +Vy Meas. Sci. Technol8, pp. 1379-1392.
w,, W, = distance between rotor vanes inlet, outlet, respec-[17] Westerweel, J., 2000, “Theoretical Analysis of the Measurement Precision in
tively (mm) Particle Image Velocimetry,” Exp. FluidgSuppl), pp. S3—-S12.

X* = i dial t tial di fi indi [18] Rothe, P. H., and Johnston, J. P., 1976, “Effects of System Rotation on the
= represents radial or tangential direction as indi- Performance of Two-Dimensional Diffusers,” ASME J. Fluids En@.,pp.

cated in each figureX* = X/R,) 422-430.

986 / Vol. 125, NOVEMBER 2003 Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.152. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Heather L. McClusky I [Vlapping of the Lateral Flow Field
van & Btoway A i Typical Subchannels of a

Timothy A. Conover

Donald E. Beasley Support Gl‘ld Wlth VaneS

Fellow ASME
. o Lateral flow fields in four subchannels of a model rod bundle fuel assembly are experi-
Department of Mechanical Engineering, mentally measured using particle image velocimetry. Vanes (split-vane pairs) are located
Clemson University, on the downstream edge of the support grids in the rod bundle fuel assembly and generate
106-D Flour Daniel Building, swirling flow. Measurements are acquired at a nominal Reynolds number of 28,000 and
Clemson, SC 29634 for seven streamwise locations ranging from 1.4 to 17.0 hydraulic diameters downstream
of the grid. The streamwise development of the lateral flow field is divided into two
. regions based on the lateral flow structure. In Region |, multiple vortices are present in
Michael E. Conner the flow field and vortex interactions occur. Either a single circular vortex or a hairpin
. . shaped flow structure is formed in Region II. Lateral kinetic energy, maximum lateral
L. David Smith IlI velocity, centroid of vorticity, radial profiles of azimuthal velocity, and angular momentum
) are employed as measures of the streamwise development of the lateral flow field. The
Westinghouse Nuclear Fuel, particle image velocimetry measurements of the present study are compared with laser
5801 Bluff Road, Doppler velocimetry measurements taken for the identical support grids and flow
Columbia, SC 29250 condition. [DOI: 10.1115/1.1625688
1 Introduction [1]). In addition, 5<5 rod bundles are also used in the safety-

related departure from nucleate boiliiBNB) testing that sets
erformance limits on the power of the core, and thus play an
vious research on flow field characteristics in fuel assembli'ﬁmOrtant role in the licensing of new fuel designs. Therefore,
) ) . Gitferences in the lateral flow fields downstream of split-vane pair
d_emongtrates that the flow field is complex and highly thre 'rip designs in %5 rod bundles have implications for both the
dlmen3|on_e\l. This paper focuses on the development of the lat sign and licensing of future rod bundle assemblies. In addition,
fI(_)w field in several subchannels downstream of_ a support I ¢ transfer measurementg), and CFD predictionsj1], indi-
Yggz \v/viir;grs rlgaitgzgv?lllg)]dle geomeiry representative of a PreSStlite that there is a connection between the lateral flow fields in
- . rad bundle subchannels and local variations in heat transfer coef-
The core of a pre'ssurlzed water reactor Is constructed fr(ﬁ@i nts on the rod surfaces. Hot spots on the rod surfaces are
multiple fuel assemplles that are housed in a pressure vessel. EES ntially detrimental to the overall performance of the rod
22' ;SSS'S:”TSQ/ dﬁ?]?osgtrsogfbrsjl:](ijlleear'rfl’l::lCISSZr?tndrSeL;FS)E?i;tet(;ﬂ\j\leastet ﬂl dle. Detailed information on the lateral velocity fields in the
. ) P fof bundle subchannels is needed to support understanding and
circulated throug'h the core of the reactor 6!”0' flows parallel to ”afi:D modeling of local heat transfer characteristics. The ultimate
r(_)ds. _Support grids are located at regu_lar !ntervals along th? ﬂ% jective is to improve the thermal performance of support grid
direction to support the rods and to maintain the lateral spacing d vane designs

the rods in the bundle. For normal operating conditions, the el improve the thermal-hydraulic performance of the fuel, sup-
evated pressure of a pressurized water reactor suppresses bc%

The flow field in the fuel assembly of a nuclear reactor directl
influences the thermal-hydraulic performance of the reactor. P

> . - o grids are designed with vanes located on the downstream
and the majority of the fuel assembly operates in the single-ph (?ge of the grid. The vane orientation in a typical support grid
flow regime. A heat exchanger is located downstream of the press split-vanes pairs is shown in Fig(a). Experimental inves-

sure vessel to transfer the heat produced by the core to a secqfilions using laser Doppler velocimetiyDV) for velocity mea-

ar)l/ Siﬁtem for ptower g_ener?tllon. the flow field f §urements in rod bundles with support grids that have vanes are
bur? dleeggg?:gtrr]y i)c;?reeg?gr? d?ngpiggir%niyp: fug\llvisixan?i;: dro ummarize_d in Table 1. In these stuqlies, row_ fie_ld measurements
As 55 frods | loved as th del rod b 'dlwere acquired for streamwise locations beginning at the down-
quare array ol rods 1S employed as the mode] rod bundig, o5y, edge of the grid and extending to streamwise locations up
and represents a portion of the actual fuel assembly. The measylez 5 hydraulic diameters downstream of the grid. Detailed mea-
ments are acquired at atmospheric temperature and pressure fgﬂr%ments of the development of the flow field édjacent to the
nominal Reynolds number of 28,000. The support grids for the, oo\ ane region and downstream of the vanes were included.
model rod bundle are constructed from the inner strap ofallr7 The typical streamwise distance between grids, or the grid span,

fuel assembly midgrid. The rod pitch, rod diameter, and strear\T/1V- s 43 to 53 hydraulic diameters.

wise spacing of the grids of the model rod bundle are consisten revious experimental and numerical studies have examined

‘t’z)'tggzth?;;?f r?gwalrﬁgeljzzisenlzbig' t’g %‘Z';e;aggc?gctfup;g%Fgrac“ﬁ%e-averaged velocity and turbulence characteristics of the flow
- gnd, 9 fields in model square-arrayed rod bundles. The flow fields were
S'“ﬁ"a’ geometry for testing to develop local heat transfer corre; resented as radial profiles of axial and lateral velocity. In addi-
lations and local mass exchange parameters for use in full coig, “io"oiohal streamwise development of the velocity field was
models..Th|s testing appro.ach IS apphcablg since the limiting th‘?ffesented using integral measures such as swirl parameter and
mal region of the core is in essentially axial fla@onner et al. cross flow mixing parameter. Previous studies of velocity fields
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QOOOO Table 1 LDV investigations in rod bundles
Vane Vane Test

OOOOO Study Re Type Angle Section  Fluid z/Dy,
N N N [3] 2.0x10® Split-vane 20 deg 22 Index of 0.3
Q O Q O O to square refraction to
6.0x 10¢ array matched 1.5

O OQO [7] 1.0x10° Mixing 5Xx5 Water -2
vanes square to

Q O O O array 8
[9] 2.0x10* Mixing 0 deg, 20 deg, 4x4 Water 5

(a) blade 25 deg, 30 deg,square to

35 deg array 45

[4] 8.9x10* Split-vane e 5%5 Water 1

SUBCHANNEL squeezed square to

,BOUNDARY tube array 36
[8] 6.25 Split-vane 22 deg 55  Water -11

O Q x 10* square to

array 53
Q [23] 2.8x10* Split-vane 30 deg 55 Water 1.4

square to
array 34.0

OOIO

or Rankine vortex(see Saffmarj5]). McClusky et al.[6] mea-
sured the lateral velocity field in a single subchannel of a rod
bundle fuel assembly using particle image velocimetry. The lateral
velocity data were used to obtain azimuthal velocity profiles and
the azimuthal velocity profiles were fit to the analytical form of a
Lamb-Oseen vortex.

In the vane region, the axial velocity increases near the rod
surfaces and decreases near the center of the subcliglieneand
Prabstle[3]). At the vane tips, a local minimum in the axial ve-
locity is located at the center of the subchannel and two local
maxima are located in the subchannel regiblerr and Prbstle
[3] and Karoutas et al4]). Further downstream, the global maxi-
mum of axial velocity is located in the subchangiebwever, not
in the center of the subchanneind the global minimum of axial
velocity is located in the rod gagsierer[7], Karoutas et al[4],
and Yang and Chun@]). Yang and Chun{8] show that for axial
locations beyond 15 hydraulic diameters the axial velocity in-
creases with axial direction in the subchannel and decreases with
axial direction in the rod gaps. At an axial location of 32 hydraulic
diameters, the axial velocity is fully developed as documented by
Karoutas et al[4] and Yang and Chun8]. At an axial location

: o - immediately upstream of a support grid, the maximum velocity is
t;e7r|.r31% rsncnr;?m (ec)agﬁ‘gﬁ’:r:&itﬁ;nel(glgwgiﬁgThn;’sgi_iife r;];?r w Iocatgd in the sub(;hf'innel an.d is 10—.25.% higher t'han the average
for subchannel 6 with weld nugget  (D,=11.78 mm) velocity, and the minimum axial velocity is located in the rod gaps

(Herer[7] and Yang and Chun[g]).
In previous studies, measurements of the lateral and axial ve-
locity profiles were acquired in multiple subchannels; however,

flow field by directing high velocity lateral flow into the rod gapscomparison among the subchannels was not provided even though
creating swirling flow in the subchannel, and generating wakése data show that the flow fields were asymmetric and were in-
downstream of the vanes in the subchannel. As shown schemétienced by the housing walls. Differences in the lateral and axial
cally in Fig. 1(b), a subchannel is defined as the open flow areelocity profiles between two subchannels are apparent in the
between the surrounding rods and/or walls. A single subchannehigasurements of Karoutas et gt]. The magnitude of both the
shown in Fig. 1c). The azimuthal direction of the swirling flow is axial and the lateral velocities differs by up to 50% between the
determined by the orientation of the vanes. At a streamwise loda+o subchannels for streamwise locations near the (¢fatoutas
tion halfway between the downstream edge of the support ged al. [4]). Yang and Chund8] showed that the axial velocity
and the vane tips, Herr and Psile[3] showed that the pressureprofiles near the housing walls are flatter than the axial velocity
field in the wake region decreases the magnitude of the swirlipgofile measured near the center of the rod bundle. Shen [&]al.
flow. At the vane tips, the azimuthal velocity magnitude is on theiscussed the effect of the housing walls on the flow field.
order of 40% of the average axial velocitjlerr and Prostle[3] Previous research has characterized the turbulent flow structure
and Karoutas et a[4]). As the lateral flow field develops down-in rod bundle subchannels using normalized velocity profiles in
stream of the vane tips, the magnitude of the lateral velocity dite near wall region of the housing wall and the rod surfaces, and
cays and is 4% of the average axial velocity by 34 hydraulitirbulence measurements in the subchannels and rod gaps. Mea-
diameters downstream, as documented by Karoutas ft|althe sured velocity profiles for flow along the surface of the rods for
shape of the radial profiles of azimuthal velocity is that of aods located in the central region of the bundle and near the walls
forced-free vortex. Herr and Hstle [3] and Karoutas et a[4] of the housing as well as for flow along the surface of the housing
suggest that the qualitative behavior of the radial profile of azagree with the law of the wallOuma and TavoularigL0], Meyer
muthal velocity at the vane tips is similar to that of a Lamb-Osedi1], and Krauss and Meyg@.2]).

Fig. 1 End view of the support grid  (a) vane pattern; (b) num-
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Table 2 CFD investigations in rod bundles In [15] utilized CFD to compare the flow fields developed from
four different vane designs. As presented in Table 2, the four types

Study ﬁgéne?gé Tu'\r/lbégz?ce Re \T/)"’/‘Sg of vanes are split-van@vith and without a weld nugget cutout
side-supported vane, swirl vane, and twisted vane. Higher values
(4] Split-vane: Standard 8.9x10*  Splitvane of the swirl parameter and the cross flow mixing parameter were
1/2 subchannel  k—¢ squeezed  reported for split-vane and twisted vane designs.
tslﬂ;ﬁezed tube The CFD models of both Imaizumi et &lL4] and In[15] ex-
1/4 subchannel amined the flow field downstream of split-vane designs. The
[14] Two Standard 7.7% 10" Splitvane dominant flow structures in the lateral flow field are a cross flow
subchannel k—¢e to (lateral flow) near the rod surfaces and a swirling flow structure.
5.0X 10° Imaizumi et al[14] classified the axial development of the lateral
[16] 5x5 and 3?33 Etandard 2.8<10¢  Split-vane flow field into three general regions as: a strong cross flow domi-
support gri —& ) nated flow field superimposed with a region of swirling flow, a
[15] g&%%'ﬁann o Eindard 6.5 10" SSJgIg_—vane flow field with cross flow and weakened swirling flothe center
supported of the swirling flow migrategl and a flow field that has only cross
vane flow. In the region just downstream of a grid with split-vanes, the
swirl vane CFD results of I15] show a lateral flow field similar to that of
twisted Imaizumi et al.[14]. In this region, the lateral flow field has
vane strong cross flow and an elliptical shaped swirling flow region that
[13] ;m’chann ol gﬁgdfﬁ(_s’ 28x10°  Splitvane g qriented along the northwest and southeast axis of the subchan-
nonlinear nel. Further downstream of the split-vanes, the results ¢fLj
quadratick—e indicate that the cross flow diminishes and the swirling flow be-

comes dominant. At the downstream locations, the lateral flow
fields predicted by If15] differ from those predicted by Imai-
zumi et al.[14] and the differences may be attributed to the dif-
ferences in the computational domain used to model the rod
For flow in a rod bundle fuel assembly, the axial and azimuthaundle fuel assembly.
turbulence intensities were documented for discrete points withinin the present study, particle image velocimetry is employed to
a subchannel and for the streamwise development of the flow. Téigtain full-field lateral velocity measurements in subchannels
magnitude of the turbulence intensity upstream of the grid is afownstream of a split-vane pair grid design. The streamwise de-
the order of 5% and increases to nearly 20% just downstreamw@fiopment of the lateral velocity fields in four subchannels is
the grid(Yang and Chungs8]). At a streamwise location immedi- compared in the present study. Figurgc)lshows a two-
ately upstream of a grid, the axial turbulence intensity is lower igimensional projection of the split-vane pair design used in the
the subchannel than in the rod gaps. In the region of the flow figidesent study. The angle of each vane relative to the flow direc-
downstream of the grid, the axial turbulence intensity is higher tion, or vane angle, is approximately 30 deg for the present study.
the subchannel than in the rod gaps. In the fully developed regian,addition, there is a weld nugget cutout at the base of the vane
the axial turbulence intensity is lower in subchannel than in thsairs. Details of split-vane pairs with and without a weld nugget
rod gapgHerer[7] and Yang and Chuni@]). Yang and Chun@8] cutout are discussed in the CFD analysis of16]. The blockage
showed that the axial turbulence intensity is more isotropic dowratio (the ratio of the projected area of the grid to the open flow
stream of the grid than upstream of the grid as indicated by theea in the test sectiprior the support grid design used in the
skewness of the measured velocity. The subchannels located fsesent study is approximately 0.40. Typical, or central, subchan-
ther from the housing walls have the largest turbulence intensiigls are selected for analysis in the present study and are desig-
(Yang and Chung8]). Yang and Chung8] modeled the spatial nated subchannels 5, 6, 7, and (Fig. 1(b)). In previous studies
decay of the turbulence intensity in the rod bundle using the anexamining the flow fields downstream of split-vane pair grid de-
lytical form of the spatial decay rate of turbulence intensity fosigns, comparison of velocity fields among different subchannels
flow through mesh grids. was minimal and only limited data were presented that addressed
Experimental studies have provided insight into the flow fieldge effect of walls on the flow field. The present investigation is an
in rod bundles and have shown that the flow field is complexxtension of work reported previously by the authors in McClusky
Computational fluid dynamicéCFD) has been implemented toet al.[6] that studied the lateral flow fields in a single subchannel
provide additional insight into the flow field, to streamline the gridlownstream of a split-vane pair grid with only one active vane
design process, and to perform parametric studies of grid featurpair. In the present study, measurements are acquired for a
Previous numerical simulations of the flow field in rod bundles af@lly vaned 5<5 support grid in multiple subchannels to gain
summarized in Table 2. The CFD efforts modeled either a portignsight into differences of the lateral velocity fields among the
of a subchannel, a single subchannel, or two subchannels fogubchannels.
single span that commences upstream of the grid. Periodic bound-
ary conditions were implemented at the boundaries of the sub- Experimental Facility and Measurements
channel. The standatd-¢, RNG k—¢g, and nonlinear quadratic
k—e turbulence models were investigated in the CFD efforts. Tt]
importance of benchmarking CFD was discussed in Smith et
[13]. Karoutas et al[4] experimentally measured the lateral an

The experimental facility was designed and constructed to al-
w full-field measurement of the lateral velocity in multiple sub-
annels in the rod bundle. The lateral velocity fields are acquired

- " - sing a particle image velocimetry technique. Details of the ex-
aX|aII( \:jeI;)u]ElesCquglgl LDV, and tthelzDX datha serkv%d gEDbenc jerimental facility essential to the particle image velocimetry
mark data for - Imaizumi et aJ14] benchmarke '®" measurement technique are emphasized below.

sults using the circumferential pressure distribution over the sur-
face of the rod. The LDV data of Karoutas et[d] and Yang and 2.1 Experimental Facility. A drawing of the experimental
Chung[8] were used to benchmark the CFD model of 15)]. facility is shown in Fig. 2. Water is used as the working fluid. The
Ikeda and Hosh[16] implemented CFD to analyze the flowflow loop consists of a constant head tank, heat exchanger, vari-
downstream of both a*65 and 3<3 rod bundle with a split-vane able speed pump, flow straightener, test section, and flowmeter.
pair grid design. A single grid span of each of the rod bundles wa$e Lexan test section accommodates a square-arrayédréd
modeled computationally. Lateral velocity vectors downstream blndle, and the test section height and length are 65 mm and
the 5x5 rod bundle were presented for a single axial location. 1.64 m, respectively. The rod bundle is constructed using 9.5 mm
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DETAIL A In the present study, high-density PIV using the cross-

T correlation analysis method is employg&drian [18]; Keane and
// TEST SECT'\ON Adrian [19]). In the cross-correlation method, a sequence of im-
,(,,,{,,,4,,,!!4,% FLANGE age pairs is acquired and results in a sequence of instantaneous
velocity fields. In the present study, the instantaneous velocity
RODS - cw \ fields are a}qquired ata time interval of 0.1 s as determ_ined t_)y the
| laser repetition rate. The time between the two images in an image
pair, or the time delay, was 12&s. Each image pair is analyzed
N ) BORESCOPE using an interrogation region size of 832 pixels with 50% over-
N 7 lap among neighboring interrogation regions. Thirteen instanta-
FLOW —— neous velocity fields are acquired in the present study and the
TANK STRAIGHTENER time-averaged velocity field is used for discussion and further
TEST SECTION DETAIL A analysis. At each axial location, the,§) origin of the center of
| w /i the subchannel is located using an in-house image analysis soft-
. FLOWDIRECTION &~ ware package.

The uncertainty of the velocity magnitude is estimated based on
a formal uncertainty analysis approach and velocity measurements
of a fundamental flow field. A formal uncertainty analydigQ],
yields a conservative estimate of the uncertainty and is based on
the uncertainty in the particle displaceméngsolution is+1/2
pixel or 14.08um) between image pairs and the measured time
rods that are supported on a 12.6 mm pitcR/D=1.33, delay. The uncertainty in the velocity_magnitude_ of_ each velocity
W/D=0.77) as shown in Fig.(b). The hydraulic diameter of a vector based on the formal uncertainty analysstﬂsO%. PIV
single subchannel is 11.78 mm. Three grids are used to assen¥§ilocity measurements of a fundamental flow field, that of a sub-
the bundle and are placed on a span of 508 mm. The first grid"i&er,ge‘j jet, were within*3% of the velocity measurements
located 90 mm downstream of the test section inlet. A hybrid rdFhieved based on a catch and weigh analysis. Based on the result
construction is employed to allow optical access to the subchdi-the formal uncertainty analysis and the uncertainty in the mea-
nels at axial locations downstream of the third grid. The hybrigirements of the fundamental flow field, the uncertainty in the
rods are constructed from zircaloy and transition to quartz 15 mi@gnitude of each velocity vector in the present study is estimated
upstream of the third grid. The outlet of the test section was d@s £6%.
signed to accommodate a forward viewing borescope used for PV
measurements. The optical borescope allows measurements o heReSUItS
lateral velocity field in a single subchannel. A cross-sectional view Particle image velocimetry measurements documented the
of the test section outlet is provided in Fig. 2. streamwise development of the lateral velocity fields in four sub-
Lateral velocity data were acquired at an average axial velocithannels downstream of a support grid with split-vane pairs. Mea-
of 2.4 m/s and at a water temperature of 20°C. The Reynoldarements were acquired for a Reynolds number of 28,000 and for
number based on hydraulic diameter was 28,000. Lateral veloci#figven axial locations ranging from 1.4 to 13,0 The results
fields were measured at axial locations of 17 to 200 (M to presented represent typical flow patterns identified after investiga-
17.Dy,) for subchannels 5, 6, 7, and 10. tion of 13 different support grid designs with split-vane pairs.
Additional lateral velocity fields obtained by the investigators for
. X X ; ; .. flow downstream of different split-vane type support grids can be
image velocimetry provides opportunity for full-field velocnyfound in McClusky et al[6] for a single subchannel and in Arm-
measurements at a high spatial resolution, which allows detectigly [21] and Armfield et al[22] for multiple subchannels. The
of spatial structures in the flow. Two-dimensional particle imaggeynoids number investigated in the present study is an order of
velocimetry (PIV) is a well-established full-field velocity mea- , ynitde lower than that occurring in the core of a nuclear re-
et Do s L 3G Tovever, comparisons of th fesls of e preset sty
simulations at in-core conditions indicate that the over-
. . all flow structures and decay rate of the swirl are similar. Addi-
The major components of a PIV system include tracer particleg, oy a5 stated in Smith et dl13], a CFD modeling method-
a light source, and image acquisition equipment. The tracer pgfaqy established at low Reynolds numbers can be extended to
ticles used in the present study are 2040 fluorescent particles ;.\ 0o flow conditions.
(Johns Hopkins University Laboratory for Experimental Fluid The streamwise development of the lateral flow field is charac-
Mechanics. To illuminate the tracer particles in the flow, &i7eq into two regions, Region I and II, based on qualitative
double-pulsed Nd:YAG laséBpectra-Physics PIV-40s used aS .44 cteristics of the lateral flow structure. Quantitative measures

the light source. The laser light is emitted at a wavelength gt yhe |ateral velocity field are presented and the results of the
532 nm at a repetition rate of 10 Hz. The pulse duration and pL#Eje

! resent investigation are compared with McClusky ef@ll. The
energy are 10 ns and 450 mJ, respectively. The laser beant s g\ rements of the present study are also compared with laser
shaped into a light plandaser shegtusing an optical slit and poojer velocimetry measurementékeda et al. [23]) for
cylindrical I_ens. The resulting Ias_er sheet width is 2.5 mm. Opticgle" came rod bundle geometry, support grid design, and flow
access to image the tracer particles in the flow field of the su bnditions
channels is achieved using a forward viewing optical borescope '

(ITl, Inc.) with a viewing angle of 10°, a diameter of 6 mm, and a 3.1 Lateral Flow Structure. In the present study, the rod
length of 0.648 m. The particles are imaged onto the CCD array lofindle is constructed using support grids that are designed with
a Kodak Megaplus 1.0/SC camera that has a resolution of 11§8it-vane pairs. The vane geometry and subchannel numbering
X1018 pixels; however, the optical borescope projects a circulscheme are presented in Fig. 1. As shown in Fig. 1, the vane
image with a diameter of 525 pixels onto the array of the CCpattern in subchannels 5, 7, and 10 is the same and in these sub-
camera. At a working distance of 130 mm, each pixel is 2@46 channels the vanes are oriented in the east and west directions.
as determined by calibration. The timing of the PIV system is s&he vanes in subchannel 6 are oriented in the north and south
using a Four-Channel Digital Delay/Pulse Generdi®tanford directions. The bulk flow is in the streamwise direction and large-
Research Systems DG 535 scale flow structures are generated from the vanes located on the

FLOWMETER

Fig. 2 Drawing of the experimental facility

2.2 Particle Image Velocimetry Measurements. Particle
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support grid. Figure 3 shows representative lateral velocity fieldsialitative behavior of the vortex merger is consistent among
and axial vorticity fields presented using a normalized Cartesifimese three studies. Meunier et [@6] described the merger pro-
coordinate system with the origin located at the center of tleess using two stages. In the first stage, the vortices remain at a
subchannel. The lateral velocity fields presented in Fig. 3 wegenstant separation distance and rotate around each other. In the
selected to illustrate the typical streamwise development of teecond stage, the separation distance between the two vortices
lateral flow fields as well as the different characteristics identifieéipidly decreases and the vortices merge. In the present study, the
between subchannels. Additional lateral flow fields are not showdferger process of the tip vortices shed from the split-vane pairs
due to space limitations, however, results for all four subchannejgs comparable qualitative characteristics.

are discussed. Two main characteristics of the lateral flow struc-|n the present study, Region | is characterized by multiple vor-
ture are the swirling flow in the central region of the subchanngtes in the subchannel that interact, and measurements in this
and the lateral flow within the subchannel near the surfaces of thgjion are from the vane tips to £2. Region Il ranges from
rods. As preViOUSIy discussed in this SeCtiOI’], the streamwise %@reamwise measurements locations of 6.3 to DZO“’] this re-
velopment of the lateral flow field is characterized as Region | arflon, a circular vortex is present in subchannels 5, 6, and 7. A

Region Il based on the flow structure observed at the discreigyresentative flow structure for these subchannels is shown in
streamwise measurement locations. Region | includes streamvxﬁ@. 3(c) for subchannel 7 at an axial location of B3. The
locations from the vane tips to 43 . In Region |, multiple vor- - ormation of the single vortex in subchannels 5 and 7 results from
tices are present in the subchannel. Region Il extends from 6.3 gissipation of one of the tip vortices whereas in subchannel 6
17.00y, and a single vortex or hairpin shaped flow structure ife o tip vortices merged to form the single vortex as identified
formed in the subchannel. o ) ) in the lateral flow fields for streamwise locations of 1.4 to5,3

The representative flow field presented in Fige)3s in Region - a5 the flow develops in the streamwise direction, the circular
| of subchannel 6 at/Dy,=1.4. As shown_ln Fig. @), |mmed|-_ ortex migrates within the subchannel for subchannels 5, 6, and 7.
ately downstream of the vanes four vortices are observed in tpge o ajitative characteristics of lateral flow field of the present
subchannel. The term vortex refers to a region of large magnltug(ady are similar to the CFD predictions of Imaizumi et[al]

vorticity surrounded by an irrotational fIO\(\Saffman[S]_). Two and In[15]. However, In[15] stated that as the flow develops in
vortices are generated from each vane. One vortex is shed frgm

the vane tip(tip vortex) and the second vortex is shed from th € streamwise direction the swirling fI_ov_v strengtheps aT‘d the
knee of the vanéknee vortex. The tip and knee of the vane arijateral flow weakens whereas the predictions of Imaizumi et al.
indicated in Fig. 1c). The two tip vortices form a corotating vor- [14] ShOW. that th? magnitude of the swirling flow decreases, the
tex pair, with one tip vortex located in the northwest region of thiortex mlgrhates kl)n hthe s]uPrchhan.nell}. and ds.,;rrong Iatetr)al flow 'rs]
subchannel and the second tip vortex located in the southeastREgSent in the subchannel. The significant differences between the

gion of the subchannel. The location of the tip vortices is consi&F D analysis of Imaizumi et af14] and In[15] include different
tent for all subchannels examined in the present stsdjchan- computation meshes and domains. The streamwise development

nels 5, 6, 7, and 10In Fig. Xa), the knee vortices are located inof the data of the present study is similar to that of Imaizumi et al.
the west and east rod gaps as determined by the vane configl[lilé']- L ) ) .
tion in subchannel 6. In subchannels 5, 7, and 10, the knee vorti-A hairpin shaped flow structure is present in subchannel 10 in
ces are located in the north and south rod gaps. Strong latdR@gion Il and is shown in Fig.(8). In subchannel 10, the hairpin
flows are present along the surfaces of the northeast and southvggped flow structure persists for all axial locations in this region.
rods in subchannels 5, 6, 7, and 10. In Ikeda and Hosh[16], differences in the flow fields between
As the flow develops in the streamwise direction, the knee vostbchannels 7 and 10 were attributed to asymmetries in dimple
tices have completely dissipated by an axial location of eith@nd spring patterns of the support grid design. The support grid
2.8D, or 4.2D,,. \Vortex interactions are observed at streamwis@esign investigated in Ikeda and Hoghb] is similar to the one
locations of 2.8}, and 4.D,,. In subchannels 5, 7, and 10 one ofexamined in the present study.
the vortices weakens and forms a re-circulation region of prima- The effect of confinement on the flow field in the<5 rod
rily axial flow as shown in Fig. ®). Figure 3b) presents the flow bundle is important as demonstrated by the differences among the
field in subchannel 7 at an axial location of R,8and demon- flow fields in these four subchannels. The vane pattern, as shown
strates that the tip vortex located in the southeast region is weakerFig. 1(a), and housing walls create a global flow in the rod
than the tip vortex located in the northwest region of the subchamudndle that affects the lateral flow in the subchannels. For some
nel. In subchannels 5 and 7, the vortex located in the northwelistance downstream of the support grid, the development of the
region of the subchannel is stronger than the vortex located in tlageral flow fields is essentially free of wall effects. However,
southeast region of the subchannel. The southeast vortex is strfamther downstream the development of the flow is influenced by
ger than the northwest vortex in subchannel 10. At an axial loctre walls. For numerous grid designs, a result of the global flow
tion of 4.2Dy, in subchannels 5, 7, and 10, the weaker tip vortegattern is that the direction of the lateral flow in the rod gaps
has dissipated and the formation of a single vortex is initiated. Theverses as the flow develops in the streamwise direction. This
central vortex is circular in shape. On the contrary, the tip vorticeharacteristic of rod gap flows occurring downstream of support
in subchannel 6 are of similar strength at2,8and have merged grids with split-vane pairs is discussed in Shen ef@). Shen
to form a central vortex by 42, . The single vortex is oblong in et al.[9] showed that as the vane angle increa$ecteased swijl

shape and is oriented along the northwest/southeast direction. the streamwise location marking the reversed flow in the rod gaps
The vortex interactions and merger process observed in thyved further upstream.

present study is similar to that for corotating paired vortices for

the unconfined flows of Devenport et 424], Chen et al[25], 3.2 Integral Analysis. Integral measures of the streamwise
and Meunier et al[26]. The method employed to generate th&levelopment of the lateral velocity field employed in the present
corotating vortex pair is unique to each investigation. Devenpdrvestigation are lateral kinetic energy, maximum lateral velocity,
et al.[24] and Chen et al[25] experimentally measured the ve-centroid of vorticity, radial profiles of average azimuthal velocity,
locity fields downstream of a pair of airfoils and downstream of and average angular momentum.

flapped airfoil, respectively. In these two studies, an axial velocity Lateral kinetic energy is an integral measure of the magnitude
component is present. Meunier et §26] examined the paired of the lateral flow field in the entire subchannel and is independent
co-rotating vortices created by impulsively starting two flat platesf the flow structure type. The lateral kinetic energy is based on
Each plate was rotated about its vertical axis to create two vortielocity measurements in the entire subchan8efnd is defined
ces. The flow field did not have an axial velocity component. Thas
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Fig. 4 Streamwise development of lateral kinetic energy
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The maximum lateral velocity is characterized for two regions
within each subchannel: the northeast region and the southwest
region as indicated by the dotted diagonal line in Fig).3Within
each region, the maximum lateral velocity is determined as the
average of the five vectors with the largest velocity magnitude.
The centroid of vorticity, the radial profiles of average azi-
muthal velocity, and the average angular momentum calculations
are performed for lateral velocity fields with a vortical flow struc-
ture. The lateral flow structure in subchannels 5, 6, and 7 is char-
acterized by a single vortex whereas a hairpin shaped flow struc-
ture is formed in subchannel 10. These measures are not
calculated for subchannel 10 data. The center of the swirling flow
region is characterized using the centroid of vortidi8affman
[5]). In the present study, the centroid of vorticity is determined
for a circular region located at the visual center of the vortex. For
calculating the centroid of vorticity, the radius of the circular re-
gion, ry, is 2.5 mm. The radial profiles of average azimuthal
velocity are determined for a circular region located at the cen-
troid of vorticity. An example of the circular region is shown in
Fig. 3(c). The radius of the circular region used for determining
the radial profiles of azimuthal velocity was 3.5 mm for subchan-
nel 6 and was 2.5 mm for subchannels 5 and 7. A fourth-order
polynomial curve fit is applied to the data in each region. The
output from the curve fitting process represents the average azi-
muthal velocity. At each axial location, the average angular mo-
mentum is calculated for a circular region of 2.5 mm located at
the centroid of vorticity. For a detailed discussion of these integral
Wil measures see McClusky et f].

P(2)=

e 3.3 Results of the Integral Measures in Region Il. Figure

257 4 presents the streamwise development of the lateral kinetic en-
8 ergy for all four subchannels examined in the present study. The
257 maximum lateral kinetic energy is located between 2.8 anB 4.2
429 in subchannels 5 and 6. The maximum lateral kinetic energy for
-£00 subchannel 10 occurs at 2§ and at 4.®,, for subchannel 7. As

the flow develops in the streamwise direction, the lateral kinetic
energy decreases. At a streamwise location off,0the lateral
kinetic energy is 30 to 50% of the value at D@ or the lateral
kinetic energy is 20 to 40% of the maximum value of lateral
kinetic energy. The magnitude of the lateral kinetic energy is
larger in subchannel 6 than in the other three subchannels for all
streamwise locations.

Fig. 3 Lateral velocity and axial vorticity fields for (a) Region The maximum lateral velocity in the northeast and SOUt,hwe,St
I: subchannel 6 at 1.4 D,: (b) Region I: subchannel 7 at 2.8 D,; regions of subchannels 6, 10, and 5 and 7 are presented in Figs.
(c) Region II: subchannel 7 at 6.3 Dy,; (d) Region II: subchannel 5(a), (b), and(c), respectively. Comparison among these figures
10 at 8.5D,. shows that the magnitude and the spatial decay rate are specific to
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tial decay rates. In these subchannels, the maximum lateral veloc-
ity is higher in the northeast regions of the subchannels.

The location of maximum lateral velocity within the subchannel
varies for a single subchannel in the streamwise direction and
among subchannels. Typical locations of the maximum lateral ve-
locity within a subchannel include the flow near the surface of a
rod, in arod gap, or in the approach flow of an impingement point
on the surface of a rod. Details of the locations of the maximum
lateral velocity are discussed for subchannels 6 and 10. The flow
structure in subchannel 6 is characterized by a circular vaeex
representative flow structure is shown in Fi¢c)3. In subchannel
6, for streamwise locations of 6.3 and B;5the maximum lateral
velocity in the northeast region of the subchannel is located near
the surface of the northeast rod in the north rod gap. At axial
locations of 12.7 and 1700),, the maximum lateral velocity is
located along the surface of the southeast rod and is located in
flow that impinges on the surface of the northeast rod, respec-
tively. In the southwest region of subchannel 6, the maximum
lateral velocity is located along the surface of the southwest rod at
streamwise locations of 6.3 and B.5. At axial locations of 12.7
and 17.@,,, the maximum lateral velocity impinges on the sur-
face of the southeast rod, and flows out of the south rod gap,
respectively. In subchannel 10, a hairpin shaped vortex is formed
as shown in Fig. @l). In the northeast region of the subchannel,
the maximum lateral velocity is located along the surface of the
northeast rod in the north rod gap at axial locations of 6.3 to
17.MDy, . In this region, flow is entering the subchannel. The maxi-
mum lateral velocity in the southwest region of the subchannel is
located along the surface of the southwest rod at streamwise lo-
cations of 6.3 and 8[3,. At an axial location of 123, the
maximum remains along the surface of the southwest rod, and is
located in the west rod gap. The maximum lateral velocity is
located in the west rod gap at 1D.f).

The flow structure in subchannels 5, 6, and 7 is characterized
by a vortex and further analysis of the lateral flow field is per-
formed in these subchannels. The center of the vortex is taken as
the centroid of vorticity and is used to show the migration of the
vortex within the subchannels. Figure 6 presents the centroid of

a subchannel. In subchannelfeg. 5a)), the magnitude and the vorticity in subchannels 5, 6, and 7 for seven streamwise locations
spatial decay rate of the maximum lateral velocity in the northeastnging from 6.3 to 17D,,. For each subchannel, the filled sym-
region of the subchannel is similar to that in the southwest regidmol indicates the centroid of vorticity at @3 . The open symbols

As the flow develops in the streamwise direction in subchannel irilicate the migration of the vortex for the three additional
(Fig. 5(b)) the maximum lateral velocity in the northeast region istreamwise locations ranging from 8.5 to 17,Q In subchannel 6
lower than that in the southwest region. Subchannels 5 dRij7 at a streamwise location of @3, the vortex is located just north
5(c)) have similar maximum lateral velocity magnitudes and spaf the center of the subchannel whereas the vortex is located to-
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Fig. 7 Radial profiles of azimuthal velocity for subchannels 5

Fig. 9 Comparison of radial profiles of azimuthal velocity for
and 7 (r,=2.5 mm)

subhcannel 6 of the present study with [6] (r,=3.5 mm)

ward the surface of the southeast rod in subchannels 5 and 7. Asigure 7 presents the radial profiles of azimuthal velocity for
the flow develops in the streamwise direction in all three subchagubchannels 5 and 7. The swirling flow structures in subchannels
nels, the vortex migrates towards the southeast rod. The recind 7 rotate in a clockwise direction as opposed to the counter-
bundle data of McClusky et dl6] for a support grid with a single clockwise rotation of the swirling flow structures in subchannel 6;
split-vane pair shows that the center of the vortex migrates ttherefore, the magnitude of the tangential velocity has a negative
wards the northwest rod in the subchannel for axial locations gélue. Figure 8 presents the radial profiles of azimuthal velocity
8.5t0 17.@y,. The centroid of vorticity is employed as the originfor subchannel 6. McClusky et 6] used the Lamb-Oseen vor-

of the coordinate system for calculation of the radial profiles @éx as an analytical model for the radial profiles of azimuthal
azimuthal velocity and the streamwise development of the angulaflocity. The analytical model for a Lamb-Oseen vortex is

momentum.
Radial profiles of azimuthal velocity are shown in Fig. 7 for V(1 t)= Iy (1—e‘r2’4"t) @
subchannels 5 and 7 and in Figs. 8 and 9 for subchannel 6. The AN 2

shape of the radial profile of azimuthal velocity is consistent with

a forced-free vortex. The azimuthal velocity follows a forced vor/Ner€lo is the asymptotic limit of circulation and is taken as the
irculation for a circular region with a 2.5 mm radius located at

tex profile from a radius of zero where the azimuthal velocity i . - X

zero to the radial location of the maximum azimuthal velocity. | Ie ckentr0|d| O(]; vzrtlc!ty arlld following Chen Etl EEEE] ang I\tglc-dl
the region from the location of the maximum azimuthal velocit usky et al.[6] 44t is taken as a constarlté n2 € rod bundie
to the edge of the vortex, the azimuthal velocity profile followstudy of McClusky et al[6], 4vt was 1.8<10" ®m" and for sub-
that of a free vortex. This qualitative behavior is similar to é‘han_”f' 26 of the present studyv# was determined as 4.4
Lamb-Oseen vortetChen et al[25] and McClusky et al6]). As X 10 m°. _The resulting ra_dlal profiles of azimuthal ve_locny are
the flow develops in the streamwise direction, the azimuthal v&lown in Fig. 8. The experimental data and the analytical predic-

locity decreases and the radial location of the maximum azimuttigns qualitatively agree. _ _ _
velocity moves toward the center of the vortex. Figure 9 compares the radial profiles of azimuthal velocity de-

veloped using the Lamb-Oseen model for the present study with

those of McClusky et al.6]. Both investigations were acquired at
02 the same flow conditions; however, the design of the support grids
’ was different. The support grid employed in McClusky et[él.

0.18 - had a single split-vane pair in subchannel 6 and the vanes in all
0.16 4 other subchannels were aligned with the bulk flow so that swirling

’ flow was created only in subchannel 6. This flow condition may
0.14 - be thought of as swirling flow in a single subchannel that is sur-
0.12 - rounded by infinite parallel channels or as swirling flow in a sub-
e channel without wall effects. In the present study, the support grid
> 0.1 A had split-vane pair located in all subchannels and welds are
;"0.08 | formed on the grid at the center of the subchannel as shown in

¢ 85

Fig. 1(c). The azimuthal velocity magnitude is larger for the data

0.06 - a 127 of McClusky et al.[6] than the present study. The maximum ve-
x 17.0 locity is located closer to the center of the vortex for the data in
0.04 - — Lamb-Oseen

Fig. 8 Radial profiles of azimuthal velocity in subchannel 6

0.25

0.5
",

T

0.75

McClusky et al.[6] than for the data of the present investigation.
Figure 10 shows the streamwise development of the normalized
angular momentum for subchannels 5, 6, and 7 of the present
study. The angular momentum was determined for a circular re-
gion with a radius of 2.5 mm that is located at the centroid of
vorticity. The angular momentum was normalized by the value of
angular momentum at 628, and the values of angular momentum

(r,=3.5) mm) at 6.3, are provided in Table 3. At this streamwise location, the
z/D,, 6.3 8.5 12.7 17.0 largest value of angular momentum results from the flow field in
[(cn?s  9.11 10.01 7.13 6.64 subchannel 6. As the flow develops in the streamwise direction,
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Fig. 10 Streamwise development of angular momentum (see
Table 3 for values of angular momentum at 6.3 Dj)

Fig. 11 Comparison of PIV and LDV data for subchannel 7 at
2.8Dy (n;,=8.32 mm)

the angular momentum decreases in the three subchannels.cﬂ@pa“z?n' A%r?ﬁmderl[t behtween LD\t/ a?? PI(;/ miﬁsdqr(tement? IS
shown in Fig. 10, the spatial decay of angular momentumi asonable, and the data Show consistent trénds with distance from

e [0 ach subehamel Meclusy el haracerized the ([ [2% IS, DA el 2ie comas o subename o
spatial decay of angular momentum as ment between the independent LDV and PIV measurements.
Q(z/Dy)=C e~ C2@0n (3) Similar comparisons were made for subchannels 6 and 10 for
. - several axial measurement locations. These comparisons suggest
T?ebslins; z:gg'dzsnéhforcoﬁggsgfl ;ngé]:z 'I%retk(‘:%:fﬁf:?egzcthe that the location of the flow structures may have been somewhat
P udy . Y - 2 different in the two facilities, with the flow field in subchannel 10
characterizes the spatial decay of angular momentum, and . :

! - . ibiting the greatest differences.
smallest value ofZ, is associated with subchannel 6. The lateral

flow field in subchannel 6 had the largest value of angular m _As previously mentioned, comparison of the data from these
9 9 Rwo experiments is a data replication. The combination of the high
mentum and decays at the slowest rate.

velocity gradients near the surface of the rods and the uncertainty
3.4 Comparison of PIV and LDV Measurements. This in the location of the rod surface in the PIV measurements may

experimental program to document the velocity field in the rogontribute to the observed differences in the tangential velocity

bundle was conducted in collaboration with Mitsubishi Heavy Inmeasurements.

dustries, Ltd. Mitsubishi Heavy Industries, Ltd independently per-

formed the laser Doppler velocimett{DV) measurements in a4 Summary

rod bundle having the same geometry and grid as the present PVrhe ; :
. present study documents detailed lateral flow fields for a
measurementkeda et al[23]). The LDV data are truly a repli- 5.5 o4 pundle assembled using support grids with split vane

cation of the present PIV results, as the measurements were F4irs. Fundamental data fronx5 (or similan testing is used to
quired in a completely separate flow loop. %

Fi 1 id . bet t tial vel evelop local heat transfer and local mass exchange parameters
Igure ?rofw esLaD\(/:omzalrjlls\?n_ gvxéein an|g(;n '? vg OC¥r use in full core thermal design models of a nuclear reactor.
measurements from an In subchanneél 7 at a doWhyq s an accepted and licensed methodology that is also used in
stream location of 2IB,,. The coordinate direction is normal to

S i . ; afety related DNB testing. Investigation of the detailed lateral
rod 13, and coincides with the line connecting the centers of ro Sw field downstream of a support grid with vanes provides im-
13 and 9Fig. 1(b)). The origin of the coordinate system is locateq,q 12 nt information that can be used to benchmark models which

on the surface of rod 13. A coordinate transformation of the Pl : ; :

: h .can be used to develop improved support grid and vane designs.
an_d the LDV datg was performed to obtain Fhe tang‘?'ﬁ“a' velocity Particle image velociFr)netrF))/ was emSI?)yedgto measure the Iat%ral
using this coordma@e system. The tangential velocities from tl'f’l%w field at streamwise locations in four subchannels of a model
PIV measurement in Fig. 11 were selected from the measurﬁfél assembly. The support grids of the model fuel assembly had
values of PIV that corresponded most closely to the LDV MeQpit-vane pairs located on the downstream edge. Vortical struc-
surement locations. These measurement points are gener. %s are shed from the vanes and persisted in the streamwise

within 0.35 mm of the corresponding LDV measurements, with glfirc tion The streamwise development of the lateral velocity field
locations less than 0.5 mm displaced from the LDV measurg;

" . . men ing integral m r h lateral kineti
ments. The positive sense of the PIV and LDV tangential veIocné(as documented using integral measures such as latera etic

! ) ergy, maximum lateral velocity, centroid of vorticity, radial pro-
component is counterclockwise around rod 13. A curve represebfac “of azimuthal velocity, and angular momentum. Data were
ing a fourth-order polynomial fit to the PIV data is provided fo : )

rpresented for a nominal Reynolds number of 28,000 and for seven
streamwise locations ranging from 1.4 to 17,Q The results of
the present study were compared with McClusky ef@].and

Table 3 Angular momentum parameters with the laser Doppler velocimetry measurements of Mitsubishi
Q (cnfis) Heavy Industries, Ltdlkeda et al[23)). The flow fields in this
Subchannel 2/D,=6.3 C, (crls) C, paper are representative of the flow fields downstream of split
vane pairs having a weld nugget cutout in>a%rod bundle. The
g g-gg ?'8(25 88% major flow structures for this type of geometry have been pre-
7 5.03 8.30 0.049 Sented and discussed. While the details of the split vane pair grid-
[6] 15.5 0.063 design and some data are proprietary, enough information hasbeen
provided for general CFD benchmarking.
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The streamwise development of the lateral flow field was di- v = kinematic viscosity(m?/s)
vided into Region | and Il based on the flow structure. Region | & lateral kinetic energym?/s?)
begins at the vane tips and extends toD4,2 In Region |, mul- I'y = circulation (cn?/s)
tiple vortices are present in the subchannel. A corotating vortex () angular momentunicn?/s)
pair is shed from the vane tips and the vortex pair persists down-
stream whereas the knee vortices dissipate. As the flow devel s]c
in the streamwise direction, the tip vortices interact. Interactio%ge erences
include dissipation of one vortex or merger of the two tip vortices. [1] Conner, M. E., Smith, L. D. Ill., Paramonov, D. V., Liu, B., and Dzodzo, M.,

; ; ; ; . P 2003, “Understanding and Predicting the Flow Field in a Reactor Cdten*
At 4'2Dh In Reglon l, a Smgle vortex Is present; however, it is not ceedings of the ENS TopFuel 2003/ANS LWR Fuel Performance Meeting 2003

a cohert_ant circular shape. Region Il extends from 6_-3 to7,0 Topfuel ConferenceMar. 16—19, Wurzburg, Germany INFORUM GmbH,
and a single vortexsubchannels 5, 6, and @r hairpin shaped Bonn, Germany.
flow structure(subchannel 10forms in the subchannel. In this [2] EOI!‘OTVI:ayépfA'\t/” fgnovefEE%’DMCC'uskyAH; L-,ﬂ?ela\?ley,tp- E, Eontn}?fv M.

; ; ; ., “The Effect of Support Grid Design on Azimuthal Variation in Heat Trans-
.reglon’ the vort_ex m.lgra?es in the subchannel as the ﬂ.OW deveIOps fer Coefficient for Rod Bundles,” Proceedings of the 2003 ASME International
in the streamwise d'reCt|0n-_The flow structure in Reg'_on Il of the  \echanical Engineering Congress and Exposition, Washington D.C, Nov.,
present data agreed well with the flow structure predicted by the IMECE2003-41939.

CFD results of Imaizumi et aJ14]. Herr and p'f-bsﬂe[g] showed [3] Herr, W., and Pibstle, G., 1987, “Index Matched Flow Measurements in Rod

; : . : H Bundles Near Grid Spacers With Swirl GeneratorSgcond Annual Confer-
that the normalized velocity profiles in the vane region are Rey- ence on Laser Anen?ometry: Advances and Appligatiﬁezp., Strathclyde,

nolds number independerﬁﬂ,OO(KRKﬁo,OOO: therefore, the UK, Institution of Mechanical Engineers, London, pp. 117—129.
lateral flow structures observed in the present paRer-28,000 [4] Karoutas, Z., Gu, C., and Sdim B., 1995, “3-D Flow Analysis for Design of
may be qualitatively similar to in-core conditioiRe=500,000 Nuclear Fuel Spacer,Proceedings of the Seventh International Meeting on

; Nuclear Reactor Thermal-HydraulicSept., Saratoga Springs, NY, American
of an actual pressurlzed water reactor. Nuclear Society, La Grange Park, I, pp. 3153—-3174.

The_ integral measures show that the Stren_gth O_f the SWir“nQS] Saffman, P. G., 199%/ortex Dynamics Cambridge University Press, New
flow differs among the four subchannels examined in the present vork.
study. The lateral velocities in subchannel 6 were larger than irf6l [VlcCIuIsky, H. L.,fHollp\Ilyay, l\l/l V., Beasley, D. E.,I and C%nner, |'Y'|' E., 2002,
subchannels 5, 7, and 10. In addition, the angular momentum in Flljuei;: %ﬂ”{;egfpsv‘gzg’_@’ggw in a Rod Bundle Subchannel,” ASME J.
subchannel 6 had the slowest spatial decay. As the flow developgg Herer, c., 1991, “3-D Flow Measurements in Nuclear Fuel Rod Bundles Us-
in the streamwise direction, the vortices in subchannels 5, 6, and 7 ing Laser Doppler Velocimetry, Proceedings of the ASME FED Fluid Mea-
migrate toward the southeast rod. The radial profiles of azimutha| surements and Instrumentation ForuASME, New York, 108 pp. 95-97.

(R ; 8] Yang, S. K., and Chung, M. K., 1998, “Turbulent Flow Through Spacer Grids
velocity in subchannels 5, 6, and 7 were modeled using the an in Rod Bundles,” ASME J. Fluids Eng120, pp. 786791,

lytical form of the azimuthal velocity for a Lamb-Oseen vortex. [q) shen, Y. F, Cao, . D., and Lu, Q. G., 1991, “An Investigation of Crossflow
The measured data were well predicted by the Lamb-Oseen vortex Mixing Effect Caused by Grid Spacer With Mixing Blades in a Rod Bundle,”
model. Differences in the lateral flow fields have been identified Nucl. Eng. Des.125 pp. 111-119.

f : f Ouma, B. H., and Tavoularis, S., 1991, “Flow Measurements in Rod Bundle
for several subchannels in the<5 rod bundle. While these dif- Subchannels With Varying Rod-Wall Proximity,” Nucl. Eng. De&31, pp.

ferences are not completely understood, subtle differences in the 193_50s.
support grid design, peripheral vane orientation, and the effect ¢f1] Meyer, L., 1994, “Measurements of Turbulent Velocity and Temperature in
lateral walls are expected to contribute to the differences in these  Axial Flow Through a Heated Rod Bundle,” Nucl. Eng. DeB46 pp. 71-82.
flow fields [12] Krauss, T., and Meyer, L., 1996, “Characteristics of Turbulent Velocity and
: Temperature in a Wall Channel of a Heated Rod Bundle,” Exp. Therm. Fluid
Sci., 12, pp. 75-86.
[13] Smith llI, L. D., Conner, M. E., Liu, B., Dzodzo, M. B., Paramonov, D. V.,
ACknOW|edgmentS Beasley, D. E., Langford, H. M., and Holloway, M. V., 2002, “Benchmarking
This material is based in part upon work supported under a Computational Fluid Dynamics for Application to PWR FuePfoceedings of

National ien Foun ion Fellowshi h n hor. ICONE 1Q Apr., Arlington, VA, Paper No. ICONE 10-22475.
ational Science Foundatio ellowship to the seco d autho [14] Imaizumi, M., Ichioka, T., Hoshi, M., Teshima, H., Kobayashi, H., and

Yokoyama, T., 1995, “Development of CFD Method to Evaluate 3-D Flow

Nomenclature Characteristics for PWR Fuel AssemblyItansactions of the 13th Annual
_ _ . . Conference on Structural Mechanics in Nuclear Technaglofyg., Porto
C, = coeff!c!ent in angular momentum correlat!(xtmz/s) Alegre, Brazil, IASMIRT, pp. 3-14.
C, = coefficient in angular momentum correlation [15] In, W. K., 2001, “Numerical Study of Coolant Mixing Caused by the Flow
D = rod diameterm) Deflectors in a Nuclear Fuel Bundle,” Nucl. Techndl34, pp. 187-195.
D, = hvdraulic diameter of the subchanriet [16] Ikeda, K., and Hoshi, M., 2002, “Development of Mitsubishi High Thermal
Fr; _ yd ter-t t it (’m) r( ) Performance Grid,” JSME International Journal Seriegl&3), pp. 586—-591.
= frod center- o'.cen er.pl C. [17] Raffel, M., Willert, C., and Kompenhans, J., 19%8&rticle Image Velocimetry
n, = normal coordinate direction from surface of rod 13 t0 "~ springer, Berlin.
surface of rod dm) [18] Adrian, R. J., 1991, “Particle-Imaging Techniques for Experimental Fluid Me-

N, = normal coordinate distance from surface of rod 13 to ___ chanics,” Annu. Rev. Fluid Mech23, pp. 261-304. . .
' [19] Keane, R. D., and Adrian, R. J., 1992, “Theory of Cross-Correlation Analysis

surface of rod qm) of PIV Images,” Appl. Sci. Res49, pp. 191-215.
r = radius(m) [20] PTC 19.1, 1998, Test UncertainthSME Performance Test CogesSME
ro, = maximum radius of circle used for velocity profiles New York.
(m) [21] Armfield, M. V., 2001, “Effects of Support Grid Design on Local, Single-
. . Ph Turbulent Heat T fer in Rod BundleMlaster’s thesis Cl
Re = Reynolds number based on hydraulic diameter University. Clemson, SC. eslasters thesis Clemson
S = subchannel [22] Armfield, M. V., Langford, H. M., Beasley, D. E., and Conner, M. E., 2001,
t = time (s) “Single-Phase Turbulent Rod Bundle Heat TransfePfoceedings of 2001
u = x-direction velocity(m/s) ASME International Mechanical Engineering and Expositi&@§ME, New
— v.direction velocit (I’T‘I/S) York, IMECE2001/HTD-24116, pp. 1-8.
v Yy Yy [23] Ikeda, K., Makino, Y., and Hoshi, M., 2003, “Development of CFD Analysis
Vi, = lateral velocity,V,= Ju?+ v2, (m/s) to Estimate Flow Behavior of PWR Grid SpaceRfoceedings of ICONE-11
_ : . Tokyo, Japan, Paper ICONE11-36087.
\\;t B tar]glentllal yeloc;t)(m/s) [24] Devenport, W. J., Vogel, C. M., and Zsoldos, J. S., 1999, “Flow Structure
2z = axialve 0C|W(m_5) Produced by the Interaction and Merger of a Pair of Co-rotating Wing-Tip
V, = azimuthal velocity(m/s) Vortices,” J. Fluid Mech. 394, pp. 357—377.
W = rod center to housing wall distan¢mn) [25] Chen, A. L., Jabob, J. D., and Savas,1999, “Dynamics of Corotating Vortex
_ ; Pairs in the Wakes of Flapped Airfoils,” J. Fluid Mecl382, pp. 155-193.
X _ lateral PIV Coord!natém) [26] Meunier, P., Ehrenstein, U., Leweke, T., and Rossi, M., 2002, “A Merging
y = lateral P!V coordnjateﬁm) Criterion for Two-Dimensional Co-rotating Vortices,” Phys. Fluidss, pp.
z = streamwise coordinat@m) 2757-2766.
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The Structure of Wall-Impinging
Jets: Computed Versus
iimseng | THeoretical and Measured
et o Rasults

John Abraham

Professor In this work, the structure of computed wall-impinging gas jets is compared with theoret-

ical and experimental results presented in the literature. The computational study employs
the ke model to represent turbulence. Wall functions are employed to model momentum
transfer at the walls. The computed penetration and growth rate of the jet agree with
measured and analytical results within 10%. Computed radial velocities in the developed
region of the wall jet are self-similar as found in prior experimental and analytical works.
The computed radial velocity profile and quantitative values in the outer layer of the jet
and the location of the maximum radial velocity agree within 5% with measurements and
analytical results. Greater quantitative differences are found in the near-wall region.
Mixing characteristics of a wall-impinging jet are compared with those of a round free jet.
The wall-impinging jet mixes slower than the round free [&OI: 10.1115/1.1625686

School of Mechanical Engineering,
Purdue University,
West Lafayette, IN 47907

Introduction obtained with a Pitot tube at nondimensional radial distandés,
S S in the range of 9.5 to about 20.2, whexés the radial distance
Wall-impinging jets are formed when a free jet impinges on flom the origin as shown in Fig. 1. In this region, the radial

\_/vall_. Ir.] our work, we will focus on turbulent round free jet_s elocity in the wall jet was found to be self-similar when the
impinging normal to a flat wall. Once the turbulent round free Je\ri;;ldial velocity at any radial location was normalized by the maxi-

'MPINGES on the_wall,_lt sprea_ds radially alpng the wall a_nd formﬁnum radial velocity at that location and the perpendicular dis-
a turbulent wall jet. Figure 1 is a schematic representation of the

arrangement. The jet shown in Fig. 1 may be divided into thr%Ence from the wall was normalized by the half-width of the jet at

L9 ; . L2 . radial location. The half-width is defined as the perpendicular
regions: th(_a free jet region, the Impingement region and the.rad{ﬁsFtance from the wall to the point between the location of the
wall jet region,[1]. In this paper, we will us& to denote the radial . ; ) - o

maximum velocity and the ambient fluid where the velocity is half

axis .andy to denote the vertical axis in the jet as in_dic_ated on Fi%f the maximum velocity. It was also shown that the rates of decay
1. Itis assumed that the wall has no effect on the jet in the free & the maximum radial velocity and growth of the half-width with

region,[2,3]. e o h
Wall-impinging jets are encountered in several engineering aresr;gg;tec:jtgs rs?r?;glled:sg\?\?ecrelgwgn the impingement point could be

e : X
plications. Such jets are often employed to enhance heat transg . ' )
rates,[4,5]. In diesel engines, the impingement of the spray jet one?"’m"’lk‘?l and Tanakid 4] employed an experimental configura

the piston and cylinder walls may lead to flame quenching,t'zfl)n similar to that of Bakk¢13] and considered effects of nozzle

reduction in thermal efficiency and an increase in particulate a rgofrﬁzeod(;%mt%te(r) iilnql_;]n;pygtgllgge dr:i)tl?jgdill?mgaélroiemi:je fvé:;]edg 5
unburned hydrocarbon emissiof6~8]. In fact, our study is mo- 100 t- 5 3><165 " ) ty d f itud t-
tivated by our desire to improve the modeling of these jets withify 0 2 » I.€., Oné or two oraers of magnitude greater

the context of diesel engine applications. In diesel engines 0pmggslgrégew?gﬁflﬁlrc?tr-nvﬁ?ésaﬂ;r?wil:nkﬁ]e.r '\gte?]gn\:jeilrggwsin\/;?rr% dial
ating under warm conditions, i.e., as opposed to cold-start congi-

. L . . . P istancesx/L, of 2 to 100 from the impingement point. The rates
It:OS|Sd tnt:gsl,ltq|$2|fu$2t2$i|;;ubnélfl(()?g itnc; '?;plgr?]if%n_t?% V\ﬁg r]"’ésetheof change of the maximum radial velocity and the half-width with
itqis the vapor %/hat '?S likely to impinge ?)n the ‘Wa” ' Thus (')urthe radial distance were found to be close to the results obtained

X e - . by Bakke[13].

interest is in wall-impinging gas jets. ._In the two cases above, the measurements were obtained with
. Thheredhalve tile_en several Enor s_tug!eslofvt&]e s_tﬁuctgre of thel 16 atively smallL/D ratios such that a free jet region was not
in the radial wall jet region shown in Fig. 1. We will subsequent L - X
refer to this portion of the jet as the turbulent wall jet. These prié?resent before the impingement. Poreh e[ 6] carried out mea

studies will be reviewed below. We will review experimental stu urements in wall-impinging jets whele'D ratios were varied
) P rom 8.0 to 24.0. The jet Reynolds number varied from 1.2

ies first and then, analytical and computational studies. - . .
One of the earliest experimental studies of the wall jet was thz>1<t105 to 3.3<10°. Mean velocities and turbulence intensities

of Bae[ 13, His messuremerts were btaned by supplyng 1o %<8 Y 8 Sersinienperare rotute anemoete
through a nozzle with an orifice diametd, of 2.84 cm. The ' -

impinging distancel., between the orifice and the wall was 1 aximum ragiial velocity and half-width were shown.to fit power
cm giving anL/D rat,io of about 0.53. The jet Reynolds numbéraws just as in the measurements of Bakke. In addition, they pro-
N A . X osed expressions relating the maximum radial velocity and the
based on the mean injection velocity, orifice diameter and air d alf-width to the radial distance from the impingement point.
fusivity was about 4.8 10°. Radial velocity distributions were Witze and Dwyer[16] employed an experimental configuration
similar to that of Poreh et a[.15] and measured the maximum

Contributed by the Fluids Engineering Division for publication in ticeJBNAL radial velocity and half-width. In their measuremenit¢D was
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division . ) 18° "
February 18, 2002; revised manuscript received July 15, 2002. Associate Editor: k- /- The jet Reynolds number was aboutd18°. The velocities

K. Prasad. were measured at nondimensional radial distances of 0 to 1.0. The
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Orifice The Contribution of This Work
—> f—

— -y In this work, a multidimensional model is employed to compute

the structure of wall-impinging jets. Our computations are of tur-

Free jet region bulent round free jets that impinge on walls to form radial wall

) ] jets. We investigate the jet from the start of injection. As the jet
Impingement region penetrates into the ambient gas, and after impingement on the

wall, the jet may be divided into several sections at any instant in
time. Within about 20 orifice diameters from the orifice in the free
jet, there is the developing region of the jet where the velocity
profile is not self-similar but the structure has reached a steady
state. Beyond this point, but several diameters upstream of the
. 77X impingement point, is the fully developed region of the free jet
Wall ! X ' where the velocity profile is self-similar and the structure is
steady. Then there is the impingement region. Beyond the im-
pingement region, but some distance upstream of the tip of the
wall jet is the fully developed region of the turbulent wall jet
where the velocity profile is self-similar and steady. Then there is

measured constants in the power relationships relating the maie head vortex region which continues to penetrate. In subse-
mum radial velocity and the half-width to the radial distance wer@ent discussions in this paper, we will investigate the penetration
shown to be close to those of Poreh et[5]. It is interesting to of the tip of the jet with respect to t|n'1e,.|.e., the pgnetratlon rate,
note that Launder and RoflL7] in a review of experimental stud- 8 Well as the structure of the wall jet in the region where self-
ies of wall jets suggested a linear rather than a power relationsffiilarity and steady state have been reached. So, part of our jet is
for the growth rate of the half-width with the radial distance®/Ways transient but the other part is at steady state. o
which appears reasonable as the exponent in the power relation the work presented below, first, the computed rates of jet tip
ship is close to unity. penetration are compared with th_e_z measurements of Fujimoto
From a practical point of view, Tomita et 4lL8] have reported et aI._[3]. The measurements _of F_upmoto et al. were only of the
jet volume measurements in transient-free and wall-impinging jéf@nsient part of the jet and this will be reviewed below. Then, the
with the objective of determining entrainment rates in the two jefPMputed velocity profile, half-width, and maximum radial veloc-
and comparing them. In their work, air was injected into ambieffy variations Wlth radial distance and perpendicular-to-wall dis-
air where the pressure was 101 kPa and the temperature was $8t€ In the wall jet are compared with the measurements of Poreh
K. Three different nondimensional impinging distances, 18.§t al-[15], Witze and Dwyer[16], Bakke[13], and the results
39.6, and 61.0 were considered. The jet Reynolds number WEM the theoretical analysis of Glaugit9]. Finally, we also
about 1.3<10". The jet volume was estimated from particle jm-COMPare the mixing characteristics of free and wall-impinging jets
ages which identified the boundary of the jet. It was shown thg"d ighlight the differences between the two. In the next section,
for a period time after impingement, the rate of increase of eH1¢ specific experimental and theoretical results employed for

trained volume for the wall-impinging jet was greater than the rafg@MpParisons with our computational results are described.
of increase of entrained volume for the free jet but that the diffef-'¢ computational model and conditions are then discussed. Re-
ences reduced with increasing time after impingement, and finafigts @nd discussion follow. The paper ends with summary and
the rate of increase became slower than that of the free jet. conclusions.

Glauert[19] carried out an analytical study of the turbulent wall
jet. The flow at any radial cross section was divided into tw . .
regions: an inner region close to the wall and an outer regi(%f(pe”memal and Theoretical Results
further away from the wall. The two regions were separated by aThe computed jet tip penetrations in this work will be compared
middle region where the radial velocity was a maximum. For thaith the measurements of Fujimoto et 48]. They presented
inner region, where wall effects are dominant, the velocity waseasurements of jet tip penetrations of transient free and wall-
assumed to follow the 1/7th power-law velocity profile of Blasiusmpinging jets as a function of time after start of injectigkSI).
In the outer region, where free-shear effects are more dominahlie measurements were obtained by injecting acetylene gas,
Prandtl's mixing-length hypothesis was employed with the a&,H,, through a nozzle of 0.16 cm diameter into air where the
sumption of constant turbulent diffusivity. The two solutions wergressure was 101.3 kPa and the temperature was 293 K. The in-
matched at the point where the radial velocity is a maximunjection duration was 26 ms with a mean injection pressure of 2.9
Shear stresses were assumed to be zero at the point of maxinkita. The nozzle orifice was placed at 1.5, 2.0, and 3.0 cm above
radial velocity. Glauert obtained a similarity velocity profilethe wall, i.e., atL/D ratios of 9.4, 15.6, and 18.8. The jet Rey-
which showed agreement with the measured results of Bglie nolds number was about 6<a.0°. Two-dimensional images of
above. both transient-free and impinging gas jets were taken by high-

There are also several computational studies reported in tgeed photography. Particle image velocimetry was employed to
literature that evaluate the capability of turbulence models to prebtain the velocity distribution in the jets. In this paper, the pen-
dict the flow characteristics of turbulent wall jets. Patankar argtration of the transient wall-impinging jet after impingement is
Spalding[20] employed the mixing-length hypothesis and showedefined as the summation of the impinging distariceand the
that satisfactory spreading rate can be achieved if model constamatdial distanceX, to which the jet has penetrated along the wall,
are adjusted. The spreading rate refers to the proportionality c@s shown in Fig. 1. In the experiments, the penetrations following
stant relating the half-width to the radial distance if a linear relampingement, were found to be approximately proportional to the
tionship exists between them. No conclusions were drawn abdwlf power of time but smaller than that of the free jet.
velocity profiles in the wall jet. Launder and Rddi7] stated that  In the steady part of the wall jet, the theoretical similarity ve-
for a plane wall jet formed by the impingement of a plane free jéocity profile of Glauer{19] and the measured one of BakiKiS]
on a wall, the computed spreading rate obtained with klze are employed for comparison with the computed results. Further-
model may be 30% greater than in experiments. There are more, the maximum radial velocity and half-width will be com-
studies employing th&-e model to study the spreading rate angpared with the measurements of Poreh ef Hb] and Witze and
the velocity profile in radial wall jets which is our interest in thisDwyer [16]. The expressions of Poreh et AL5] for these vari-
work. ables are

Radial wall jet region

Fig. 1 Structure of an impinging jet
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Fig. 2 Cross-section of the constant volume chamber

where U, is the maximum radial velocityy,;, is the jet half-
width, x is the radial distance, and andn are constants=,,, and
F, are generally functions of Reynolds number but were shown f@mm an equilibrium assumption which states that the dissipation
have constant values in the measurements. In their work, Pogsffk, ¢, is equal to the production dfin that cell, yielding
et al. considered as the distance from the geometrical origin of 3/ 312
similarity of the round free jet to the wall. It is approximated as Sp:CnAKp 1(kzp). 9)
the distance from the orifice to the wall in our work. The values of The model constants for the wall functions &27],
Fm, Fn, m, andn from Poreh et al[15] are
C,=0.09, «=0.4187, E=9.793.

Fn=132, F,=0.098, m=-1.10, n=0.90. 3)
) A note about low-Reynolds number model3he standard-¢
The values from Witze and Dwy¢i6] for these constants are  model coupled with wall functions has been relatively successful
F,=111, F,=0.0946, m=-1.12, n=1.01. 4) in many cases in predicting the structure of wall bo_und_ed flows. In
] ) 7 these successful cases, the effects of turbulent diffusion are more
The spreading rate cited by Launder and Ritf] from their  dominant than molecular diffusion. For flows at low and transi-
literature review is also employed for comparison. They assumggnal Reynolds numbers or close to walls, low-Reynolds number

n=1. Their spreading rate has a value of 0.09. models have been suggested to incorporate effects of molecular
viscosity,[28—31. However, each model has proposed different
The Computational Model and Conditions additional corrections mostly from comparisons with flows in

The multidimensional model employed in this work is an axiterms of global parameters such as mean velokitde, [32]. A
niversally applicable low-Reynolds number model has not yet

symmetric version of a more general model for computing flows, . X : P
sprays, and combustion in enginf®1—24. The governing equa-vﬁggno?ﬁgm;z%n\glg?ﬁrﬁf%Eg:n:ﬁg d(()elilé tigattoﬂ}s( Thzqiaj:rnfgggll'zu

tions that are solved are the general conservation equations bl : dicting th tant in the | £ th I E
submodels for turbulence and momentum and heat fluxes at ff{@°'€M N predicing the constant in the law or the wall. For
ws in complex geometries such as in Diesel engines, some

walls. The equations are solved numerically by means of a ful ¢ d for th fion t f low-R Id b
implicit finite volume method[21]. Turbulence is modeled using arameters used for the correction terms of low-Reynolas numboer
models, including the nondimensional distance to the wall, are not

either a standaré-s model[25] or a RNGk-s model[26]. well defined. In this work, we will not evaluate all these effects
Wall functions proposed by Launder and Spaldig§| are used &nd focus only on the standard and RKG models.

to model momentum and heat fluxes at the walls. In this mod h tati ied out | . i tant
source terms are added to the energy and momentum equations l{B € computations were carried out In an axisymmetric constan

account for fluxes at the walls. The source terms added to t %dume chtamb%] shtc)nwn |nf 'il(');] 2. ?etCﬂmhplgatlpdnal_:?]omflp ;S?
momentum and energy equations have different formulations ¢ef€9 S€ctor with a bore ot 21U cm. A stretched grid with a total o
pending on the distance from the wall of the cenferof the cells in the radial direction is employed. The highest resolution

numerical cell closest to the wall. A nondimensional paramater in the radial direction is near the axis. A uniform grid size of 0.025
is defined as ' "cm is used in the axial direction. Results with higher resolutions,

which have a uniform 0.010 cm grid size in the axial direction and
U* Zppqg a stretched grid with 100 cells in the radial direction, will also be
= Tam ®) presented to show grid-independence of the lower resolution re-
sults. For the free jet computations, the chamber height is 15 cm.
whereu* is the friction velocity,z, is the distance from the wall The chamber gas is at a pressure of 101 kPa and temperature of
to the center of the computational cell, is the gas density, and 293 K. The injection velocity is deduced from the injection pres-
Miam iS the laminar viscosity. The friction velocity is modeled as gure in measurements of Fujimoto et [&] as 6000 cm/s.
function of the turbulent kinetic energy of the near wall cell No-slip wall boundary conditions are employed for the chamber
U* = C V42 ©6) walls. Though th_e measurements were condupted i_n open epviron-
w P ments, our choice of a closed chamber which will result in an
where C,, is a model constant ankl, is the turbulent kinetic increase in chamber density is not likely to affect the computed jet

Y

energy in the near wall cell. penetration since the ratio of injected mass to the initial mass in
If Y=<11.63, the center of the cell is assumed to be in thtae chamber is about 2010~ * at 25 ms ASI for a case where the
laminar sublayer. The flux of momentum is then given by impinging distance is 2.0 cm. Comparisons between measured and

computed results are made before the wall jet reaches the wall.
_ '“'amup_ (7)  The jet diffusivity, v, defined asvje=CK*%, [34-38, is
Zp 13.7 cnf/s. K is the injection kinematic momentur@, is a con-
If Y>11.63, the center of the cell is assumed to be in the outgi@nt and we have used a value of 0.0185]. We performed the

turbulent sublayer where the logarithmic velocity profile is valigéomputation with initial values ok and & of 14.8 cnf/s® and
The flux of momentum is then given by 1.98x 10° cn?/s?, respectively, in the chamber. As a result, the

initial ambient diffusivity has a value of 0.01 &s. From prior

Tw=

_ chiltmkélzup 8 work we know that, as this diffusivity is much smaller than the jet
wT T g : (®) diffusivity, the chamber diffusivity has negligible effect on the
;In(EY) mixing characteristics of the jef34]. The computed penetration

for impinging jets is defined as the impinging distance plus the
Heat transfer is modeled in the same wW&j], but it is negligible maximum radial distance where the fuel mass fraction reaches a
in this work. cutoff value of 0.01. Computed results with a different initial dif-
The value ofk in the near-wall cell is obtained by solving the fusivity and a different cutoff value for fuel mass fraction will also
equation. The values of, in the near-wall cell are determinedbe presented to assess the effect of these variables on the results.
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Fig. 3 Measured and computed jet penetrations of free and Fig. 5 Measured and computed tip penetrations of free and
impinging jets; 0.25 mm (axial)X0.20 mm (radial) minimum impinging jets; 0.10 mm (axial)X0.10 mm(radial ) minimum grid
grid size size
Results and Discussion et al.[3]. The results are shown for the case where the distance

Figure 3 shows the measured and computed jet penetrationdr@81 the injector orifice to the wall is 2.0 cm. The resolution of
a function of time after start of injectiofASI). Results are shown 20 (axial)x 50 (radial) corresponds to a minimum grid size of
for a free jet and for three impinging jets. The orifice diameter i8-1 cm (axial}<0.02 cm (radial). The 8850 resolution corre-
0.16 cm. In the case of the computed results, the jet boundarysonds to 0.025 cm0.02 cm. The 208100 resolution corre-
defined as the locus of points where the fuel mass fraction hgigonds to 0.01cx0.01 cm and the 300150 corresponds to
reached a value of 0.01. The numerical spatial resolution ef@0067 cmx0.0067 cm. It may be seen that as the resolution is
ployed in the computation corresponds to a minimum grid size #fcreased the computed jet penetration decreases and approaches
0.025 cm (axial)x 0.020 cm (radial). In the case of the free jet:[he measured value and the numerical re;ults show convergence.
the computed and measured results may be seen to agree witth €xample, at 20 ms ASI, the computed jet penetration is 6.5 cm
5%. This is not surprising. It has been shown in prior work thawith the 20<50 grid, 5.7 cm with the 8850 grid, 5.3 cm with
when adequate resolution is employed, free jet penetration maythe 200< 100 grid, and 5.3 cm with the 360150 grid where the
reproduced within 5% to 10%34]. Closer agreement is not ex-Measured value is 5 cm. These differences correspond to 30%,
pected because it is well known that ke model has a limitation 14%, 6%, and 6%, respectively. The computed jet penetration
in reproducing the measured spreading rates of round[@f, With the 300<150 grid is within 3% of that with the 200
The computed spreading rate is typically higher and this results 1h100 grid before 5 ms. Figure 5 shows the computed jet penetra-
a slower penetration. In the case of the wall-impinging jets, tH¥®ns with the 206<100 grid, i.e., 0.01 crg0.01 cm minimum
differences between computed and measured results are someWH8lt size, for the three impinging jets. The differences between
greater than for free jets. For example, at 20 ms ASI, the measuf@nputed and measured results are within 10% for all cases.
penetration for the case where the impinging distance is 2.0 cm idt is interesting to explore the effects of wall momentum loss on
5.0 cm whereas it is 5.7 cm in the computation—a difference #ie computed results. Figure 6 shows computed jet penetrations
about 14%. Now we will consider effects of numerical resolutio@btained with the 208 100 grid employed above when free-slip
on the results for a wall impinging jet. and no-slip boundary conditions are imposed at the walls. It is

Figure 4 shows the effect of numerical spatial resolution on ttéown that the computed penetration after impingement with the
computed results of jet penetration. Results obtained with fofiee-slip boundary condition is higher than that with the no-slip
resolutions are shown along with the measured results of Fujimoto
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Fig. 6 Computed jet penetrations with no-slip and free-slip
Fig. 4 Effects of resolution on computed tip penetrations boundary conditions
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Fig. 7 Effects of initial ambient diffusivity on computed jet Fig. 9 Computed jet penetrations with standard k-& model and
penetrations RNG k-& model

boundary condition. For example, at 20 ms ASI, the momentuthe cutoff values for fuel fraction are 0.001 and 0.01. As expected
loss to the wall reduces the jet penetration by about 12%. there is a difference. At 20 ms ASI, the difference is about 5%. We
Now we will consider the sensitivity of the computed jet penwill assume that this difference is rather small and that our con-

etration to the initial value of ambient turbulent diffusivity and theslusions are not affected by it.
manner in which the jet tip is defined. We have employed 0.01 Recently, the RNGk-¢ model,[26], has been proposed as an
cn/s for the initial turbulent diffusivity in the results presented uplternative to the standarkke model, [25]. We have shown in

to this point. Figure 7 shows the computed penetration for the cgsdor work that the computed jet penetration and spreading rates

where the impinging distance is 2 cm. Results are shown on tbfree jets are not noticeably affected by employing the RN&G
figure for two cases where different initial valueslohnde are  model in lieu of the standarkte model,[25]. What is the effect

employed which, in turn, result in different initial values of tur-on the computed penetration of wall jets? Figure 9 shows the
bulent diffusivity. The diffusivity values are 0.01 ém and 0.001 computed jet penetrations as a function of time ASI. Results are

cn/s. The corresponding values &f and ¢ are 14.8 cfis’,  shown for the free jet and for the impinging jet where the imping-

1.98<10° cn?/s® and 14.8 cfis, 1.98< 10" cn?/s®, respec- ing distance is 2.0 cm. Results are within 5% of each other show-
tively. The understanding is that if the initial value of chambeing that the differences in computed jet penetrations are rather

turbulent diffusivity is small relative to that generated by the jegmall.
the jet diffusivity controls jet penetration and spreadif&y,37). Now, we will present results in that part of the wall jet which

It may be seen that there are no noticeable difference in the restiés reached steady state. We will begin by considering the radial

for the two cases indicating that an initial diffusivity of 0.01%m velocity distribution in the wall jet in the direction normal to the
is adequate. wall. Figure 10 shows the normalized radial veloclty(y)/U,,
We have defined the boundary of the jet as the locus of poirds a function of normalized distanggy,, perpendicular to the
where the fuel mass fraction is 0.01. This is somewhat arbitramyall. The velocity,U(y), in a radial surface is normalized by the
In fact, defining the boundary of the jet in Reynolds-averagedaximum radial velocityl,,, at the surface. The distancg,is
computations, such as those presented here, in a way that nlbemalized by the jet half-widthy,,,. Computed results with the
selected definition would be consistent with that employed in ca200x 100 grid, i.e., corresponding to 0.01 &m.01 cm minimum
responding measurements is challengif®]. Our best hope is
that the estimated value of jet penetration is not overly sensitive to

this definition. Figure 8 shows the computed penetrations where T T . T . T .
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grid size, are shown at nondimensional distaneék, of 0.34, the shapes are relatively close, quantitative agreement of values
0.47, 0.65, 0.89, and 1.21. The computed results are compatgtween the results with different set of constants are only within
with the analytical predictions of Glaudrt9] and the measured 25% for the most part. Note that E¢) is not valid in the im-
results of Bakk¢13]. It may be seen that at these radial locationsinging region(see Fig. 1 but only in the wall jet region.
the computed velocity profiles are self-similar. The location of the Having ascertained the limitations of the models and studied
maximum velocities, at a nondimensional distance of 0.25, agragg details of the structure of wall jets, we will now employ the
closely with the measured and analytical results. There is alswdel to study the differences in the mixing characteristics of a
close agreement between the computed, analytical, and measwvafl-impinging jet and a free jet. Recall that the measurements of
results fromy/y,,, of 0.25 to abouy/y,,, of 1.25. Figure 10 also Tomita et al.[18] imply faster entrainment rate in the wall-
shows computed velocity profiles with the 30050 grid, i.e., impinging jet immediately following impingement. We quantify
corresponding to 0.0067 cx0.0067 cm minimum grid size, and mixing by adopting two approaches. In the first approach, we
with the 80xX50 grid, i.e., corresponding to 0.025 &M.02 cm divide the injected fuel into three parts: rich, flammable and lean,
minimum grid size. There is no practical difference between th88,39. The rich part of the fuel is that which has a local equiva-
results with 20&x 100 cells and those with 360150 cells. While lence ratio, ¢>2.0. The flammable part is that which has an
the numerical results show convergence, even with the highegjuivalence ratio in the range &%=2.0 and the lean part has
resolution the computed inner structure, i.e., §0y,,<0.25, ¢$=<0.5. The equivalence rati@, is defined as the stoichiometric
show greater differences than the outer structure when compasgdfuel ratio divided by the local air-fuel ratio. The values of
to measured and analytical results. A possible explanation is tlgjuivalence ratio selected to identify the rich, flammable and lean
in the region close to the wall, the laminar diffusivity becomeparts are arbitrary, but as long as they are consistently employed
significant and comparable to the turbulent diffusivity. It appearfsr both free jets and wall-impinging jets, they may indicate use-
that in the inner region of the jet, the model may predict thil trends. The idea is that if the entrainmemnixing) rate is
variation of the turbulent diffusivity which affects the correspondfaster, then a greater fraction of the injected fuel will be lean. In
ing velocity profile with less accuracy than in the outer region. the second approach, we adopt a procedure similar to the one that
Figure 11 shows the jet half-width as a function of radialfomita et al.[18] employed in their measurements. We compute
distance. Results are shown for the case where the impingithg entrained volume by identifying the boundary of the jet with a
distance is 2.0 cm. The resolution employed corresponds to the&lected value of fuel mass fraction. The volume and mass of air
200X 100 grid. In the wall jet region, it is found that a linearentrained within the boundary may then be estimated.
relationship We will now present computed results. The computational do-
_ main is similar to what is shown in Fig. 2. Results will be pre-
Yyz=0.10¢+0.06 (cm) (10) sented with two spatial resolutions. The radius of the domain is 10
is able to describe the spreading rate obtained from the computas with 120 grids in the radial direction. Stretching of the grid is
tion. The spreading rate proportionality constant, 0.10, is aboemnployed in the radial direction to achieve higher resolution in the
11% higher than the value of 0.09, given by Launder and Rogit. As in our previous computations, a uniform grid size is em-
[17] in their review paper. The half-width variation deduced fronployed in the axial direction. The axial grid size of 0.05 cm. For
Eq. (2) with the constants in the equation obtained by Poreh et #he higher resolution cases, we employ 120 grids in the radial
[15] and Witze and Dwyef16] are also shown. The average measirection but we increased the resolution in the axial direction. In
sured spreading rate constant is about 0.95, i.e., within 6% of tthee case of the free jet, the grid size is halved. In the case of the
computed value. The primary difference lies in the virtual origimvall-impinging jet, a stretched grid is employed near the wall
of the wall jet. such that the minimum grid size normal to the wall is 0.005 cm.
Figure 12 shows the computed maximum radial velodity,, C,H, is injected through an orifice of 0.16 cm in diameter with a
at any radial location as a function of radial distancdf may be velocity of 6000 cm/s. The injected fuel has a temperature of 293
seen that initially the velocity increases as the free jet that ink. The ambient air is at a pressure of 101 KPa and temperature of
pinges normally on the wall is redirected to form a radial wall je293 K.
The velocity then decays. As implied in Fig. 6, this decay does notFigures 13 and 14 show computed fuel mass fraction contours
result primarily from the loss of momentum to the wall but as @ a free jet at 15 mgFig. 13a)) and at 20 mgFig. 13b)) ASI
result of entrainment of ambient air by the jet. Shown in Fig. 18nd in a wall-impinging jet at 15 m@ig. 14a)) and 20 mgFig.
are also results from Ed1) with the constants in the equation14(b)) ASI, respectively. The results shown in Fig. 14 are for an
obtained by Poreh et aJ15] and Witze and Dwyef16]. While impinging distance of 5 cm. The contour values selected, 0.1197,
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Fig. 13 (a) Fuel mass fraction contours at 15 ms ASI in the
free jet, (b) fuel mass fraction contours at 20 ms ASlI in the free
jet
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Fig. 14 (a) Fuel mass fraction contours at 15 ms in the wall-
impinging jet, L=5cm, i.e., L/D=31.25; (b) fuel mass fraction
contours at 20 ms in the wall-impinging jet, L=5cm, ie, L/ID
=31.25

wall-impinging jet. This gives rise to a difficulty in interpretation.
If we relate “mixing” rate to the rate at which the “lean” fraction

is formed, it appears that the wall-impinging jet mixes slower. On
the other hand, if we relate “mixing” rate to the rate at which the
“flammable” fraction is formed, the wall-impinging jet mixes
faster. In fact, when we employ different values of fuel mass
fraction to identify the jet boundary and estimate the entrained
volume, we encounter this difficulty.

Figure 16 shows the computed volume of the free jet and the
wall-impinging jet with impinging distances of 3 cm and 5 cm
when the jet boundary is defined with a fuel mass fraction value,
f=0.01. It appears that the free jet has a greater volume than the
wall-impinging jet. Figure 17 shows the corresponding results
whenf=0.03 is employed to define the jet boundary. In the case
of the wall-impinging jet with an impinging distance of 5 cm, the
entrained volume is initially lower but then greater relative to the
free jet whereas the volume remains lower for the jet with an
impinging distance of 3 cm. Figure 18 shows the computed fuel
fractions with relatively higher spatial resolutions for the free jet
and for the wall-impinging jet whel.=5 cm. They are practi-
cally the same as the corresponding ones in Figure 15. It appears
that the above results are not sensitive to spatial resolution.

0.03288, and 0.01 correspond to equivalence ratios of 2.0, 0.5in the wall-impinging jet, it appears that the fuel becomes flam-

and 0.149. It may be seen that at 15 ms ASI, the volume of thgable almost as fast as in the free jet, as the rich fractions de-
fuel-air mixture within the 0.1197 fuel mass fraction contour

curve has reached approximately a steady state as it does

not

appear to increase with time when we compare the contour plots

at 15 ms and 20 ms ASI. This implies that when we divide the
injected fuel into rich, flammable and lean parts, the rich fraction 09
will decrease beyond 15 ms only because the total quantity of fuel s==L=3cm

in the domain increases.

Figure 15 shows the rich, flammable and lean fractions plotted ~ ©7
as a function of time ASI for the two jets. Results are shown with

two impinging distanced,, of 3 cm and 5 cm. We will discuss the

results for the case with 5 cm. Impingement occurs at about 5 ms
ASI. Till impingement, as expected, the three fractions are prac-~ 0.4
tically the same for the two jets. Immediately following impinge- 03
ment, the rich fraction increases and the flammable and lean frac
tions decrease for the wall-impinging jet relative to the free jet.
However, at 10 ms ASI, the rich fraction decreases at about the o¢.1
same rate in the free jet and the wall-impinging jet though the
latter shows a greater value. This greater value implies that there

1.0 T T T T

Free jet E

0.8

0.6
0.5

raction

0.2

0

is greater mass of “rich” fuel in the jet. At 10 ms ASI, the rate at Time (ms)
which the flammable fraction is being formed is greater and the
rate at which the lean fraction is being formed is slower in therig. 15 Rich, flammable, and lean fraction of fuel in the jets
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Fig. 16 Entrained volume of the jets

no reason to believe that this would affect one jet differently from
the other. Generally, greater “mixing” results as a result of
“smearing.”

Summary and Conclusions

In this work, the structure of wall-impinging jets is investigated
computationally. Thek-e model is employed to represent turbu-
lence, and wall functions are employed to model momentum
fluxes at the walls. We present results of tip penetration of the
transient part of the jet and velocity distribution, growth rate of
the half-width of the jet and decay rate of the maximum velocity
of the jet in the steady part of the jet. These computed results for
the wall-impinging jet are compared with analytical and measured
results in the literature. The computed and measured jet tip pen-
etrations agree within 10%. The loss of momentum to the walls
reduces the rate of jet penetration of the wall-impinging jet. The
computed, measured, and analytical radial velocities in the wall
jet are self-similar when plotted as a function of nondimensional
normal distance from the wall and they agree with each other in
terms of the location of maximum velocity. Between nondimen-

crease at about the same rates, but the additional mixing requistohal distances of 0.25 and 1.25, the computed velocities are in
to make the fuel even leaner appears to be slower. Hence, #greement with the measured and analytical results within 5%.
mixing characteristics of the two jets appear to be different anthere are greater differences in the near-wall, i.e., at the nondi-
overall mixing in the wall jet appears to be slower. As a final notmensional distance that are less than 0.25, and in the outer region,
of caution: The computed results are solutions of Reynoldse., at nondimensional distances that are greater than 1.25. The
averaged equations. Such solutions tend to smear out the bourmmputed spreading rate constant of the wall jet is about 0.10 and
ary of the jet. This smearing represents what would happen whigiis value is about 5% greater than the average measured value.
experimental results are ensemble averaged. It is difficult to @emputed mixing characteristics for a free jet that does not im-
certain the effect of this on the conclusions though we haygnge on a wall and a wall-impinging jet with the same mass and

Volume (cm*)
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Fig. 18 Rich, flammable, and lean fraction of fuel in the jets;
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Free jet

momentum flow rates show that, in the wall-impinging jet, the
fuel becomes “flammable” almost as fast as it does in the free jet
but that the additional mixing required to make the fuel even
leaner appears to be slower.
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Nomenclature

C; = model constant

C,, = model constant, Eq$6), (8), and(9)

= injector orifice diameter

model constant, Eq8)

= fuel mass fraction

constants in this work; in general, functions of Rey-
nolds number, Eq(1)

constants in this work; in general, functions of Rey-
nolds number, Eq(2)

turbulent kinetic energy in the near wall cell
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jet kinematic momentum

distance from the injector orifice to the wall, Eq%)
and(2)

constant, Eq(1)

constant, Eq(2)

center of the numerical cell closest to the wall
friction velocity, Egs.(5) and (6)

radial velocity

maximum radial velocity

radial distance to which the jet has penetrated
radial distance

perpendicular distance from the wall

jet half-width

nondimensional parameter, E¢)

distance from the wall to the center of the computa-
tional cell

equivalence ratio
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Development of a Steady Vortex
Generator Jet in a Turbulent
éreqory S Rixon ¥ Boundary Layer

Hamid Johan‘ The development of a vortex generator jet within a turbulent boundary layer was studied
o .PFOfB.SSOF by the particle image velocimetry method. Jet velocities ranging from one to three times
e-mail: hjohari@wpi.edu greater than the freestream velocity were examined. The jet was pitched 45 deg and
skewed 90 deg with respect to the surface and flow direction, respectively. The velocity
Mechanical Engineering Department, field in planes normal to the freestream was measured at four stations downstream of the
Worcester Polytechnic Institute, jet exit. The jet created a pair of streamwise vortices, one of which was stronger and
Worcester, MA 01609 dominated the flow field. The circulation, peak vorticity, and wall-normal position of the

primary vortex increased linearly with the jet velocity. The circulation and peak vorticity
decreased exponentially with the distance from the jet source for the jet-to-freestream
velocity ratios of 2 and 3. The wandering of the streamwise vortex can be as much as
+30% of the local boundary layer thickness at the farthest measurement station.
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Introduction solid vortex generator$3,5,6]. The issues of spanwise spacing as

well as corotating and counterrotating vortices produced by VGJs

. The study of vortex generator jets as a means for flow SEPAL e been investigated by Johnston and Njshiand by Zhang
tion control has grown rapidly over the last ten years. The prlmarE§ a

impetus for this growth has been the prospect of implementi

active flow control strategies using vortex generator WIGJS)._ Manus et al[11-13 in an effort to further enhance the efficiency
Th(_ase Jets are f!ush-mounted on the.flow surface, and the jet ¥F vortex generator jets in delaying or preventing the boundary
locity vector is pitched and skewed with respect to the freestrea yer separation in low-speed diffuser and airfoil flows. It has
Th(_e VGJs, which create streamwise vortices, are favor.ed 0 n found that pulsed VGJs are able to significantly improve
solid vane vortex generators since the drag losses associated 1Y Earation control as compared to steady VGJs, with the same
the latter vanish when VGJs are not operating. It is anticipatean mass flow rate, and that pressure recovery on significantly

tha.t VGJs will have a notable impact on the future deglgn ?: ger areas are affected as a result of pulsing the VGJs. In pulsed
active vortex generators used for control of external and internai 3o 5 small duty-cycle coupled with a large velocity ratio has

flows. The present study was undertaken to gain an understandigg e in the best performance in terms of separation control on

of the decay of streamwise vorticity created by a VGJ in a ﬂaafn airfoil, [12].
plate trbulent boundary layer. ) Alternative approaches for active boundary layer control have
A sghematlc qf a §|ngle VGJ as well as the coordinate systeaan, pursued by Wygnanski and co-workgtd,15 as well as
used is shown in Fig. 1. The key parameters of a VGJ are th¢,q e|-Hak and Blackwelddi6]. Oscillatory, low-momentum,
jet-to-freestream velocity ratio/R=V;/U.., the ratio of jet di- janar wall jets have been implemented on flapped airfoils in
ameter to the localundisturbed boundary layer thicknesf)/5, 114 15, On the other hand, a pulsed, two-dimensional jet oppos-
and the orientation of the jepitch and skew anglesvith respect jnq the freestream was employed to create large-scale spanwise
to the freestream. In Fig. 1, the pitch angle is defined asd the - gtryctures ir{16]. The forcing of the boundary layer in that study
skew angle ass. _ _resulted in the modification of both the outer and inner regions of
Wallis [1,2] appears to have been the first to suggest an air-jgle houndary layer. However, these control methods are different
vortex generator as a method for delaying separation of turbul§pdm the vortex generator jets in that the VGJs primarily create
boundary layers. More recently, VGJs have been used to contégleamwise, as opposed to spanwise, vorticity for effective pre-
shock-induced separation and separation of low-speed bound@ftion of stalled regions. Additionally, a recent review paper by
layers under adverse pressure gradief8s;6]. Effective VGJS jogjin et al.[17] provides a comprehensive survey of the many
have jet velocities close to or greater than the freestream velocijy, control technologies available, and the status of their
[5]. The work of Johnston and co-workef§,7], has revealed that geyelopment.
skew angles between 45 deg and 90 deg produce the strongesthere has also been a large effort in the past decade to achieve
streamwise vortex when the jet pitch angle is 45 deg, and thgtive control of boundary layers through the manipulation of the
vortex strength increases with the jet exit velocity forOR g pjayer streaks, s¢@8—21), for example. These efforts are pri-
=1.3. Pitch angles greater than 60 deg result in streamwise VOf{rily aimed at understanding and disrupting the eruption of the
ces that penetrate quickly through the boundary layer and do R@feaks in the sublayer, thus reducing the drag of turbulent bound-
appear to be particularly effective in boundary layer conl®), ary Jayers. These efforts and the proposed schemes are not directly
The two pitch angles of 0 deg and 90 deg produce a wall jet andgated to control of separation in turbulent boundary layers, and
transverse jet, respectively. It has been shown that VGJs delayjuid not be applicable to the present study.
prevent the separation of boundary layers in the same manner @ghe near-field characteristics of VGJs are a crucial element for
design and scaling purposes as well as for the optimization of an
T ST U D SIS, w212 O VOMEX generatrs, Al the st stues of vorices e
OF FLUIDS ENGINyEERING Manus?:ript recgeived by the Ifluids Engineering Divisionated by V.G‘]S have been .CondUCted Wlth. pOIr!tWISe velocity
July 12, 2002; revised manuscript received August 2, 2003. Associate Editor: m.Rrobes, which tend to result in smeared vorticity fields when the
Otiigen. vortex wanders noticeablisee, for example, Khan and Johnston

gPulsing of the vortex generator jets has been pursued by Mc-
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Table 1 Jet flow parameters

NominalV; (cm/g Nominal VR MeasuredV; (cm/9 VR Rg=V,D/v

Ya 20 1 20.02 0.99 1020
40 2 40.00 1.98 2040
60 3 60.25 2.97 3070

jet direction .
; streamwise vortex

Experimental Approach

e
o~ g ; The experiments were conducted in a free-surface re-circulating
P e water tunnel at a freestream velocity of 20.3 cm/sec. The
surface freestream turbulence intensity in the test section was measured

flow directi - . >
ISR with an LDV system to be 1.5% at this velocity. The water tunnel

test section had a 0.6 m square cross section and was 2.4 m long.

z Optical access was possible through a window at the end of the
) . ) . tunnel directly downstream of the test section as well as through
Fig. 1 Schematic of a vortex generator jet and associated co- the test section walls. A schematic of the test section and the setup

ordinate system. The pitch angle is @ and the skew angle is . is shown in Fig. 2

The boundary layer developed on a clear acrylic flat plate sub-
merged approximately 10 cm below the free surface. The plate
[22]). The present paper examines the flow field of a single, steaglyanned the width of the test section and measured 1.40 m in
VGJ embedded in a flat-plate turbulent boundary layer using thgngth. The leading edge of the plate was elliptical and the bound-
particle image velocimetryPIV) technique for acquiring instan- ary layer was tripped by a staggered set of 60-grit sandpaper
taneous planar velocity data sets. Development of the jet genefiips, placed at 2.5 and 5 cm downstream of the leading edge.
ated vortices and their position within the boundary layer for veFhe boundary layer profile at the VGJ locatih15 m from the
locity ratios up to 3 are considered. The data were used to addreggling edgewas measured by the LDV system. The turbulent
the following questions: boundary layer was two-dimensional with a 99% thickness of
- . . : ~3.4 cm. There was a distinct logarithmic region spanning from
1. How do the peak vorticity, position, and circulation of the ) . i .
primary streamwise vortex generated by a VGJ vary with, ~30 to 160; the b?St'f't line to the data in this range had a
velocity ratio, specifically for velocity ratios greater tha lope of 1/0.41. The displacement and momentum thickness were
unity? measured to be 4.3 and 3.3 mm, respectively, resulting in a shape
2. How do the peak vorticity and circulation decay with downfactor of 1.3. The Reynolds number based on momentum thick-
ness, Rg, was 715.

stream distance? . - .
3. Do the instantaneous planar data obtained by PIV differ ™ Single jet was mounted flush in the flat plate 1.15 m down-

from the time-averaged data provided by pointwise measurgiréam of the leading edge ugim 5 cmdiameter plug. The jet
ments? ! verag provi y pointwi u%:ameterD was 4.76 mm and its orientation was fixed at a 45 deg

pitch angle and a 90 deg skew angle. Previous wk?], has
Although the interaction of a single vortex or a vortex pair witlshown this orientation to be one of the optimal configurations for
a turbulent boundary layer has been examined in the 23t producing a strong streamwise vortex. A pressurized diaphragm
25], these vortices were generated external to the boundary layank supplied the jet and flow was controlled using a precision
and their position within the boundary layer was sepriori. valve. The jet orientation with respect to the flat plate is shown in
Moreover, vortices generated by full or half-delta wings tend tBig. 2. The origin of the coordinate system used was at the jet exit.
have a low-velocity core, unlike the ones generated by V{Z]s, The mean jet exit velocity was measured by volumetric flow rate
Thus, the present set of measurements represents embeddedmeasurements at three nominal velocity ratios of 1, 2, and 3. Table
tices resulting from strong jets emanating from the wall. The eX- summarizes the resulting flow conditions at the jet exit. The jet
perimental setup and the relevant parameters in this study arflow tube was sufficiently long to ensure a fully developed pro-
discussed in the next section. To the extent possible, our data héileinside the tube. At the jet exit, however, Johnston ef26)

been compared with those available in the literature. have shown that jet velocity profile is distorted due to the inter-
flow control
rotameter valve
jet supply
78 Vi)
7 < I - 1
T @\
B.L. trip boundary ﬁjet Viet
layer
St
freestream laser
lieet laser
sheet
|74 |
Side View Foid View

Fig. 2 Schematic of the water tunnel test section and the experimental setup
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action with the approaching turbulent boundary layer. They alsc U,,\\//

report that the jet exit profile appears to have little effect on the 0 ~

vortex further downstream. The ratio of jet diameter to the local N

boundary layer thicknes®)/ 4, at the jet exit was 0.14. 0.5 {/(;‘\\ \\
The velocity measurements were carried out by the PIV tech l‘\\— ) )/ )

nique. For the purposes of these measurements, the entire wa 1 \ vﬁ / @

tunnel, as well as the jet, was seeded with neutrally buoyar ) T/

silver-coated glass spheres with an average diameter Qfrd6 1.54 /o

The flow was illuminated by a sheet of laser light with a thickness // \ \

of approximately 3 mm. The light source was a pair of pulsed 2| S

Nd:YAG lasers, each of which fired at a frequency of 15 Hz. Forg -

all of the experiments, the laser pulse separation was set at 5 . 55

The laser sheet, which entered from through the bottom of th <O

water tunnel, was placed normal to the freestréaee Fig. 2 so 1.

that the secondary velocity components could be measured. Tt

laser sheet was positioned at four stations 5, 10, 20, anB 30 3.5

downstream of the jet exit. These locations correspond to dat

fields at 0.7, 1.4, 2.8, and 42 o~
The cross-correlation technique was used to process the PI }

images. A progressive scan CCD camera with a spatial resolutic a5

of 768X 480 pixels at 30 frames per second was placed outside tF 5 a4 a5 0 o5 1 15 2 2.5 3

tunnel, viewing the laser shegtzplane through the tunnel’s end z (cm)

window. Since a pair of successive images is used for extractin (a)

the particle displacements, the resulting velocity field was

sampled at 15 Hz. All image pairs were processed with a windov

size of 3232 pixels, and a roaming step size ofXL66 (50% 0
window overlap. Allowing for the laser sheet thickness of 3 mm | /
results in an effective spatial resolution of approximately 4 mm. 0.5 / /
Since particles moving at the freestream velocity traveled only : / /
mm during the time between the pulg&smsg, the majority of the H/ (
particles remained within the 3-mm light sheet. /

At each measurement station, 1000 successive images were | 1.54
corded for each velocity ratio, yielding 500 instantaneous velocity
fields. The streamwise vorticity field was computed from eact= 24
velocity field. The primary parameters of interest were the pealg
vorticity in the vortex core and its location within the boundary > 2.5
layer, as well as the vortex circulation. Circulation was computec
by integrating the velocity along specific iso-vorticity contours. 3

The freestream velocity and boundary layer thickness wer:
used for normalizing all parameters. The uncertainty in the bound 3.5~
ary layer thickness and freestream velocity were 1.5% and 0.5%
respectively. The jet velocity had an uncertainty of 1%, resulting 44
in an uncertainty of 2.5% for the velocity ratio. The placement of
the laser shedtn the axial directiophad an uncertainty of 1 mm. 4.5 , , : , . , . .
Based on the subpixel accuracy of the cross-correlation peak ar 45 4 45 0 05 1 15 2 25 3
the particle displacements, the measured velocities and computi(b) z (cm)
vorticities are estimated to be accurate #d.5% and=*4.5%,
respectively. Fig. 3 Instantaneous vorticity fields at ~ x/6=0.7; (a) VR=1,

minimum |w| contour is 2 s ~! with an increment of 1 s ~%; (b)

Results VR=3, minimum || contour is 2 s ~! with an incrementof2s .

Vorticity in the CW direction is indicated by solid contours. Ar-

Vorticity Field. Instantaneous vorticity fields of the VGJ atrows on the y-axes indicate the approximate location of the
the first statiorx=0.7 5 are presented in Fig. 3 fafR=1 and 3. undisturbed boundary layer edge.
These specific data fields were chosen because they resemble the
average properties of the primary clockwiggW) vortex, which
is indicated by the solid vorticity contours. The minimum vorticity To observe the changes in the vortex structure as it convects
contour level of 2 5 is the same for the two cases shown in Figdownstream, an instantaneous vorticity field foVvR=3 jet at
3. The primary vortex is significantly stronger in thilR=3 case x=4.2§ is presented in Fig. 4. This should be contrasted against
than the one at/R=1. Moreover, the vortex core, chosen as théhat in Fig. 3b). Several features stand out when the comparison
peak vorticity point, has moved further away from the jet sourds carried out{i) the vortex has stretched and weakened; the first
in both the wall-normal and spanwise directions in MB=3 vorticity contour is now approximately at the edge of the undis-
case as compared ¥WR=1 case. The primary vortex core is 1.5turbed boundary layer, ar(d) the vortex core has moved further
cm away from the wall in th& R=3 case in contrast to 0.8 cm for away from the wall toy=2 cm. The CCW vortex is still present at
theVR=1 case. The counterclockwi$€CW) vortex, marked by this station even though its geometry has changed.
the dashed contours, is clearly evident at this station. The instanThe peak vorticity and its location in the boundary layer were
taneous peak vorticity of the CCW vortex is generally about 40extracted from each instantaneous vorticity field and then aver-
50% smaller than its stronger counterpart. The CCW vortex posiged. The values obtained in this manner are then free from the
tion in the y-direction is comparable to that of the primary CWsmearing effects of vortex wanderirip be discussed laterThe
vortex. The primary vortex was always accompanied by theriation of the normalized peak vorticityw(,,,d/U..) for the
weaker CCW vortex in all of our data fields. VR=3 primary vortex at thex=0.7 § station is shown in Fig. 5.
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E
The uncertainty of the normalized quantity is estimated to be 7%=
The large fluctuations of the peak vorticity, with a standard devieg
tion equal to 20% of the mean, are particularly notable. Such Iarc
variations at thex=5D (0.7 ) station are due to the interaction
of the primary vortex with the background vorticity in the turbu-"
lent boundary layer and possibly the wall-normal vorticity origi-
nating from the jet itself. In the absence of the VGJ, the large:
streamwise vorticity in the boundary layer was less thalm
~0.7U., /S while the average background vorticity was less thare
10% of this peak magnitude. These values are considerak ‘ ‘ ‘ ‘
smaller than the peak vorticity of 4.24.95U ., /46 in the primary 0 1 2 3
vortex atx=0.7 . Spectral analysis of the peak vorticity fluctua- )
tions did not reveal any dominant frequencies.

The dependence of peak vorticity in the primary vortex core fig. 6 Dependence of peak streamwise vorticity on velocity
VR and distance from the source is shown in Fig. 6. Each da’@mo (@) and downstream location  (b). The straight lines in  (b)
point has a standard deviation of the mé&DOM) of less than have the same slope and indicate exponential decay.

2%. The data in Fig. @) clearly indicate that the peak vorticity
increases linearly with the jet velocity at any location from the jet
source in the range of 0x/6<4.2.

Decay of the peak vorticity with downstream distance is pre-
sented in a log-linear plot in Fig.(6). The two higher velocity
ratio cases reveal a distinct exponential decay at the same rate.
When the exponential decay is combined with the linear increasmerges which fits the normalized peak vorticity trends very well
with VR, the expression for VR=2 and 3. The lines representing E#) for the two higher
VR cases are also drawn in Fig§. Although a line could also
be fitted to the R=1 case, the exponential decay in this case was
not as good and a power law turned out to provide a better fit.
Note that the paramet®/ §, which was fixed in our experiments,
could be a factor in Eq(1). It should also be noted that this
expression is strictly valid for the range of parameters in the
present experiments, and may not apply to positions farther
downstream.

Omax 8/ Uy)
//DD.
w N -

reamWISe Vom y

I
w

Downstream Distance (x / 8)

Oma=1.8— e 0240 @)

[}

o

Hlﬂl'] i lilli'J' l’ Vi’lu llr] | Ntl"l” W" Iulll ’WM / l‘l 1 " 1

Vortex Core Position. The position of the primary vortex
within the boundary layer is an important parameter when VGJs
are considered. Both the wall-normg},, and spanwisez., po-
sition of the primary vortex core were extracted from each instan-
taneous vorticity field and then averaged. The vortex core position
fluctuates significantly within the boundary layer. To illustrate the

N

Peak Streamwise Vorticity (o5, 8/ U,,)

0 ] 1 1
0 25 50 75 100

Time (t U,/ 8)
Fig. 5 Temporal variation of peak streamwise vorticity in the

primary vortex of a VR=3 jet at x/6=0.7. The straight line de-
notes the average value.

Journal of Fluids Engineering

tr 1 effect of vortex wandering, instantaneous vortex core positions are

mapped in Fig. 7 fo/ R=3 at the farthest measurement station of
x=4.25. The average vortex core position is indicated by the
solid square. In this case, the vortex core meandered as much as
+0.3 §in both the wall-normal and spanwise directions. Calcula-
tion of the peak vorticity in the primary vortex core from the
time-averaged field would be 36% lower than the value presented
for this case in Fig. 6. It is expected that the wandering increases
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04

0.3

to a maximum value and then remains level farther downstrearg 02
Our x/ § stations did not extend far enough downstream of the j¢ VR

Wall-Normal Position (y, / 8)

source to show this leveling off. The distribution in Fig. 7isnota 01 8 ; ]
Gaussian function of the radial distance from the average co a3
position, and moreover, it is asymmetric in space. The probabilit 0.0 1 2 3 “1 5

of the vortex core being farther away from the wall is greater tha
being closer to wall(with respect to the average vortex core (p)
position.

The meandering of the vortex core is thought to be due to tifgy. 8 Wall-normal vortex core location as a function of veloc-
vortical structuresand the associated turbulent fluctuatipinsthe ity ratio (a) and downstream location (b). The solid curves in
boundary layer interacting with the vortex. Meandering of théb) are power-law fits. The dashed line represents the approxi-
vortex would result in smearing of the vorticity field and reducefate extent of the (undisturbed ) boundary layer logarithmic
peak vorticities if the flow field were mapped by pointwise ant€9'0":
emometry techniques. The smearing effect depends on the dis-
tance from the jet source since the vortex meandering worsens as

x/é increases. Another complicating factor due to smearing is th@sociated with the two highafR cases, is also consistent with
presence of the CCW vortex with an opposite sign in the vicinitiyat of solid vane vortex generators that are typically located at
of the primary vortex. When our instantaneous data are timgre edge of the boundary layer. Also, the smaller slope of the data
averaged first and then the peak vorticity extracted, the resultlngpig_ 8(a) atx=0.7 5 as compared to the other threS stations
values are reduced by 11% to 58%, depending on the axial digdue to the fact that the vortex cores for all velocity ratios in our
tance and jet strength, from the data in Fig. 6. setup lie within the log region fax/ §<1. Hence, the vortex core
The average wall-normal position of the primary vortex core asssition with respect to the log region of the boundary layer ap-
a function of velocity ratio and axial distance is shown in Fig. &ears to be an important parameter to assess the characteristics of
The uncertainty ofy./6 measurements is estimated to be 2.5%pe primary vortex generated by a VGJ.
As is evident in Fig. &), the average wall-normal vortex position  The average vortex core positions in FigbBwere fitted with
increases linearly with the jet strength at each measurement §gwer laws for the three velocity ratios. TNé&R=3 case resulted
tion for theVR in the range of 1 to 3. The slopes of the linear fits;, 5 (x)°28 dependence while the other two velocity ratios had
e, d(yc/6)/d(VR), are quite close except for the first station amajler exponents. The penetration of the VGJs can be compared
x=0.74. . ) to that of transverse jets, which usually have higher velocity ratios
The primary vortex moves away from the wall as it convect§ g 4o not interact significantly with the boundary layer beyond
downstream in the boundary layer. The dependencg. 6§ on dhe near field. Pratt and Bain27] also found an X)°-28 depen-
the downstream d!StaF“?e from the Jet source Is pres_ented In nce in their transverse jet penetration data. The penetration of
8(b). The dashed line in the plot indicates the approximate ext VR=3 vortex, which resided mostly outside the boundary

of the logarithmic regio_n Qf the undisturt_)ed boundary layer. All N yer log region, is similar to that of transverse jets, in contrast to
the VR=1 data fall within the log region, whereas the vortex, lowerVR jets

created by th&/R=3 jet lies mostly outside the log region. The
vortex of theVR=2 jet breaks through the log region at about Co-located Velocity Fields. Due to the significant meander-
x=2.55. We suspect that the reason for the peak vorticity decayg of the primary vortex generated by the VGJ, a conditional
rate of theVR=1 jet being different from the two highe? R averaging scheme, rather than averaging over time, is needed. We
casegsee Fig. b)) is that theVR=1 vortex resides completely ensemble-averaged the data fields after the origin was relocated to
within the log region. The exponential decay of the peak vorticityhe peak vorticity locatiortof the primary vortexfor each instan-

Downstream Distance (x / 3)
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Fig. 9 Co-located velocity and vorticity fields of a VR=3 jet at (a) x/6=0.7, and (b) x/ 6=4.2; minimum |w|
contour is 2 s ~* with a 2's ~* increment. CW Vorticity is indicated by solid contours.

taneous data field. Essentially, the primary vortex for each instagtecreasing correlation between the primary and CCW vortices as
taneous realization was aligned spatially prior to averaging. Thiewnstream distance increases. At iwe0.7 § station, the peak
resulting average data field is referred to as a “co-located” fieldorticity remained the same as the average of the instantaneous
The vorticity field was then computed from the co-located velo@ata for both the primary and the CCW vortices and the CCW
ity field. The major advantage of this averaging scheme is that thertex is clearly visible(see Fig. @a)). This indicates that the
maximum vorticity is very nearly preserved, and the wanderingandering of the CCW vortex with respect to the primary vortex
effects of the primary vortex are removed. Of course, the meag-negligibly small at the first station. On the other hand, the CCW
dering of the CCW vortex is still present to some extent. Wgortex at thex=4.2 5 station is absent in Fig.(B) since its vor-
believe that the velocity and vorticity fields produced by the cajcity falls below the contour cutoff limit of 2's'. The meander-
locating scheme are accurate representatives of the primary voriigy of the CCW vortex relative to the primary vortex is significant
field without the fluctuations accompanying the |nstantane0@ﬁough that its peak vorticity reduces to 1.5,scompared with
data. _ o _ 9.4 s 'in Fig. 4.

The co-located velocity and vorticity fields for tR=3 jet at
thex=0.7 5 and 4.25 are presented in Fig. 9. Note that the origin Circulation. ~ To examine the strength of the primary vortex
of the coordinate system is now at the primary vortex daraxi- generated by a VGJ, its circulation was computed on an iso-
mum vorticity location. These fields correspond to the instantavorticity contour. The difficulty with quantifying circulation is that
neous ones in Figs.(B) and 4. The average vortex core positiond may depend on the chosen contour, and there is significant
(in Fig. 8) were used to locate the origin of the co-located fieldgorticity in the background boundary layer at any instant. Due to
relative to the surface of the flat plati@ Fig. 9). The smoothness the small background vorticity in the co-located fields, circulation
of the co-located fields and the absence of the background vortiglues Were computed from these fields on iso-vorticity contours
ity, in comparison with the instantaneous data, are notable. Forafl0.1 s !, This contour level is sufficiently small so that nearly all
co-located cases, the CCW vortex is present and its vorticity etke vorticity associated with the primary vortex is accounted for,
tends to the edge of the primary vortex. Though not evident in tlyet it is greater than the averaged background vorticity in the
figures, examining the data for all conditions shows that the dise-located fields.
tance between the CCW and primary vortex cores increases wittDependence of the computed circulatidf,, on the velocity
both velocity ratio and downstream distance. This is due to thmatio and downstream distance is shown in Fig. 10. Clearly, circu-
growth of the primary and secondary vortices. This may indicatela@ion increases linearly with the jet velocity at all measurement
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© \ The expression i1t2) indicates thaf’, is linearly proportional to
[y V;, in conformity with the transverse jet data[@9]. If Eq. (2) is
5 0y ] extrapolated to the jet source, the initial circulation of the vortices
& @—\@\D\O becomes 0.1% V;=1.07D V;. Note that the expression in Eq.
§ (2) has been validated only for the range of parameters in the
present experiments.
Vorticity Distributions.  To further examine the profiles of
vorticity and circulation within the primary vortex, we follow the
0.01 : : : procedure used by KuZ@0] in his study of transverse jets. Cir-
0 ! 2 3 4 5 culation of the primary vortex was computed as a function of the
(b) Downstream Distance (x / 8) vorticity contour level for the co-located data fields. It turns out

that the computed circulation increases linearly as the vorticity
contour level decreases. This linear dependence of primary vortex
circulation on the vorticity contour level is shown in Fig. 11 for
the VR=3 jet at thex=0.7 § station. The intercept of the fitted
line, which is representative of the circulation as the contour level
approaches zero, compares wglenerally within 5% with the

stations. Although the far-field scaling for jets in crossflow reveaférculation values obtained with the 0.1'svorticity contour. This

a velocity ratio to the power 2/3 for the circulation of the vortex£onfirms the choice of the 0.1 Svorticity contour and the resuilt-

pair, [28], measurements of Fearn and Wesft?8] found a linear N circulation values presented earlier. ) _

dependence. Therefore, we expect that circulation of the primary©One of the implications of the linear dependence of circulation

vortex should increase with a power close to unity and our da®& the chosen contour level is that circulation is proportional to

were fitted with straight lines in Fig. 18). w(=dF/dA), |nd|pat|ng that circulation inside the vortex core is
Circulation decay with distance from the jet source is present@dGaussian function of the enclosed aredf the vorticity con-

in Fig. 1ab). It is important to point out that circulation decreasefours are assumed to be circulaee Fig. 9, then the circulation

with the downstream distance even under ideal conditiges, Profile within the vortex can be expressed as

negligible interaction of the boundary layer with the VGJ vojtex B —(r/a)?

Circulation decays because of the cancellation of opposite-signed I(r)=To(1-e )- ®3)

vorticity as a result of the close proximity of the CCW vortex agyare r is the radial distance from the core. aads an effective
well as the naturally occurring streamwise vorticity in the bounctI re ’radius. At =a and 2a, circulation encI’osed by the circular
ary layer. In the absence of the boundary layer, the circulation @fiqurs is 63% and 98% df, , respectively. If Eq(3) is differ-
transverse jet vortices decays with* in the far-field,[28]. Our - gpiiated with respect to the enclosed area,7r2, the vorticity is
data indicate that the jets of all three velocity ratios exhibit agy,nd to have a Gaussian profile as f0||0\;VSZ ’
exponential decay of circulation with downstream distance, simi-
lar to the peak vorticity data. The decay rate is equal for the two
higher velocity ratio jets; th& R=1 jet has a slower decay rate.
Combining the linear increase of circulation with the jet velocity
and the exponential decay for the two higher velocity ratio casesle expect the Gaussian profile to be valid primarily at the loca-
an expression similar to Eql) emerges. tions where the vorticity contours are circular, i.e., in the vortex
I ~0.155V, e 018x/9) @) core interiorr<a anq. at the largexr/§ s.tatio.ns. It is worth reit-
o= J erating that the position of the vortex in Fig. 7 could not be de-
This expression is accurate to abaut0% of the measured valuesscribed by a Gaussian distribution in space. The random motion of
of the two higher velocity jets. The above proportionality cona vortex with a top-hat vorticity profile would not result in a
stants are in between the values that best fitted/fRe2 and 3, Gaussian distribution under the co-located averaging method. The
respectively. Again, it is noteworthy that the paramel®ts, observed Gaussian profile of vorticity is a true characteristic of the
which was fixed in our experiments, could be a factor in &). primary vortex.

Fig. 10 Dependence of primary vortex circulation on velocity
ratio VR (a) and downstream location (b). The straight lines in
(b) represent exponential fits.

Iy 2
— 9 A—(rla) 4
o(r) 7_raze : (4)
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. . . . Fig. 13 Dependence of effective vortex radius a on velocity
To check the validity of the Gaussian profile and to obtain the: “\/» (a) and downstream location  (b). The curve in (b) cor-

effective vortex radius, circulation of the primary vortex in €o- responds to Eq. (5).
located fields was calculated on concentric circles originating at
the vortex core. Then, the function in E®) was fitted to the data

with a as a fitting parameter. The radial profile of circulation alon%qsl(z) and (1), respectively, these expressions were used to cal-

with the best-fit error function is shown in Fig. 12 for tMR | he followi fecti ius fotR=2 ;
=1 and 3 jets at the first and last stations. The agreement betwggnate the following effective vortex radius ff and 3 jets.

the circulation profiles and the error function is very good ifor a~0.1635e203¥/9 (5)
<a. The deviation of the fitted function from the data at larg
radii is due to the vorticity contours not being quite circular,
pecially at the first measurement stati@ee Fig. @a)). Also, the
close proximity of the CCW vortex influences the circulation an
vorticity profiles. In all cases, the portion of the primary vorte

containing 75% ofl’, is well represented by E@3). L

The values of the effective vortex radiasesulting from fitting Ii?:géﬁg%i% %%ﬁg&:gr;hgigé %%geirr]]tlél ;ng;(ra]aaslzoofbtehﬁ] ti f:?c-
Eq. (3) to the circular contour circulation data is presented in Fig. d i . d h s I
13. The effective radius of the primary vortex ranges from 0.13 jeted as a linear increase due to the very small exponent. A curve

0.21 6, corresponding core diameters of 1.8 to B.AAlthough the eplct;]ng tlhe expression |nqu5) IS drﬁwn "I‘ F'g('m%&?) t%'?d"
vortex radius increased with velocity ratio, the vortices produce;cflte tl ef_c ose ﬁgr((ejement detr\]/veert; the values @ talnel_d \r%;]
by the two higher velocity jets had radii within 13% of each othe ._lrect yd itting the data an tfe ?] ovs expression vall ded
On the other hand, théR= 1 jet produced a vortex with asmaller_z. and 3. Data at stations urther downstream are needed to
size. The effective vortex radius also increased with the dovmgrlfy whether the slow exponential increaseaofvith x is valid
stream distance from the jet source, albeit at a very slow rate. %yond our range of parameters.
rate of increase dd with x was nearly the same for the two higher Time-Averaging. To compare our data with past work on
velocity ratio jets. Again, the different behavior of the vortex provortex generator jets at velocity ratio unity, we averaged the in-
duced by thevR=1 jet from the higher velocity jets is thought tostantaneous fields without any spatial shifting to create velocity
be due to the placement of the vortex core within the logarithmignd vorticity fields analogous to time-averaged, pointwise data in
region of the boundary layer. the literature. Although the wandering of the primary vortex re-
An alternative way of arriving at the effective vortex radius isults in reduced peak vorticities due to time-averaging, this aver-
to evaluate Eq(4) at the vortex core, i.ex=0. This results in aging allows a direct comparison of our data/®= 1 with those
a=\T'y/mwmn., valid for Gaussian profiles of circulation andof Compton and Johnstof¥] and Zhang and Colling31]. The
vorticity. Since the circulation and peak vorticity of the two highedata in these references were measured in wind tunnels with
velocity jets could be represented reasonably by the expressionbaundary layer momentum Reynolds numbers of 1500 and 3200,

ee{_'he expressions for circulation and peak vorticity both have a
Jinear dependence ovi; , which appears to renderindependent
f VR. While this is consistent with the relatively small difference
etween the&/R=2 and 3 effective radii observed in Fig. (&3, it
does belie a weak dependence\WR due to the combination of
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1.0 ———— ; Discussion
Present work

Ref. 7 Our data indicate that both the peak vorticity and circulation of
Ret.%ao7> | the primary streamwise vortex in the range of present setup for the
Ref 32 two stronger jets YR=2,3) decay exponentially, analogous to
solid vortex generators. The peak vorticity of the weakest jet, in
4 contrast, decays at a lower rate, and appears to have a power law
behavior. The faster decay of stronger jets and solid vortex gen-
erators is thought to be due to the larger scale motions present in
4 the outer regions of the boundary layer. The linear dependence of
vorticity and circulation on the jet velocity reveals that the jet is
the main source of vorticity in VGJ vortices. Thus, the mean jet
4 vorticity, which scales with the jet centerline velocity and diam-
eter, determines the vorticity and circulation of the emergent pri-
mary vortex.
0.0 - ‘ ‘ These arguments imply that the strongest vortices are generated
1 10 100 by jets having a larger centerline velocity and a smaller diameter.
Downstream Distance (x / 8) Then, for a fixed available jet momentum flux, smaller diameter
) ) . ) jets have larger velocities and should produce stronger primary
Z'fgdnlc‘:ioncgfrgzsvrfs‘;:‘eg‘;np;i';&’g;t'fcc:tryaOf t'”\‘/‘;‘i"ir?’egtegd::‘ac"i"riles vortices. On the other hand, smaller diameters would have a rela-
represent solid vortex generator data. The solié (.:ur\‘/)e is a tively longer distance, in terms of the jet diameter, to pt'anetralte
power-law fit to our data  (0.78(x/ &) ~%%¢). The dashed curve is through the boundary layer. Thus, there should be an optimum jet
diameter for given jet momentum flux, orientation, and boundary

an exponential fit to the solid vortex generator data. The jet . . . .
pitch and skew angles for Ref.  [31] are shown in the legend. All layer structure. An optimum jet diameter was found experimen-

other jets have a 45 deg pitch and 90 deg skew angle. tally by McManus et al. if12], corroborating our arguments.
The interaction of the naturally occurring vortical structures,

and the accompanying turbulence, within the boundary layer and
Ehe vortices generated by the VGJs results in the loss of coherence
streamwise vortices and the associated decay of peak vorticity
d circulation. The initial values of these parameters are set
largely by the jet exit parameters. Vorticity present within a tur-
bulent boundary layer distorts and weakens the coherent vorticity
hpbroduced by the jet. The decay of vortices also affects their pen-

difference, a power law was used to fit our time-averaged vorticiff"ation within the boundary layer. Moreover, the boundary layer

data. The data and the power law fit are shown in Fig. 14. T grtical structures are responsible for the meandering of the pri-

power law provides a better fit to the vorticity data than an exp(BT-]ary vortices, as noted earlier.
nential one foVR=1. The jet in[7] had the same pitch and skew
angles, whereas that B81] had a pitch angle of 45 deg and skewConclusions

angles of r7]5 dleg and 90 deg. Thﬁ ;;]owe:]lav(\]/l fit to our «ﬂml);lid The evolution of vortices, created by a vortex generator jet,
‘iu{‘ég gndt ep c)tappee}rshto maich the o_lt_her Iata quite well, lép Rithin a turbulent boundary layer was studied experimentally us-
= ownstream of the jet source. The close correspondeng e particle image velocimetry technique. The jet was pitched
between the power law and the peak vorticity over an extendgg yoq and skewed 90 deg with respect to the surface and flow
range of>(<j/5 for: (jlfferertl)t bOledary Ia>|/ersh not onhly verl:]les OUlgirection, respectively, and had a diameter that was 0.14 times the
setup and technique, but also reveals that perhaps the primaiViicyrhed boundary layer thickness at the jet source. Jet velocity
vortex characteristics do not depend strongly on the boundaiying of 1 2 and 3 were examined. The instantaneous velocity
layer Re, or D/4. This is a subject of particular interest for futuregie|q jn' planes normal to the freestream was measured at four
investigations. It appears that the velocity ratio influences the pegKiions downstream of the jet exit/D=5, 10, 20, and 30 cor-
vorticity much more than thd®/ ratio or the boundary layer \ohonding tod/ 5= 0.7, 1.4, 2.8, and 4.2. The jet created a pair of
Reynolds number. streamwise vortices, one of which was significantly stronger and

Unfortunately, _nelther of the abpye 'ment!oned rEferenC%‘?)minated the flow field. For the range of parameters in our study,
present the location of the peak vorticity in their data. Howevej,o following conclusions are drawn:

the peak vorticity location of th& R=1 jet at a skew angle of
45 deg could be extracted from one of the contour plotE3i4. 1. The circulation, peak vorticity, and wall-normal and span-
The wall-normal position of the vortex core @t+2.846 is at ap- wise position of the primary vortex increase linearly with the jet
proximately 0.2568. This value can be compared to 0.27%t the velocity (or VR). All of these parameters fluctuate significantly in
same axial location in our time-averaged data. The 10% differenti@me. The circulation and peak vorticity decrease exponentially
can be attributed to the jet skew angles being different by 45 degith the distance from the source for the jet to freestream velocity
To assess the strength of th€&kR=1 primary vortex relative to ratios of 2 and 3.
the longitudinal vortex produced by a solid vortex generator, the 2. The vortex core of the weakest jet with a velocity equal to
data of Eibeck and Eatof82] were utilized. The latter are alsothe freestream remained within the logarithmic region of the
plotted in Fig. 14 along with the time-averag€R=1 data. The boundary layer, and behaved differently than the two stronger jets
dashed curve fitted to the solid vortex generator data is an exploat penetrated through the logarithmic region.
nential. The exponential fit was chosen because of the past worl3. Due to the significant wandering of the streamwise vortex
on solid vortex generators. Moreover, our highéR jets also within the boundary layer, time-averaged data from single-point
decayed exponentially. The comparison between the VGJ ameéasurements result in reduced vorticity. The extent of vortex
solid vortex generator data confirms the finding of Compton amwdandering increases with the downstream distance and can be as
Johnston 7] that the peak vorticity of VGJs decays much morenuch as+30% of the undisturbed boundary layer thickness at
rapidly at first. However, at larged § stations, roughly from 10 to x/6=4.2.
100, the decay of peak vorticity for solid vortex generator be- 4. Conditional averaging of the velocity and vorticity fields, by
comes more rapid. co-locating the vortex core among different data sets, indicates

OCrame

06 |

04 r

0.2

Time-Averaged Peak Vorticity (0may 8/ U,)

respectively. These RBevalues are considerably greater than th
value of 715 in our experiment. The jet diameter to boundalgf
layer thickness ratios in Ref§7] and [31] are 0.45 and 0.56, &"
respectively, again much larger than 0.14 in our experiment.
The available peak vorticity data are generallyxaf stations
farther downstream than in our experiment. To account for t
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Filling Process in an Open Tank

A numerical simulation for a filling process in an open tank is performed in this paper. A
single set of governing equations is employed for the entire physical domain covering
both water and air regions. The great density jump and the surface tension existing at the

S.L.Lee free surface are properly handled with the extended weighting function scheme and the
e-mail: sllee@pme.nthu.edu.tw NAPPLE algorithm. There is no need to smear the free surface. Through the use of a
properly defined boundary condition, the method of “extrapolated velocity” is seen to
S. R. Sheu provide accurate migrating velocity for the free surface, especially when the water front
hits a corner or a vertical wall. In the present numerical procedure, the unsteady term of
Department of Power Mechanical Engineering the momentum equation is discretized with an implicit scheme. Large time-steps thus are
National Tsing-Hua University, allowed. The numerical results show that when the water impinges upon a corner, a
Hsinchu 30013, Taiwan strong pressure gradient forms in the vicinity of the stagnation point. This forces the water

to move upward along the vertical wall. The water eventually falls down and generates a
gravity wave. The resulting free surface evolution is seen to agree well with existing
experimental data. Due to its accuracy and simplicity, the present numerical method is
believed to have applicability for viscous free-surface flows in industrial and environmen-
tal problems such as die-casting, cutting with water jet, gravity wave on sea surface, and
many others[DOI: 10.1115/1.1624425

Introduction trivial equation either in the liquid region or in the air region,

Filling process in cavity, mold, and tank is encountered in man hile the \/_OF_funct!onf possesses a d'?'CO““W'W at the free
urface. This gives rise to a great numerical difficulty when Eq.

scientific and industrial applications. The major difficulties dea-) ; ved. To ci t th ical difficulty. Hirt and
ing with such problems lie in the treatment of a few particula& IS solved. 10 circumvent the numerical ariticulty, Hirt an

physical phenomena. First, an accurate tracking of the liquid- chols[7] employed the donor-acceptor SChe!ﬁfﬁ' {o estimate
interface(known as free surfagés needed. Second, turnaround of '€ a"er‘?‘gé value inside each f'n'te. volume instead of solvmg
the liquid front should be properly handled when the liquid frond- (1) directly. However, the numerical procedure was very in-
impinges upon a corner or a wall. Third, the force balance equ%f_flment especially when applled_ to three-dimensional mold-filling
tion on the free surface including the surface tension, the nornf{PPlems[9]. Furthermore, the time-step should not be large due
stress, and the shear stresses should be precisely satisfied. Folfti{ie Courant criterioriadvancement of the free surface should
the dynamic contact angle at the liquid front should be carefulje 1€ss than one grid mesh in a single time-step
modeled unless the characteristic length of the problem is suffi-A few variants of the VOF functiori have been proposed for
ciently large. solving Eq.(1) directly. They include at least the indicator func-

Many numerical methods have been developed for moId-fiIIingéonl [10], the marker function|11], the color function[12], the
However, the above-mentioned numerical difficulties are still ndgvel set function[13,14, and the characteristic functiofil5].
well resolved. Gilotte et alf1] determined the stream functionAll of these variant functions will be simply denoted Ibyfor
inside the liquid region with the potential flow theory, while aconvenience. Pichelin and Coupleb] employed an explicit dis-
liquid jet was divided into branches manually. Instead of trackingentinuous Taylor-Galerkin methoflL6], to solve Eq{(1) for the
the free surface, Advani and co-workef8,3], located only the characteristic function in a three-dimensional mold-filling prob-
control volumes through which the free surface was passing. Lieém. However, their method was found to produce an unphysical
cal refinement thus was needed for a more precise free surfaigzag free surface.
profile. Matsuhiro et al[4] and Zaidi et al[5] used the marker  In the use of the marker function, Pericleous and co-workers,
and cell methodMAC) to track the free-surface advancement 11,17, employed van Leer’s TVD schem8], to solve Eq(1).
Surface tension and stresses on the free surface were ignored. $4i6 approach yielded free surfaces with acute angles along with
and Richardsoi6] employed fringe elements in addition to fixedsubstantial numerical smearing. The results do not seem to be
Cartesian fundamental elements such that the shape of the fpdgsically realistic. The fundamental concept of the level set func-
surface could be tracked. Unfortunately, numerical difficulty watéon is to use a smeared VOF functidrinstead of the original
encountered when the fringe elements were too small due teshkarp-step function such that the gradientf @xists across the
Courant-Friedrich-Lewy stability condition. free surface and thus Eql) is numerically solvable. Very fine

In their effort in resolving the free-surface problem, Hirt andyrids are generally needed. Otherwise, considerable artificial dif-
Nichols [7] introduced the concept of VORvolume of fluid. A fusion might arise. When the level set function was applied on a
scalar functionf(x,y,z,t) was defined such thétwas zero in the mold-filling problem, Dhatt et al.19] found that the choice of the
air region and jumped to unity in the fluid region. Such a particispatial representation dfnear the liquid front required experi-
lar function was found to be governed by the hyperbolic differerence, insight and personal adjustments. The identification of new
tial equation[7], fronts from thef-value required as well experience, especially for

the corner region and highly curved fronts.
a_f+u(9_f+v ﬁJrW’?_f:O 1) Very recently, Lee and Shel20] proposed a new numerical
at X ay Jz formulation for free-surface flow without smearing the free sur-

face. A force balance equation considering the surface tension was
imposed on the free surface through the use of the NAPPLE al-

Commibuted by the Fluids Endineering Division f blication i TOMANAL gorithm,[21]. To achieve a smooth free-surface profile, a particu-
OF FSSII!)ISUE?\IGINyEEReINGuIl\/lznur;?:Irri]gterrér::geivé\gslla?/nth(;rIgﬂidgaELog?nlgering DivisionIar technique called “extrapolated vglomty was developed. The
Nov. 5, 2000; revised manuscript received June 4, 2003. Associate Editor: E. (@SUlts showed good agreements with the well-documented dam-
Graf. breaking experiments from Martin and Moyj&@2]. In the present

where ,v,w) denoted the flow velocity. However, E@lL) is a
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L \ terminate before the liquid reaches the heightl. Hence, the
computational domain is truncatedyat 1 with the simplest arti-
ficial boundary condition

u(x,1,7r)=0, dv(x,1,r)/ay=0. (7)

Mathematically, the dimensionless density and viscosityu*
appearing in Eq94) and(5) are step functions across the liquid-
air interface. They have the value of unity in the liquid region and
jump to another constant in the air region, i.e.,

*:[ 1 in liquid (&)
palp in air
B . 1 in liquid

we pal in air (80)

where the subscrip@andl denote, respectively, the properties of
the air and the liquid. Note also that in the governing Egs-(5),

the liquid-air interface is treated as an internal boundary such that
no additional treatment is needed for the shear stresses there. In
study, the method by Lee and Shi@dd] is employed to simulate this connection, effect of surface tension is taken into account by
the filling process in an open tank. A modification to the methocbnsidering the force balance equation on the liquid-air interface,
of “extrapolated velocity” will be performed to properly handle[20,23,24,

the sharp turnaround of the liquid front after its impingement on a

Fig. 1 Configuration of the problem

K 1 "
corner of the tank. PI=Pat V\_/e+ R_e((o'nn)l_(f>(o'nn)a> 9)
Theoretical Analysis plUZL v,
We= . on=2 (20)

Consider a liquid being forced to fill a two-dimensional open an
tank of widthL. The liquid enters the tank with a uniform velocity
Ui (t) through a gate of heighB on one side of the tank as
illustrated in Fig. 1. The flow is assumed laminar and incompre
ible. All of the physical properties of the liquid are constant. Aft

introducing the dimensionless transformation

where p, and p, stand for the dimensionless pressures on the
liquid side and the air side, respectively. The symboéd« are,
sr?a'spectively, the coefficient of surface tension and the dimension-
®less curvature of a convex free-surface profile. The notatign
denotes the normal stress, while,,/dn represents the normal

x=X/L, y=Y/L, u=U/U,, v=V/Ug, strain rate. For convenience, the liquid-air interface will be re-
5 ferred to as “free surface” in the present study, although it is not
p=(P—=P.)/(pUg), 7=(Uc/L)t, really “free of stresses.”
Re=pUcL/p, Fr=U./\gL @)
p*=plp, w*=plu,, b=B/L, u,=U;,/U, Solution Method
a single set of governing equations covering both the liquid and!n the present study, the momentum E@8.and(5) are solved
the surrounding air can be written as with the extended weighting function scherf2], on a fixed and

nonstaggered Cartesian grid system. Due to the integration form
of this particular scheme, the great discontinuity of the density
across the free surface can be effectively handled. It is noteworthy
that both liquid and air are considered incompressible even though
N L 1(a [ ,ou their densities are significantly different. Thus, the law of “vol-
P\ o7 ax Y ay] ax  Relox Kox ume conservation,(3), is valid for the entire computational do-
main including the free surface itself and both regions of liquid
7 *ﬁ)) 4) and air. Through the use of the NAPPLE algoritH20,21], the
ay m ay continuity Eq.(3) is converted into a pressure-linked equation.
The pressure solution then is solved with the SIS solf@5,
d ( . au) while the force balance E¢Q) is imposed on the free surface. The
e numerical procedure has been clearly described in [R6f.
As mentioned earlier, one of the major difficulties in solving a
0 v moving free-surface problem is the prediction of the free-surface
( )) (5) advancement. For two nonimmersed fluids of similar viscosities,
the migrating velocity of their interface can be easily interpolated
The associated boundary conditions are from the velocity solution. However, this is not the case when the
_ _ viscosity ratio is large. A large viscosity ratio gives rise to a large
uxy,0=0, v(xy,0=0 discontinuity in the velocity gradient across the free surface. Thus,

Ju  Jdv

&‘F@*O 3)

u(0y,7)=u,(7) for 0O<y<b, when the solution §,v,p) for a given time is obtained, the mi-
grating velocity of the free surface cannot be precisely interpo-
u(0y,n)=0 for y=b, v(0y,7)=0 (6) lated from the velocity solution at the grid points on both sides of

_ _ _ _ the free surface. In view of the fact that the velocity gradient on

ux,0m=0, v(x,07)=0, u(ly,n=0, v(ly,n)=0. the liquid side is very small as compared to the air side, Lee and
Physically speaking, the boundary conditions for the surroundirf@heu[20] proposed the method of “extrapolated velocity from
air do not have a significant influence on the liquid fl¢20]. In  the liquid region” to estimate the migrating velocity of the free
addition, the filling process considered in the present study walrface.
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Q(t)=0.005(6—1) (13)
which implies
U;n(t)=0.78961—1/3) (14)

if the velocity profile is assumed to be uniform, whede U;,, ,
andt are measured in ffs, m/s ands, respectively.

In the present computation, the physical properties of water and
air at 25°C are employed, i.e.,

pw=998 kg/n?, 1, =0.99<10 % kg/ms

pa=1.205 kg/m, u,=1.81x107° kg/ms
palpw=0.001207, w,/pm,=0.01828
y=0.0720 N/m

(15)

Fig. 2 Computational domain for the artificial velocity (u*,v*) while the gravity isg=9.806 m/é. The characteristic velocity is
assigned as

_ _ _ _ U.=U,,(0)=0.7896 m/s. (16)
Figure 2 shows a schematic free surfdttee solid curvein a ]

computational domain on a fixed Cartesian grid system. The grldie corresponding Reynolds number, Froude number, and Weber
points (the white nodesadjacent to the free surface on the liquidhumber are, respectively, R€.210x 10°, Fr=0.6468, and We
side separate the computational domain into two regions. One®1314. The dimensionless gate height and inlet velocity kare
the two regions contains only liquid, while the oth@ghe gray =0.25 andu;,(7)=1-0.0641%, respectively. The maximum air
region includes the whole air region, the free surface itself and\elocity (occurring atr=0) has a Mach number of only 0.002282.
narrow liquid layer between the white nodes and the free surfaddus, the compressibility effect of the air is negligible. The di-
Based on the concept of the “extrapolated velocit§20], one mensionless curvatureis evaluated from every three successive

solves the Laplace equations makers on the free surfade0], i.e., three points define a circle.
Numerical results including the evolution of the free-surface
Ju* JPu* Pv* Jv* profile, velocity, and pressure were obtained on various combina-
%2 * ay? =0, %2 + ay? =0 A1) tions of grid meshes and time steps. Among them, the finest grid is

Ax=Ay=0.0125 andA7=0.006494 which corresponds to 0.19
on the gray regiortsee Fig. 2 with known velocities at the white cm and 0.00125 s, respectively. The results obtained on the finest
nodes to yield an artificial velocityuf,v*). The migrating ve- grid are shown in Figs. 3 and 4. Influence of the grid meshes and
locity of the free surface is then interpolated from this artificiathe time steps on the numerical solution will be discussed later.
velocity. Figure 3 shows the isobafwith incrementAp=0.1) and the
As remarked by Lee and Sh¢R0], the Laplace Eq(1l) are velocity at four representative times, i.€50.1s, 0.3 s, 0.45 s,
used only to extrapolate the liquid velocity in a narrow regioand 0.65 s. The conversion factor betweemnd 7 is t=t.7 and
between the white nodgsee Fig. 2 and the free surface. Influ- t.=L/U.=0.1925s. As expected, the pressure jump across the
ence of the boundary conditions imposed on the other boundarfese surface is not significant in the present case. This can be
of the computational domaitthe gray regionwould not be sig- attributed to the large Weber and Reynolds numi¢@rsBy con-
nificant. Hence, the following artificial boundary conditions arérast, the pressure gradient has a large discontinuity across the free
assigned for the boundaries when they are exposed to air surface due to the large density ratio of the water and theljr
. _ . _ As a result, the pressure in the air region is essentially zero. This
0 (0y)/x=0,  dv*(1y)/ox=0, (12) leads to a difficulty in plotting the isobap=0. In Fig. 3, p

u* (x,00/9y=0, v*(x,00=0, u*(x,1)=0, =|Ot.t0%1 was employed instead p&0 when the isobap=0 was
plotted.
dv*(x,1)/dy=0. The evolution of the free surface profile at every 0.05 s is

plotted in Fig. 4a). To clearly observe the sharp advancement of
_ _ . : P - the free surface in the period 0.26<0.3s, the free surface is
x=0 andx=1 will be discussed later. After the artificial velocity resented in Fig. @) at every 0.01 s in that period. The results

(u*”.’*) is known and the migration velocity of the free_ surface i eveal that the water enters the tank as a wall jet along the tank
obtained, the free-surface advancement for the next time-step “om ony=0. After the water front hits the opposite wall on

be easily estimated with a numerical procedure proposed by Iyg 1, a large pressure gradient forms in the vicinity of the stag-

and Sheyj20]. nation point. This forces the water flow to jump up along the
) ) vertical wall onx=1. It is quite interesting to note that after

Results and Discussion reaching the highest poiny £ 0.84) att=0.25s, the water falls

Hwang and StoeHi26] performed an experiment on filling pro- down and forms a gravity wave traveling in thex direction. It '
cess of water flow inside a mold of a vertical square plate “casioWs up the vertical wall ox=0 after the wave reaches this
ing” similar to the open tank shown in Fig. 1 on thg-plane. The Wall. The computation was terminatedtat0.65s in view of the
width of the tank and the height of the gate were 15.2 cm and Poundary conditior(7). _

B=23.8cm, respectively. The free surface was found to be essenlt should be pointed out here that using a nonpermeable
tially two-dimensional due to the fact that the third dimensiofondition

(thickness$ of the tank is rather small as compared to the width of u*(Ly)=0 17)

the tankL. A sequence of photographs was taken to record the ’

evolution of the free surface profile. However, the inlet conditiofor the extrapolated velocityu ,v*) will give rise to a physically

at the gate was not known. Fortunately, the volume of water insidarealistic situation that the water front will never reach the op-
the tank can be evaluated from the photographs. The resultpissite wall onx= 1. By contrast, the use of the freely permeable

approximately boundary condition

Definition of the boundary conditions far* on the vertical walls
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Fig. 3 The isobars (with increment Ap

tative times

induces a strong pressure increase in a region covering the stag-

nation point.

(18)

1y)/ax=0

u*(
could produce a water front that penetrates the solid wall,

1%

the freely permeable boundary

In the present study,
and thereafter, the nonpermeable conditibf) is assumed.

Suppose the water front just touches the wall at titheluring a

)

ondition (18) is employed before the water reaches the wall
1

C

e
the existence of the vertical waH 1

n

i.e.,u(1,0)>0. This is physically unrealistic either. Physically, th

water does not “sense

the

1

before it reaches there. Once the water front hits the xvall

step elapsing in the period, ;<7<r,. This particular
step is divided into two substeps,(;<7<7* andr*<r

<0) and thus =r,) such that the freely permeable conditid®) can be applied

boundary condition on the water front would suddenly transttme

situation to a nonpermeable conditiortime

This instantly decelerates the water flowwu(

”

from the “free surface

arT
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(a) at every 0.05 s, and (b) at every 0.01

Fig. 4 Evolution of the free surface profile

s in the period 0.2 s
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Fig. 5 Influence of (a) time steps, and (b) spatial grid meshes on the free-surface
profiles

exactly up to the time*. Similar treatment is performed when thetaken in the present computation neglects the viscous friction on

gravity wave hits the walk=0. the z-surfaces of the tank. Thus, the computed pressure gradient
Figure %a) shows the influence of various time-steps on thgould be slightly underpredicted. Nevertheless, the mass flow is

free-surface profiles at four representative times. Similar grid tesitet influenced due to the use of a known velo¢ity) for the inlet

ing is performed to investigate the influence of the spatial grisoundary conditior(6).

meshes as shown in Fig(t§. Furthermore, to examine the reli-

ability of the present numerical method, the computational resﬁ(P .

of free-surface advancement is compared with the experimentaPnclusion

observation from Hwang and Storf26] in Fig. 6. From Fig. 5, This paper presents a numerical simulation for a filling process

the grid meshAx=Ay=0.0125 along with the time-stedt in an open tank. A single set of governing equations is employed

=0.00125 s as adopted in Figs. 3 and 4 is found adequate for foe the entire physical domain covering both water and air re-

present problem. Excellent agreement between the present pregdions. The large density jump across the water-air interffree

tion and the experimental data is observable from Fig. 6. surface is handled with the extended weighting function scheme
The water volume inside the tank is examined in Fig. 7. Theuch that there is no need to smear the free surface. A force bal-

white dots in Fig. 7 are the water volume estimated from thance equatioriincluding surface tensioris imposed on the free

experimental observation of Hwang and Stef#8]. The dashed surface through the use of the NAPPLE algorithm. In this connec-

curve, a least-square approximation of the white dots, stands figh, a modified “extrapolated velocity” is developed to track the

the inlet conditiong13) and (14) on which the present computa-sharp turnaround of the water front when it impinges upon a cor-

tion is based. The solid curve is the water volume directly evaluer. Excellent agreement between the present numerical results

ated from Fig. 4. From Fig. 7, one sees a satisfactory agreemant! an existing experiment is found. The numerical method em-

between the present computation and the experimental(ttaa ployed in this work is very simple and accurate. It applies to

solid curve and the dashed cujv&his demonstrates the accuracyindustrial and environmental problems such as die-casting, cutting

of the present numerical method on the mass conservation. Agvigh water jet, gravity waves on sea surface, and many others as

final note it is mentioned that, the two-dimensional assumptiagell.

0.020
77— ]
R Expeﬁment : : - Q(t)=0005t(6 -t) |
— Present Study = Present Study i
1 0.015 — —
06550 o onn B R i o o Hwang and Stoehr ]
5 B i ]
y . o L ]
05 h 0.010 i -
___________ ] 0.005 — ]
ool v v ™ ] 0000/ L w11
0.0 05 1.0 00 01 02 03 04 05 06 07
X
t (sec)
Fig. 6 Comparison of free-surface advancement between the
present prediction and the experimental observation (Hwang Fig. 7 An examination of the computed mass conservation
and Stoerhr [26]) inside the tank
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Nomenclature

b,B =

- Ja .
Il

R

(up) =

(u*v* )=
U, =
Uin =
We =

(x,y,2) =

,-o-q)fO'O
|

height of the gateb=B/L

VOF function,f=1 in liquid andf=0 in air

gravity acceleration

Froude numberJ /gL

width of the tank(characteristic length of the prob-
lem)

dimensionless pressure, H®)

= water volume inside the tank

Reynolds numberp U L/ y,

= time

dimensionless velocity, Eq2)
artificial velocity, Eq.(11)
characteristic velocity, Eq.16)
inlet velocity

Weber numberp,U2L/y
dimensionless coordinate system

Greek Letters

y = coefficient of surface tension
k = dimensionless curvaturdased on the characteristic
lengthL) of a convex free-surface profile
m, w* = viscosity and dimensionless viscosiiy* = u/u,
p, p* = density and dimensionless densipy,= p/p,
o,n = nhormal stress
7 = dimensionless time, Eq2)
Subscripts
a = air
| = liquid
n = normal direction
w = water
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Modeling Free-Surface Flow in
Part-Filled Rotating Vessels:
Vertical and Horizontal
Orientations

This paper reports on the numerical simulation of rotating flows with free surfaces,
typically that arise in dough-kneading situations found within the food processing indus-
try. Free-surface flow in a rotating cylinder is investigated when a fluid is stirred in a
cylindrical-shaped vessel with a stirrer attached to its lid. The problem is posed in a
three-dimensional cylindrical polar frame of reference. Numerical predictions are based
on a Taylor-Galerkin/pressure-correction finite element formulation, with particle track-
ing to accommodate free-surface movement. Peeling and wetting conditions are incorpo-
rated to predict fluid-surface movement in contact with solid boundaries. Free-surface
profiles are presented for different speeds of rotation and predictions compare closely to
equivalent experimental results. The algorithmic implementation is validated against
Newtonian analytical solutions. Typical results are presented to demonstrate the differ-
ence between Newtonian and inelastic model flui@l: 10.1115/1.1625685

K. S. Sujatha
M. F. Webster'

Department of Computer Science,

Institute of Non-Newtonian Fluid Mechanics,
University of Wales,

Swansea, SA2 8PP, UK

1 Introduction fluid flows with large density variations on staggered grids. Sub-
%%quently, an improved version of the VOF method has been

This paper addresses the numerical simulation of free-surfal veloned. in which the flow field is treated as a two-phase Svs-
flows in rotating cylindrical-shaped vessels that arise in the fo | pth' ’ thod. th h filled with fluid P dt )t/)
processing industry. The motivation for this work is to develop al m. In this method, the regions fifled with Tluld aré assumed to be

advanced technology to model dough kneading. The ultimate d‘%'—th'n a single phase. The dry region, separated by the'free-
jective is to provide a predictive capability from which optimaPUrface boundary is considered as a second phase, consisting of a
designs for dough mixer-vessels may emerge, based upon rhdgua! fluid of artificial physical properties. Such a formulation is
logical considerations and influence upon the kneading procé gm(_ad apseudq-densny met_h@ﬁ]. To av0|_d the use of artificial
itself. Free-surface flows are common in everyday experience sical properties, Nassehi and Ghoreiglip)] proposed the
many industrial processes. There are several approaches c8HRQY to treat the dry section as a compressible fluid.
monly proposed in treating moving free surfaces, a comprehen/An alternative approach was proposed by Sato and Richardson
sive review of which is provided in Wang and LEH. The first [11], appe_al_lng toa frlng_e_element generation method bas_ed upon
category comprises methods that move the mesh system itself i ByPrid finite element/finite volume scheme. No remeshing was
Lagrangian sense, following the movement of the flgedg., requ_lred as the f_IU|d was as_sumed to flow over a fixed mesh,
marker and cel(MAC) method(Harlow and WelcH2] and Welch Wwetting fre§h regions. New frlnge elements. were created in the
et al.[3]). This method introduces complications within the dissurface neighborhood, conforming to the original mesh structure
crete representation of the problem, as in the course of time, #ed avoiding excessive mesh distortion. A similar strategy was
moving mesh system often suffers gross distortion, which necéslopted by Ding et al.12] and Manogg et al.13] for the com-
sitates remeshing to rebalance mesh aspect ratios. putation of moving boundaries encountered in injection molding
With Eulerian-based methods, the actual position of free boungituations. Medale and Jaedgdr] developed a simulation tech-
ary points are localized in a fixed mesh. The governing equationisiue for free-surface flows in two-dimensional geometries, based
are solved in a larger domain than that is actually occupied by tha a finite element analysis with an Eulerian approach and an
fluid, distinguishing between wet and dry regioite.g., as unstructured fixed mesh. These authors presented several numeri-
achieved in the volume of fluid meth@OF) of Hirt and Nichols cal examples to demonstrate the accuracy of their procedures.
[4]). The original VOF method employed a finite difference Artificial Lagrangian-Eulerian methods combine the respective
scheme and was not straightforward to implement for problenaslvantages of both Lagrangian and Eulerian metHdds;17. In
involving complicated boundaries. This method was later exhe Lagrangian phase, the mesh velocity equates to the fluid ve-
tended by various investigators to solve a variety of problemigcity, that removes the convective fluxes from the momentum
such as mold filling and metal casting. A VOF variant, based aransport equation. In this manner, nodal point location may be
finite element techniques, has also been developed and applieddmputed via a velocity-correction scheme. Subsequently, the
solve relatively simple problem&ethin et al[5]). Later, an Eu- mesh velocity is updated using these nodal point locations. In the
lerian finite element method for free-surface problems was dev@ulerian phase, convective fluxes are evaluated. Finally, an up-
oped,[6], although its ability to treat complex geometries was th@ated position of the free surface is computed, using both fluid
only significant advantage over more basic methods, such &% mesh velocities. A mixed Lagrangian-Eulerian method was
MAC. See, for example, Rudmdi7,8] who employed a MAC- developed by Ramaswaniy6] for calculating the transient dy-
type momentum advection technique for the simulation of multgnamics of incompressible, viscous fluids with free surfaces. This
mixed method mitigates excessive mesh distortion that may arise
1To whom correspondence should be addressed. during the Lagrangian phase.
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rers. Stirrers are located either in a concentric or eccentric af-work, against which comparison and validation is based. The
rangement, with respect to the axis of the vessel. As an alternatoeresponding experimental model fluids employed were 1%
to conventional mixer operation, the motion is assumed to E&EMC, 2% CMC, 3% CMC, and 4% CMC. As the concentration of
driven by the rotation of the vessel, for convenience within thEMC increases, the elastic properties of the fluid increases. The
modeling. Aspects of this study, dealing with numerical and eXGarreau-Yasuda model has been selected based on the rheological
perimental comparisons for filled vessels, have been publishelthracterization of actual dough samples and these particular
elsewhere[18-19. Here, the mixer is considered to be partiallynodel fluids quoted,19]. Such materials are observed to be shear
filled, and in both a vertical and horizontal standing orientationhinning and may be fitted to the above model. So, for example in
This leaves the surface of the fluid to move freely. The free suhis respect, the rheology of 4% CMC corresponds to the shear
face is described by a number of particles, the evolution of whidiehavior of dough, with 1.3 times the normal levels of water.
is tracked. In addition, novel strategies are proposed to accommo¥or convenience of representation, we adopt nondimensional
date wetting and peeling phenomena, which arise at the interfa@iables and the following scalels; V, and u. (Whereu.= uq
between fluid and solid surfaces. =1.05 Pa.s) are characteristic length, velocity, and viscosity, re-
The simulation procedure employs a Taylor-Galerkin/pressurspectively.
correction finite element formulation for the generalized
momentum/continuity equation system. This formulation appliesa  , _ X U* — u e = !t ¥ _
temporal discretization in a Taylor series, prior to a Galerkin spa- L EVARE i we L7 n
tial discretization. A semi-implicit treatment for diffusion is used
to address linear stability constraints. The flow is modeled as iWe adoptL as the diameter of the stirrél8 mm andV, the
compressible via a pressure-correction procedure. A fixed finggeed of rotation of the vessel. The body force term involving
element mesh covers the whole domain, that is divided dynangiravity, “‘F,”” equates to the ratio between Reynolds and Froude
cally into two different sections: one wet and another dry. Theumber, defined as
position of the free-surface interface defines the wet fluid region, 5
upon which solution for field variables is activated. The equiva- _ E’: pL7g where Re pL
lent experimental results presented in this paper involve laser scat- Fro V'’ Mo
ter technology and contemporary imaging techniqués$,2Q. ) ) )
Similar procedures have been used by Prakash and Kpkini Hence_for.th, we discard th& notation for ease of presentation.
23] to determine velocity vectors associated with flows in modé&ubstitution of the above dimensionless variables into @&9).
mixers, to ultimately discern shear-rate distributions. In the kneayf€!ds the nondimensional equivalent generalized system of equa-
ing process, the quality of the final produgthere internal mate- tions
rial structure is developed through kneadindepends upon the
distribution and type of mechanical work put into the dough. In ReU;=V.(u*VU)—ReU.VU-VP+F, ®)
this regard and within the present study, it has proved instructive V.U=0 )
to construct secondary field data of velocity gradients, local shear ’ :
rates and local rate of work done. These quantities may be estiThe algorithm invoked in this study follows referen¢ed —26
mated from primary finite element solution field data. Hencgyhere greater detail is provided. Briefly, a semi-implicit time-
torque and power may be computed, which provide a torque-tinggspping procedure, namely, a Taylor-Galerkin/pressure-correction
trace. Such data are gleaned out to aid ultimately in the overgflite element scheme is employed to solve the governing equa-
appreciation of effective dough kneading, by associating localizggns relating to the conservation of mass and momentum. The
deformation with its influence on buildup of material structurgme-stepping scheme is derived through Taylor series expansions

P @

V2
and Fr E (5)

(via shear and extensign up to second-order in time-step and a two-step predictor-corrector
) ) ) scheme is assumed. This, in conjunction with a second-order
2 Basic Equations and Numerical Scheme pressure-correction method, to accommodate the incompressibil-

For incompressible isothermal flow, the generalized momemd%constraint, produces a fractional-staged equation system. The
and continuity equations may be expressed as whole system is solved over three distinct phases within a single

time-step. A semi-implicit Crank-Nicolson treatment is adopted in
pU=V.(uVU)—-pU.VU-VP+pg, (1) time to discretize the diffusion terms. A Galerkin finite element
spatial discretization renders a fully discrete system. The choice is
v.u=0, @) made of piecewise continuous quadratics for velocity, and linears
where dependent variabl¢d) and pressureR) are defined over for pressure based upon tetrahedral elements in three dimensions
independent variables of space and tirig.represents a time (and triangles in two dimensiopsThe viscosity of the fluid is
derivative, and spatial gradient and divergence operators follggpresented through the Carreau-Yasuda model, and the nonlinear
standard conventional notation. Fluid material properties are giveiscosity representation enters the formulation within the momen-
via density(p) and viscosity(x), andg is the gravitational con- tum equation. The three fractional stages per time-step may be
stant vector. A Carreau-Yasud@-Y) model is employed to de- identified as follows:
scribe the shear-thinning rheology, providing the functional varia- Stage 1 From initial velocity and pressure fields,

: iscosity 1, Vi 1 . .
tion for viscosityu, viz, nondivergence-fre&"* 2 and U* fields are calculated via a two-

o= Mo step predictor-corrector procedure. The corresponding equations
M:ﬁ+ﬂmq (3) are solved iteratively by a Jacobi scheme in an element-by-
(Ay) .
element fashion.
whereu, is a reference viscosity at low shear rates andis an Stage 2 Adopting the auxiliary variabl&J* , calculate the pres-
asymptotic value of viscosity at large shear rates;2\T, with  sure difference P"*1—P") via a Poisson equation, applying a
the second invariarit, (1,= 3trace(D?)) the rate-of-strain tensor, direct Choleski method of solution.
D" is the rate-of-deformation tensom is a power-law index  Stage 3 Based on the pressure differend@"t*—P"), deter-
and\ is a material constant. To be specific, we take 0.6 and mine the divergence-free velocity field"** by Jacobi iteration.
A=0.083s. Adopting quadratic and linear interpolation functiots(x,t)

To facilitate experimental flow visualization, a viable modegjnd P(x,t) may be expressed as
fluid must be translucent. Hence, dilute polymer solutions were
employed as model fluids in the equivalent experimental program Ux,t)=Uj(t) ¢j(x),  P(x,1)=P;j(t)g;(x).
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The equation stages in fully discrete fdrmay be concisely
summarized, viz:

Stage la
2Re 1 n+1/2 n T
A_tM+§S“ (U -UM={-[S,U+ReN(U)U]+L'P
+Fgi}" (8)
Stage 1b
Re 1 * n T n
EMJrESU (U*=U"=[-SU+L'P+Fd¢]
—ReN(U)uJ™ 2 ©)
Stage 2
n+1 n 2 *
K(P""*—P ):_ELU (10)
Stage 3
Re 1
A_tM(Un+1_U*):§LT(Pn+1_Pn) (11)

[ [deidgy 1 dgide; _de; deb
<533>u—J9“ {WF*FJW% EE}"Q
(19)
L=(L, Ly,Ly (20)
B ¢ dy B do,
Lf‘L"’m(T*W)"“' L@‘fﬂ‘”m(ﬁ)d“’
_ dg;
ol e
N(U)ij:fnd’i‘bkukvqudﬂ (22)
(K)im= Jﬂwl V Yind Q2 (23)

where dQ=rdrdddz, and {i,j,k};,{l,m};, where in three di-

mensiong{r,s}={10,4, while in two dimensiongr,s}={6,3.
After solving for velocities and pressure in the flow field, rate

of work done (v), and torque T,) are computed, using the fol-

whereU", U1, P andP"*! are nodal vectors of velocity and lowing relations:

pressure at timé" andt"*!, respectively;U* is an auxiliary

nodal vector introduced at Step 1M, S,, N(U), K, andL are

mass matrix, momentum diffusion matrix, convection matrix,
pressure stiffness matrix, and divergence pressure gradient matrix,
respectively. In a cylindrical three-dimensional coordinate frame

of reference, I(,6,z), the above matrices may be defined as

My O 0
M=| O My, 0 Whel’E{M“)ij=J ¢|¢]d9
0 0 M “
(12)
Sll 812 S13
Si=|Sa S» S» (13)
Sa1 Sz Sas
[ (. dgids;  1dgds 2
(Sll)ij_J’Q/'L [2FW+r—zﬁw+r—z¢i¢j
dei dg;
+EE]dQ (14)
- [ L2 de; 1d4
(S12ij=(S) "= fﬂ# [r_2¢iﬁ_r_2%¢j
1 d¢; do,
Fd_eW]d (15)
dé; deb;
(S19)ij=(Ss) "= L)M* d—ﬁ%]dﬂ (16)
B L] 2dgide;  1de dg; d¢; 1
<522>ii—f9“ [?W%‘FW T T
1 dg; de; dg
—FW I+EE]dQ (17)
1dg; do;
(S29i=(S3) "= LM*[;Ed—aj]dQ (18)

°Note in Egs.(8), (9), the use of Crank-Nicolson discretization in time on diffu-

W(t)=f (1:VU)dQ=P,, (24)
Q
o ( U; de)Z__
(T.VU)—E,U, d—xj+d—xl —W(t,X) (25)
Pu=Tqo (26)

w

where ‘P’ represents the power, 7" stress tensor, U” veloc-
ity vector (components V;,V,,V,)), “ " rotational rate of the
vessel, )" fluid volume, and ‘‘t’’ time. Localized rate of work,
w(t,X), may be interpreted as the integrand of E2f).

For mesh convergence studies, we have chosen three distinct
meshes, adopting a hierarchial mesh refinement approach, where
each parent element at the coarser mesh level is divided into four
subcells, connecting midside nodes. Between solutions and any
variable component on two consecutive refined meshes, a discrep-
ancy of order 1% is tolerated. The meshes used within these con-
vergence studies are illustrated in Fig. 1. In addition, simulations
are conducted using different numbers of particles for the free
surface, to quantify and calibrate the precision of determination.
This has led to the position where 1,000 particles are chosen for
tracking free surface in the three-dimensional vertical-vessel case,
whereas 3,600 particles are employed in the two-dimensional
horizontal vessel-orientation instance.

Apropos flow problem specification, the three and two-
dimensional flow domains are represented in Figs,®, with
corresponding meshes in Figgc2f). For the three-dimensional
vertical-standing vessel-orientation instance, a cylindrical vessel
with a stirrer (or stirrers is considered, placed in concentric or
eccentric orientation with respect to the axis of the vessel. The
fluid is driven by the outer vessel-wall and the stirrers are fixed at
the top of the vessel to a lid, as shown in Figa)2 To create a
three-dimensional tetrahedral finite element mesh, first each brick
element is constructed, which is subdivided into six tetrahedra.
For a single stirrer vessel, Fig(€}, this leads to 6000 tetrahedral
elements, 9240 velocity nodes and 1320 pressuggeX nodes;
for the double stirrer, Fig. (), there are equivalently 8400 tetra-
hedral elements, 13,145 velocity nodes and 1902 pressure nodes.
At initiation of the flow, the vessel stands some 60% filled with
fluid at rest. The outer vessel-wall attached to the bottom plate
(bottom of vesseg| rotates at different rotational speeds and the
top lid is held stationaryalong with the stirrers For the two-

sion S-matrix terms, so that averages over two time levels are recognized to reflgdmensmnal horizontal vessel-orientation instance, the flow geom-

difference quotients.

1024 / Vol. 125, NOVEMBER 2003

etry is discretized into a triangular mesh, as in Figs),2d). So
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Fig. 1 Meshes: M1, M2, M3; one (E1S) and two-stirrer (E2S)

cases Fig. 2 Meshes: vertical (three-dimensional ) and horizontal
(two-dimensional ) views; flow domain and surface; (a)-(c), (e)
1 stirrer; (d), (f) 2 stirrers

typically, the flow domain is discretized in Fig.(@ into 240
triangular elements, 520 velocity nodes and 140 pressure nodes; o .
likewise, for the two-stirrer instance of Fig(d}, discretization Runge-Kutta scheme. Here, it is found to be pragmatic and ad-
leads to 560 triangular elements, 1195 velocity nodes, and 3gguate to consider the one-step version, an explicit Euler step:
pressure nodes. We comment that mesh density may not be so X012 X+ AtU(X,, ,t7) 27)
fine, due to recourse to quadratic interpolation on velocity fields. P P P

To provide a well-posed specification for each flow problem, ivhere, for particlep, XB is a position at tima", U(X,,t") is a
is necessary to prescribe appropriate initial and boundary congidocity atXp at timet", X1 s a position at time"**. This
tions. Simulations commence from a quiescent initial stat§cheme is performed after stage 3 of each time-step of the Taylor-
Boundary conditions are taken assuming that the fluid sticks to tigylerkin algorithm, that is, at the end of each time-step cycle. For
solid surfaces, so that the components of velocity vanish on tigactical convenience, a miniscule virtual gap is introduced be-
solid walls of the inner stirrer boundaino-slip). On the outer tween the first surface particle and the cylinder wall to circumvent
rotating cylindrical vessel, a fixed constant velocity boundary cohe indeterminacy of conditions at the free surface-solid wall in-
dition is applied ¥/;=0,V,=1andV,=0), and a constant ambi- terface. Essentially, this creates two nodal points to represent the
ent pressure level is specified on the free surféaleen to vanish  contact point, one on the free surface and a second on the solid

boundary.
) Particles are introduced on the top of the fluid surface at the
3 Free-Surface Tracking start of each simulation run. The Taylor-Galerkin finite element

An Euler time-stepping scheme is employed to deal with fregdlculations are performed for the complete donaiat and dry
surfaces. A fixed finite element mesh applies to the flow domait®, obtain velocities and pressures at all field nodes. The dry and
which is divided dynamically into the two distinct wet and drywet regions are distinguished on the basis of material properties
sections. The position of the free surface defines the interfagéscosity. If a node is dry, the viscosity vanishes, and hence the
between wet and dry zones, and hence, the fluid region itself, t@lution is null. For moving particles, velocities(X,t") are
effective domain of solution. The solution of field variables, ircalculated by interpolating nodal velocities,
velocity, pressure and stress, are computed within the wet fluid

zone alone. U(Xp,t”)=2 Hi(XPUT, (28)

3.1 Particle Tracking Scheme. Free-surface profiles are

obtained by tracking particle histories, assuming that the fluidhereX; implies a sum over nodes of elements contaimﬁg
surface is delineated by a series of particles. In this manner, theSurface particles are moved by the particle-tracking scheme to
wet-dry interface is identified. Particles are placed in regular paibtain their temporal update locations. At the end of each time-
terns initially, distributed uniformly in radial and azimuthal direc-step, the most up to date wet and dry regions are identified and the
tions, but translate according to the evolution of local kinematicstatus of all nodes reassigned accordingly, as to whether wet or
For tracking free-surface positions, we follow reference Dindry. For elements which are part wet, the material properties are
et al.[25], which suggested a well-established predictor-correctatiowed to adjust over a single element. We impose a weak natural
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wetting peeling +— 0
dx. B’
Peeling
(advancing
Wetting urface )
(retractin,
surface)
1™ <aql, a,=5 ™ <al’ =
f<20°
(a) (b)
Fig. 3 Schematic representation of wetting and peeling: (a) vertical and (b) horizontal (r,®) orientation

boundary condition on the free surface. This change is incorpdistance spacing, particle coalescence and vanishing/buckling of
rated directly into the finite element formulation, since appropriafece-surface line segments may be guarded against. If two par-
material properties are assigned to each Gauss quadrature saitiglles come too close together, we consider them as having
point? within the associated representation of the integrands inerged into a single-particle collapsing line-segment reference
question. Therefore, no local remeshing is required close to thad individual particle reference.

interface. Having assigned nodal status and reassigned materidh the present work, novel algorithms have been devised to deal
properties, velocity and pressure fields for the new domain aréth wetting and peeling conditions, between fluid and solid sur-
computed at the next time-step™*. The velocity, U(X;™"), at faces, represented diagrammatically in Fig,B). This provides a

free-surface particles with subsequent movement, is calculated $ffiematic illustration for the treatment of fluid-solid body contact
points, arising at both outer and inner boundaries in the three-

n+1_ n N+L_ [y 4 N+l dimensional concentric scenario. In our modeling assumptions,
U(Xp)™ 7= U(Xp) +Ei (Ui UDéi(% ), (29) particles lying close to the inner and outer boundaries, would
move little in the vertical direction, being heavily influenced by

whereZ; r+elpresen.ts the sum over the nodes of an element cqRa prevailing imposition of no-slip. For example in FigaB
taining X" " . In this manner, particles are shifted to updated pqonsider particle A located at the contact point between the free
sitions for the next time-step. This procedure is repeated untilsgrface and the outer vessel-wall. This particle is stationary due to
stable steady-state is reached. no-slip. In contrast, due to centrifugal forces, a neighbor particle
: : o 1. B will strive to migrate towards the vessel wall and adhere there.
3.2 Wetting/Peeling on Free Surfaces. Specific consider \when the angle between the line segment AB and the wall be-

ations have been applied to the free surface, that is itself del ; .
eated by a series of particles. In vertical mixer orientation, Fi omes less tham (say, 20 dey particle B is presumed to have

3(a), with a concentric/eccentric stirrer arrangement and outgft@ched onto the walat B’ in Fig. 3a)). This is recognized as
vessel moving, surface wettingfolding-on of fluid” ) occurs at the New contact point for the next time step. In practice, particles
the outer vessel and “peeling off” occurs at the inner stirrer. Fdft @nd B are taken to have coalesced at Bletting (or peelingis
the concentric-stirrer instance, symmetric patterns arise as g0 controlled by assessing surface-segment stretch ratio at fluid-
flow is a pure shear flow and wetting/peeling apply uniformipoundary contact pointe.g., at A. Both criteria(stretch/angle
about vessel/stirrer. In a horizontal orientation and at the ves§éf employed when monitoring wetting and peeling. The physical
wall, peeling may be observed at the advancing surface in contgéfure of wetting, being a folding phenomena, means that the
with the vessel wall; wetting occurs at the retracting surface si@@gle of contact is important. In contrast, peeling may occur more
(dragging surface On the stirrer, peeling occurs at both advanc@S & result of an energy constraint, where stretch is more impor-
ing and retarding surfaces fronts, as illustrated in Fig).3 tant. Stretch adjustment is handled |n_such a manner as to impact
The stretch(or strain ratg of free-surface segmentsegments Upon control of local stress experiencételating extent of
connecting the surface particleis employed as a criterion to Wetting/peeling to degree and assessment of stretch Fate ex-
monitor the extent of wetting and peeling. Stretch is assessed @f@ple, at and near the inner stirrer, particles migrate away from
the ratio of the newly obtained segment length against its initifl€ stirrer(pee) due to centrifugal forces. Hence, the flow in this
length for a two-dimensional case. As such, wetting or peeling igdion is of a stretching nature. Let us consider two particles close
detected if a free-surface segment in contact with a solid boundd@the inner stirrer-boundary, namely G and H. When the stretch of
is stretched/contracted beyond some specified limiting criterf@ reaches &” times its original length(say, twice, the station-
This is equivalent to a balance between strain energy and stredfy. particle H is relocated at’H In this manner, the free-surface
When this situation arises, the free surface is retarded iterativelglls off (peels from solid surfaces. Thus, peelirigr wetting is
relaxing the newly calculated position, at which the velocity ig€tected if a limiting stretch factdw) of a line surface segment
adjusted accordingly. This automatically relieves the level dtearest the solid boundary is exceeded, according to
stressing. At the same time, governed by restrictions on minimal

Al n+1
I
3Comparisons were made for accuracy in employing 1, 3, 7, 15 Gauss quadrature Al° =a. (30)
sample points within an element. The seven-point option was found to be sufficiently !
accurate for present purposes, noting the increased spatial coverage that larger num- . . . . .
bers of quadrature points provide. The factor(a) is taken from empirical estimation and guided by
1026 / Vol. 125, NOVEMBER 2003 Transactions of the ASME
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experimental visualization. Herey|? and Al represent the

length of a segmeritadjacent to a solid boundary at initial time,
t=0, and new timet" "1, respectively.

For both horizontal and vertical orientations with one stirrer,
is found expedient to adopt a limiting valueof 5.0 at the outer
vessel, and 2.0 at the inner stirrer. Further improvements ha
been made in the horizontal vessel-orientation instéotgreater
complexity, with advancing/retarding fluid frontswhich de-
mands variation with respect to particulatirrer) boundary loca-
tion. Then, dynamic selection af is more appropriate to differ-
entiate between inner and outer stirrer-fluid contact point
dependent upon resultant local stressing. Once peétingvet-
ting) criteria are satisfied, the position of the free surface is rez
sessed, as discussed above, to the relief of stoesgrain levels.
Subtime-steps are introduced to improve field consistency afi
free-surface movement. Separate time-step control is enforced
surface movement from that for the full wet-domain computatior
to reflect the physical problem more closely. Typically, upon eac
Taylor-Galerkin time-step, this would necessitate around 1(
subtime-steps to be performed on the field.

-

Newtonian () Newtonian ( W)
Max=88.5, Min=14.05 Max=0.048, Min=0.0

4 Results

Numerical simulations for the above-mentioned problems ha Inelastic (C-Y) ('Y) Inelastic (C-Y) (W)
been conducted at various speeds. The materials represel . .
within the simulation studies arg model fluids with shear tﬁinnin(a) Max=99.5,Min=14.03 Max=0.042, Min=0.0
properties, results for which reflect close agreement against th
equivalent experimental counterpaift$9,20, of syrup (Newton-
ian) and 1% CMC(inelastic fluid3. There is no apparent change e P
noted in the free-surface profiles between inelag@eY) and —o—15_Newt, Re=4
Newtonian flows at this level of concentration of CMC. Neverthe 50 & —+— 1S_Newt, Re=8
less, field quantities, such as power, rate of work done and torq x: —H—15.Hom: Bo=15

200

such differences.
The numerical results presented are analyzed through the {

. . . . 1s:c-v. Re=2
do manifest some differenceldl8]. Typical results for both one 2 1S_C-Y, Re=d
and two-stirrer situations are provided in Figs. 4 and 5, to quanti § 1, 15.G-Y, Re=8

= 1S_C-Y, Re=16
&

lowing separate phases: 50
a. influence of increasing inertig@e), by increasing the rota-
tional speed of the vessel; o & = ]
b. material influence from Newtonian to inelastic fluids; 0 0.04 0.08 0.12 0.16
c. comparison of concentric-stirrer symmetric flow tc Radius (m)
eccentric-stirrer asymmetric flow. ois
—=a— 1S_Newt, Re=2
The concentric-stirrer rotating-cylinder flow for a Newtoniar o1 —°—‘:-N9M9=4
. . . . . . —a&— 1S_Newt, Re=8
fluid admits the following analytical solutioh27]: 014 18wl Fodi®
R Q) ---m--- 1S_C-Y, Re=2
_i — L E ---0--- 1S_C-Y, Re=4
r R; ™ ---a--18_C-Y, Re=8
V=Q0R, 5 (31) 3 --x-- 1S_C-Y, Re=16
R R i
Ro Ri ¢
whereR; and R, are the radii of the inner and outer concentric KR
cylinders, respectively; is the radial coordinate arid,(}, is the

rotational speed of the outer cylinder. Employing the sem 0 o4 o g b

implicit Taylor-Galerkin/pressure-correction scheme above, tt (b) Radius (m)

departure from the analytical solution in velocity and pressure 1s

found to be within an order of 1%. For this problem, the flow igijg. 4 (a) Field plots: Newtonian and inelastic fluids for one-

circular symmetric and of pure shearing form. Analytic and Nustirrer case, shear rate and rate of work, Re  =8. (b) Radial line

merical representations are contrasted in Table 1 at radial log#ets: Newtonian and inelastic fluids for one-stirrer case, shear

tions (any angled) between the vessépoint 1) and the stirrer rate, and rate of work, different Re.

(point 11). The free-surface configuration for a Newtonian fluid in

a rotating cylinder adopts a parabolic sha#)]. To validate the

accuracy of the current particle tracking scheme, one may look M8, for both one-stirrer and two-stirrer situations are depicted in

the shape of the free surface obtained for a Newtonian fluid inFég. 1. Simulations are conducted at a speed of 50 rpm=@e

rotating cylindrical vessel with a concentric stirrer, and compai@nd a discrepancy of order 1% is tolerated between solutions of

this against analytical solutions. Once more, any differences dey variable on two consecutive refined meshes. Solutions gener-

tected are found to lie within an order of 1%. ated confirm the mesh quality, even with the more coarse mesh
A mesh convergence study has been conducted for both oflgHl). Table 2 records the detailed mesh characteristics, and the

stirrer (E-19 and two-stirrer(E-29 scenarios to verify solution shear-rate maxima obtained on meshes M1, M2, and M3, with

mesh independence. The meshes used for this study, M1, M2, &dS and E-2S mixer vessel designs.
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Table 1 Numerical and analytical solutions for Newtonian flow
) Radical

Points Loc. (Ve)anal (Va)num Pa\nal Pnum
4.440 1.0000 1.0000 0.2165 0.2286
4.046 0.9088 0.9162 0.1799 0.1858
3.652 0.8174 0.8249 0.1400 0.1477
3.258 0.7257 0.7325 0.1120 0.1137
2.864 0.6334 0.6394 0.0800 0.0838
2.470 0.5403 0.5455 0.0533 0.0585
2.076 0.4461 0.4504 0.0370 0.0374

1

2

3

4

5

6

7
L o 8 1.682 0.3497 0.3533 0.0207 0.0208
Newtonian (7) Newtonian (w), 9 1.288 0.2495 0.2522 0.0080 0.0087
Max=83.9, Min=8.9 Max=0.043, Min=0.0 i 0.894 0.1402 0.1421 0.0018  0.0018

= O

0.500 0.0000 0.0000 0.0000 0.0000

shear thinning. Torque also declines as inelastic rheology is intro-
duced. Local rate-of-work maxima and power reduce for inelastic
above Newtonian fluids, being dominated by the decrease in
viscosity.

Figures 4a) and Ha) illustrate the corresponding field distribu-
tions of shear rate and rate of work done for single-stirrer and

. . ; : two-stirrer scenarios. Results for Newtonian and inela&i€y)
Inelastic (C-Y) (1) Inelastic (C-Y)(w), fluids are included. These are three-dimensional results repre-
(@ Max=95.3, Min=9.7 Max=0.039, Min=0.0 sented in a horizontal slice at the midplane of the vessel. Further-
more and equivalently to field plots, we extract diagnostic line
profiles in Figs. 4b) and 8b). These quantify variation in shear
o 25_Newt, Fa<2 X rate and rate of work done at different levels of inertia along the
i horizontal radial axigcentral through originat the vessel mid-

plane, for one and two-stirrer situation, respectively. The maxi-
mum values of shear rate and rate of work done are observed to
lie particularly within the narrow-gap section, between the stirrer
and the vessel wall. Hence, more shearing and stretching of the
/y fluid occurs in this region and the rate of work done peaks to a
. : ¥ | _CY, maximum there. For the two-stirrer case, localized maxima in
50 7 \ ‘ <o+ 28_CY, Re=16 | # shear rate and rate of work may decline from the one-stirrer $tate.

' ] Nevertheless, there is an increased resistance arising from the
presence of the second stirrer. The torque reflects the complete
field contributions of the rate of work done, the magnitude for
which is greater for the two-stirrer than the single-stirrer flow. In
Fig. 4(b), the first shear-rate peak corresponds to the vicinity of

200 P

—o—2S_Newt, Re=4

—a—2S_Newt, Re=8
—»—2S_Newt, Re=16|
EERY-3

100

shear-rate (1/s)

0 0.04 0.08 0.12 0.16
Radius (m)

“E1-S maxima are shifted further away from the central axis through the narrow

0.18 —a—2S_Newt, . X

gap as speed increases, extenuating greater asymmetry.
0.16 —o—2S_Newt,
0.14 4 —a—2S_Newt,

e 25_Newt, Table 2 Mesh convergence study for E-1S, E-2S, on shear-rate

£ 0121 maxima, Re =8
sotd 4T ;
S -+0:--25_CY, Re= ¢ Shear-rate
§ 0.08 A 4 Maxima
S 0.06 1 Meshes Elements Nodes (sh
0.04 E-1S
Mesh-M1 240 520 88.54
0021 Mesh-M2 960 2000 87.42
0 ’ g o Mesh-M3 3840 7840 87.37
0 0.04 0.08 0.12 0.16 II\E/I-ZSh . 560 1105 83.90
: esnh- .
b PN Mesh-M2 2240 4631 82.10
Mesh-M3 8960 18223 82.00
Fig. 5 (a) Field plots: Newtonian and inelastic fluids for two-
stirrer case, shear rate, and rate of work, Re  =8. (b) Radial line
plots: Newtonian and inelastic fluids for two-stirrer case, shear Table 3 Comparison between Newtonian and inelastic (C-Y)
rate, and rate of work, different Re. fluids, Re =8
One Stirrer Two Stirrers
With one and two-stirrer designs, Table 3 draws out the com- Newtonian Inelastic Newtonian Inelastic
parison in localized maxima of shear rate and rate of work, arfield Variables (C-Y) (C-Y)
glo_bal torque measurement, between Newtonian and inelastic %E ar rate (s)) 885 995 83.9 953
terials. Quantities are reported for a typical trial run at a speed Rfte of work(N.m/s ~ 0.048 0.042 0.043 0.039
50 rpm (Re=8). For an equivalent speed, shear-rate maxima arérque(N.m) 4.32 4.06 5.61 5.38
about 12% higher for the inelasti€-Y) fluid due to the effects of
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Fig. 7 Surface positions with time, Re =16, (100 rpm); simula-
T e e e N Eemen S tion versus experiment
4 3 2 1 0 1 2 3 4

wetting-peeling criteria adopted in the simulations, here applied
Fig. 6 Steady-state surface positions, Re =8 (50 rpm); simula- equally across all SpEEdS. We point out that, to date, most attention
tion versus experiment has been paid to predicting results at the standard speed of 50 rpm
(Re=8) of Fig. 6. Free-surface representations in a three-
dimensional mode are presented in Fig. 8. These are created by
imposing particle positions obtained from simulation onto a three-
dimensional frame. As speed increases, the depth of the surface
rise is observed to increagdifference between maximum and

gives rise to a secondary lower peak in shear rate. In the two-". . . .
stirrer design, a pair of vortices emerges, generated by the seﬁ%—“mum height levels Hence, the extent of wetting and peeling

; : - : reases with increased vessel rotation speed. In addition, simu-
rating flow about each stirrer. The flow pattern is one of a flgur‘?éltions have been conducted for the stangard mixing mode with
of-eight structure as reported by Binding et &L9]. In the

. ; . the stirrer rotating and outer vessel stationary, to validate the nu-
corresponding profile plot of Fig.(B), the secondary She"’“'ratemerical algorithm and associated predictive software. In this case,

peak is at the vessel centéarigin), where the bifurcation point a dip in the free surface arises in the vicinity of the stirrer, as

lies between the pair of vorticébeart of the figure-of-eight pat- . P . . L
tern within stagnant flow The other two lateral peaks on both:(HUSt.rated in Fig. 9. Once more, this reflects the physical situation
for viscous fluids accordingly.

fﬁie;g;éizfélg?s[ggﬁgtgp ;:{vagfttﬁec;gtphim: éls\}gge::?cc));/nv ?hn% Figure 10 demonstrates local stress and stretch plotted against
: itie, for a surface line-segment in contact with the stifrelnere

L'V%urrkezgrsaggg"gseri];é?;sttilgcsﬂggftﬁaﬁé&;eﬁ]éﬁg Whi'Lei;?te po eling occurs Local stretch is measured as the change in length
ay of a line segment connecting two particles in a radial line within

troduced, consistent with earlier arguments. For field maxima S - . .
shear rate, Figs.(d) and 5a), and Table 3. These trends areme vicinity of and making contact with the solid wdlbar the

: . miniscule virtual gap imposed to overcome no-slip conditions
repllpated, but scaled down correspopdlngly, as speeds of rotat{ Bre, see abO\)egl]'hz Iocpal stress is the peeling/pSIIing stress
decline and greater flow symmetry is recoveKsde Figs. ) '

and §b)). Hence, the slowest rotation rates barely reflect any di«ﬁxperlenced along this same surface. The stress is calculated from
ferences between Newtonian and inelagfieY) fluids.

the stationary stirrer. In a single stirrer scenario, a central vort
appears located horizontally opposite to the sti(see[19]). This

4.1 \Vertical Vessel Orientation. For three-dimensional
simulations and vertical vessel-orientation, a cylindrical vessel
with stirrer positions, concentric and eccentric to the axis of the
vessel, have been considered. For the concentric stirrer instance,
free-surface profiles are computed to steady-state for different
speeds, namely, 25, 50, and 100 rpm £Re8, 16, and compared
against equivalent experimental data. Figure 6 demonstrates a
typical comparison set for 50 rpm (R@&). Since the surface is
symmetric, a sample slice in depth is taken through the vessel-
center along a diameter and surface positions are plotted in two (a) Re = 4 (25 rpm) (b) Re = 8 (50 rpm)
dimensions. The fluid motion is instigated from rest with a level
fluid surface. As time progresses, the fluid wets onto the outer
vessel-wall and peels away from the stirrer, due to the prevailing
centrifugal forces. As expected physically, final steady-state sur-
face profiles are noted to take up a parabolic shape away from
boundary contact.

In both experimental and simulation modes, the transient rise of
the free surface for a typical vessel-rotation speed of 100 rpm
(Re=16) is demonstrated in Fig. 7. In this case, the surface posi-
tion reaches a steady-state after 1.2 sec. Comparison between
steady-states in Figs. 6 and 7 disclose a slight deviation at the (¢) Re =16 (100 rpm)
higher speed100 rpm, Re=16) between the experimental and
simulation data. This discrepancy may be attributed to the differig. 8 Surface patterns: vessel rotating, increasing speed,
ence in initial fluid-fill states and the uniform setting of thehree-dimensional mode
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(2) (b)

Fig. 9 Surface patterns: (a) outer and (b) inner vessel rotation;
three-dimensional mode, Re =8 (50 rpm)

the gradients of the tangential component of velocity along the
line surface-segment. This is accomplished by resolving particle
velocities into components along the line segment. As the distance
between particles increases, the stretch increases, until a critical
level is attained. At this stage, the stress experienced on the sur- () d)
face reaches the critical peeling stress. Beyond this phase the fluid
peels from the boundary, stress levels are relieved and the surfage 11 Steady-state free-surface representations (simula-
stretch decreases. This state of affairs and corresponding praa®t): eccentric, one stirrer, a-c; two stirrers, d; Re =8 (50 rpm)
dure equate to satisfaction of a form of energy balance. The local
stress follows the same sort of pattern as that associated with the
stretch. The match in pattern of stretch and peeling-stress tinghape is highly complex, exact comparison is difficult and, only
trace indicates that either would be equally as valid as monitoriggialitative comparison is possible. Clearly, any method employed
criteria within the algorithmic implementation. One only needs there will suffer limitation and these results may be interpreted as
relate to different absolute levels of the parameter chosen to recguidance only. Here, the surface particles are connected by tri-
ognize the onset of such critical conditions. The flexibility of thengles using Delauney triangulation to aid visualization. Plots of
techniques employed, in their ability to deal with these most corsurface shapéneight from simulation(speed of 50 rpm, Re8)
plex boundary interaction phenomena, highly commends this traare illustrated in Fig. 11. Equivalent plots from experimental vi-
sient approach. One may comment that the same ideas wosilizations performed are presented in Fig. 12. Figurés ahd
extend equally to model slip-scenarios, where hysteresis and tréo)- illustrate two different orientation views with respect to the
sient influences apply. vessel, that provide some feel for the surface characteristics, and
With eccentric stirrer location, the surface patterns are somieig. 11(c) depicts height contouréerspective view The maxi-
what more complex than their concentric counterparts. Thererigum and minimum values of height are represented by red and
rise and fall of the surface position about the stirrer, varying coviue colors, respectively. Stirrer position in Fig(@lcorresponds
tinuously around the stirrer. For comparison between free-surfagethat shown in Fig. 1(). In the vicinity of the stirrer and taking
profiles obtained from simulation and experiment, we focus radial view, there is a dip at the backside of the stifeavay
largely upon the eccentric one-stirrer geometry. Since the surfeeem the narrow gap whereas the fluid attempts to climb up the
stirrer at its front, front orientation being taken with respect to the

7F I
i
6 i
{4
st S
Stress / Vi
/ ¥
®a) 4} ‘_/ !
3t I,f"
2 - 1 i i I
0 5 10 15 20
time
(a) 25 rpm (b) 50 rpm
4
35 +
st
A
Stretch 25 | i /
(em) 2t / |/
1.5 | J v
it 1
0 5 10 15 20
time (c) 250 rpm
Fig. 10 Variation of stress and stretch with time; peeling from Fig. 12 Steady-state free-surface profiles  (experiment ): one
stirrer; three-dimensional, Re =8 (50 rpm) stirrer, three speeds
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process which may be compared. Simulations commence from
£ $ rest, therefore the start-up period can be igndfeel80 seconds

e d i‘ | If we consider the time when the dough is in contact with the
- : : stirrers in Fig 18b), that is, between 20—70 seconds and 90-130
seconds, this trend can be contrasted to the response depicted in
Fig. 13a), between 180—-260 seconds. Some correspondence in
overall pattern and trend is borne out here. At this stage of the
modeling, only these periods may be characterized, and qualita-
tively, this is held to be a reasonable physical reflection of such
() process phases.

Torque (Nm)

N O N & OO ®

50 100 150 200 250 300
Time (s)

Fig. 13 Torque-time trace: (a) simulation, (b) experiment; 4.2 Horizontal Ve§sel Orientation. In this section,.we dis-.
three-dimensional, Re =8 (50 rpm) cuss the corresponding scenario, when the vessel is held in a
horizontal orientation and the free-surface patterns are obtained by
simulation for the two-dimensionat {#) orientation of the mixer.
Figures 14a—f) illustrate the computational predictions in defor-
narrow gap between stirrer and vessel. Considering the gap flavation patterns for viscous fluids at 50 rpm (R®), at a quarter
itself taken upon the outer vessel-wall, there is rise in fluid levelf a rotation, two rotations and after 20 rotations of the vessel.
before entering the gafviewed from the backside of stireand Figures 14a), (b), and(c) represent simulated predictions; Figs.
a dip in level departing the gapiewed from forefront of stirrer  14(d—f) depict still images extracted from video sequences of the
This resembles a sloshing wave motion against an obstructi@guivalent experiments. Free surfaces are observed to move
These features can be discerned between Figs) Bhd 11b), smoothly and approach a steady-state after some twenty rotations
being confirmed through the perspective plot of Fig(cL1This of the vessel. Both wetting and peeling phenomena are detected at
complexity is actual, as observed in realisee Fig. 1&)). Fur- advancing (forward and retreating(backward surface fluid-
thermore, simulations were performed for the two-stirrer option wmessel contact points. The effect of wetting is to push more re-
likewise mode, reproducing a similar pattern about the secot@ating surface segments onto the vessel-wall. Peeling is also
stirrer (see Fig. 1(d)). identified at the contact point, between the dragging surface and
Figure 13a) demonstrates a typical torque-time trace for inelaghe stirrer. One notes at this stage when utilizing a constant
tic (C-Y) fluids from simulation runs for the eccentric one-stirren-factor setting on the stirrer, peeling goes relatively undetected
geometry, where torque is an integrated quantity of the rate of contact between the forward advancing surface on the stirrer
work done in the whole field. A similar curve is presented in Figtowards vessel centerThis is apparent in Figs. 1d-c) and is
13(b) for actual dough from experimental measurements. Thedae to the relatively low levels of kinematic activity in this par-
curves cannot be compared directly, acknowledging the diffeieular zone, exacerbated by the asymmetry of the geometry. In
ences in torque levels and rheology of the fluids. Neverthelesgntrast and according to the experimental imagase three-
some similarities over restricted time-periods can be extracted.dimensional flow with end effectsthe fluid is observed to un-
the simulations with model fluids, torque levels are halved fromergo some peeling in this region, for which its development is
the experiments, as apparent in Fig(d3 In the actual dough illustrated in Figs. 14—f). This is a highly localized feature near
mixing process, different mixing modes are identified, where thbe inner section of the stirrer towards vessel center, and as such,
dough comes into contact with and departs the stirrer in a cycli difficult to capture accurately in the modeling. In this regard,
manner. This is reflected in the periodic nature of the curve of Figile are able to adaptively adjust the control factorWith both
13(b), which oscillates about some mean level. When the dougjorizontal and vertical orientation and a single stirrer, a limiting
comes into contact with the stirrer, torque levels are high. Lowalue « of five for outer vessel-wall surface conditions is found
values of torque represent periods when the dough departs frenitable. For the stirrer, different values af (line surface
the stirrer. Within the simulations for inelasti€-Y) fluids, pre- segment-solid boundary facjaare applied according to local dic-
dictions only cover the state when the fluid is in contact with thiates and sections of the stirrer. For vertical vessel orientation, a
stirrer. As such, we have identified different periods in the mixingtaticag;-value of two on the stirrer is reasonably acceptable. The
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Numerical Simulations of Flows
Inside a Partially Filled
Fang Yan Centl‘lfuge

Bakh"er Farouk‘ A numerical study was conducted to predict the dynamics of gas/liquid flows in a partially
e-mail: bfarouk@coe.Drexel.edu filled cylinder undergoing moderate to rapid rotation. Two specific problems were con-
. o sidered: spinup from rest of a partially filled circular container and the steady flow field
Department of Mechanical Engineering, in a partially filled rotating circular cylinder with an overrotating lid. Numerical solutions
. Dfex?' University, of the time-dependent axisymmetric Navier-Stokes equations were obtained by using a
Philadelphia, PA 19104 homogeneous multiphase model. The evolution of the free surface along with the flow

fields in both the gas and liquid phases are predicted. The computed results were com-
pared with available experimental data. Details of flow field structures are examined by
studying the numerical solutions. Radial profiles of axial and azimuthal velocities
for both the liquid and gas phases are also presented. The model developed
can be used for analyzing flows and mixing problems in complex-geometry centrifuges.
[DOI: 10.1115/1.1627832

Introduction cylinder—which is one of the topics addressed in this paper. The
. . . . ) transient dynamics of this problem are of relevance to technologi-
The_ '”te!r“a' flow Qf viscous flmds in a p_artlally filled closed al applications, such as centrifugal separation of biological and
container, |nduc_ed either by Spinup or the |ndepe_ndent _overroﬁ 1lemical substances. The early study of Goller and R4a6y
tion of an end lid have been studied in the past in rotating flui veloped a simplified computing scheme based on the Wedem-
?h’ngm'.(t:ﬁ lres_eda:ﬁh.t gon_sm?r a th(t')sed c_;c(inlntalgertt_r:at |s‘__ﬂpart| er model to tackle the spinup with a free surface. Utilizing the
fied with figu at begins 1o an}e r?pl y about its ax 2  extended Wedemeyer-Goller-Ranov model, Homicz and Gerber
rotational spe_ed)). _The term, “spinup’ refers to the transient (11,12 further refined the model in order to predict the free-
process of fluid motion when the rotation rate of the container rface shape as well as the dominant azimuthal velocity structure

suddenly increased. Studies of such kind of rotating flows weye ; ; .
o . th modest amount of computing efforts. Extensive experimental
initiated by Greenspan and Howadrt, who considered the effect verifications on the deformation of the free surface were per-

of small changes of rotation rafossby numbee=A€/)<1) of formed by Choi et al[13,14. However, their semi-analytical

a complet_ely filled c_ontainer on the flow field. T_he Iinearizeq,nodel (based upon the work of Goller and Rafds only appli-
mat_h_e matical anaI)_/S|s of Greenspan and Howard |szb_ased on (E%Ie to axisymmetric cylinders and simplified equations were
additional assumption that the Ekman numBer »/QH7is very  gqeq for the liquid phase only with several assumptions. Based
small, wherev is the fluid kinematic viscosity anHl the charac- ,, the columnar flow approximation, a simplified version of the
teristic dimension of the container. They demonstrated that the, nentum equation having angular velocityas the main un-
essential dynamic ingredients were the suction mechanism of wn variable was obtained. A functional relationship
Ekman layers formed on the endwalls and the subsequent radi Y, r) was also derived to close the system whemndv are
inward meridional circulations in the interior core. Consequent! ra{dial and azimuthal velocity components, respectively.
the major phas_e of _transient motions is s_ubstan'FiaIIy gccomplishe he other type of flow in partially filled centrifuges that we
over a convection time scafg™ 20 -1, This physical picture has 5q4dress in this paper is the steady flow induced by an “overrotat-
since been verified by several numerical and experimental iNVe$y” lid. Shadday et al[15] investigated the overrotating lid flow
tigations(see, e.g., Warn-Varnas et f2]). The essential elements problem experimentally and implemented the Navier-Stokes
of spinup dynamics in a completely filled container were outlinegimylation for the liquid region only. The rotation speed of the
in the review papers by Benton and CI48§ and Duck and Foster cenrifuge was large enough to create a vertical liquid/gas inter-
[4]. A model was proposed by WedemeyBt, building upon the tace For the numerical simulation, the time-evolution of free sur-
ideas of Greenspan and Howard, which captured the princiggte and the effect of gas flow field were neglected by Shadday
characteristics of the transient process in such flows. The vital relg 5.
of the Ekman layer pumping mechanism was recognized. With £or a more complete study of rotating flows with free surface in
several assumptions, Wedemeyer's model yielded a simplifiggmplex geometry centrifuges, a general numerical model ac-
partial differential equation for the axisymmetric interior core r'€counting for both gas and liquid flow fields is necessary. The
gion. The qualitative correctness of this model has been verifigﬂesem paper reports on results from a comprehensive and sys-
by numerical simulation,6—8], as well as by experimental re- tematic investigation to simulate the free-surface shape and flow
sults, [9]. _ _ fields in partially filled centrifuges for the spinup and the “over-
The above-referenced works on spinup, relating to the Wedeggtating” lid flow problems by solving the Navier-Stokes equa-
eyer model, were concerned with the case when the liquid cOffsns with a homogeneous multiphase model. A control-volume
pletely fills the enclosed cylinder. A natural extension of thgased finite difference numerical procedure is used to obtain the
model is the process of spinup from rest inpartially filled  time-dependent solutions of the evolution of the free surface as
well as the flows induced in the liquid and the gas phases. Mesh
*To whom correspondence should be addressed. refinements were done for the spatial grids to achieve grid-

Contributed by the Fluids Engineering Division for publication in tiee/BNAL independent solutions. Small time ste(msuch smaller than the
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division '

; ; 2 112
Mar. 20, 2002; revised manuscript received July 3, 2003. Associate Editor: SPINUP time (L5/Qv) ; Greenspan et aﬂl]) were Used.to prop-
Tsujimoto. erly capture the transient developments in the flow fields. Com-
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evolutions during the process are investigated numerically. Tran-
NY sient flow fields develop both in the liquid and the gas-phase
during the spinup process. Solid-body rotation is achieved by the
liquid at steady state.

v The dimensions used for the over-rotating lid problem shown in
Yy Fig. 1(b) are the same as those reported in Shadday ¢14l.

The cylinder, 194 mm in length, 189 mm in diameter is filled to
30% by volume with glycerin-water solution having a viscosity 10
times that of pure water. The cylinder rotation rgt®00 rpn) is
sufficiently high that the steady free surface is essentially vertical.
In addition, the upper lid is overrotated by 5%, that is 50 rpm
(AQ), to provide for an additional driven velocity component. For
L this case the flow fields at the steady state are predicted by nu-
Az merical simulation via the time-marching procedure as before.

Numerical Model

In this section, the mathematical formulation and the numerical
Yy v . scheme used in this study are described. The flow is incompress-
— > ible and axisymmetric. It is also assumed that the gas and liquid
Q» Q R phases are separated by a distinct interface and interphase diffu-
sion is negligible. The velocity components in thed, and z
coordinates arel, v, andw, respectively. Using the relative ve-
(1+g) Q locity u* =u/QR, v*=v/QR, w*=w/QR, the nondimensional
—_— pressurep* =p/pQ?R?, and the space and time variables
=r/R, z*=2z/H, t*=t/T, the continuity equation for the liquid
phase is

1 gy, o .. R oo .
T 70 " grx (naru )+HE(71W )=0. 1)

The volume fractions are distinct with the restriction that they
sum to unity:

H \/ y1+7,=1. )

The overall continuity equation is given by
i L e R L =0 @

L QT gt* = or* H oz*

wherep, andp, are the liquid and gas densities, respectively, and

p* =1vy1p1+ vop2/p1. The momentum equations are given in

¥ L nondimensional form:
o R 1 gu*  gu* v*?2 =Ry au*
— Ut ew
QT at* a* r* 0z*
Fig. 1 (a) Schematic diagram of the spinup problem, (b) sche-
matic diagram of the “overrotating” lid problem op* 1 |d%u* 1 gu* u* a?u*
=— 0+ — +5—5-—+ERe 4a
ar*  Relgr*2  r* or* (*2 9z7*2 (42)
parisons are made between the calculated results and availalle gy * Jv*  urov* Jv*

measurement data of the “partially filled cylinder spinup” an — tu*— + —— +t VERew*—;
w - i T ot ar r 9z
overrotating lid” problems. The presented results demonstrate

that the numerical model is suitable for accurately predicting the 1|6%v* 1 dv* v* Pv*
time evolution of the free-surface problem with rotation. The nu- = — +— -5 —tERe (4b)
. N . L. i _ Re (9'.*2 r* or r*2 (?2*2
merical model is appropriate for predicting the gas-liquid trans
port in complex centrifuges used for the separation or mixing OE aw* * *
; : ; . W Iw W
biological and chemical specimens. — — _ +u*—— + JE Rew*
QT oat* ar* az*
Problem Geometries *
ERe ap
The schematics of the two problems, which form the basis of =~ Fr VE Re?
our discussion, are illustrated in Fig@l and 1b), respectively.
As shown in these figures, both cylindrical containers are partially 12 1 ow* J2W*
filled with liquid and rotate. The dimensions for the case shown in + Rel vz + = o +ERe— (4c)
Fig. 1(a) are from the spinup experiments conducted by Choi el ar reor 9z

et al.[13]. The cylinder(inside diameter 94 mm and height 141, ore the nondimensional numbers are given as @&/, E

mm with an aspect ratiél/R=3.0) is partially filled with water _ 2 2 . : S -
by volume up to 80%. Initially, the whole system is at rest.tAt vIQH®, Fr=(QR)“/gH and the effective kinematic viscosity is

=0, the cylinder begins to rotate with a constant rotating speed %l%/en by
400 rpm about its axis. The free surface shape and flow field v=v1y1t vays.
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The homogeneous model is a simplification of the multifluiggroblems considered in this paper. Further details of these studies
multiphase flow models[16]. Here the phases are assumed tare given in the next section. Care was taken to distribute several
move at the same velocity. Compared to the volume-of-fluigrid points inside the thin boundatikman and Stewartsptay-
(VOF) method,[17], one major advantage of the homogeneousrs that form along the walls of the centrifuge. Denser grids were
multiphase model is that it is less expensive in computation. Ualso used at the locations of the gas/liquid interfaces.
like VOF in which a distinct interface is reconstructed all the time, To prevent unphysical solutions where the volume fraction of
the interface is smeared out in the homogeneous multiphas®e phase is larger than one or attains negative values, time steps
model. The volume fraction in each cell can be any value betweas small as 0.01 s are used for the computations. For both prob-
zero and one, depending on the space occupied by liquid phésms, time to reach steady state was in the order of tens of sec-
and gas phase. The interface is specified where the volume frands. No oscillations in the flow field or the liquid-gas interface
tion is 0.5 for both phases. In the homogeneous model, the boumeere observed and any “phase” error of the time-marching
ary conditions at the interface are not implemented explicitly. scheme is believed to be insignificant. At each time level, conver-

While VOF can predict a complicated free surfgeey., a sub- gence was assumed when the following criterion was satisfied:
merged bubble in a liquid the homogenous model is particularly
suitable for flows under gravity where the phases are completely [¢n—@n-1 <104
stratified, for example free-surface flows. In this case, the volume | o]
fractions of the phases are equal to one or zero everywhere exge
at the phase boundaries, and it makes sense to use a single v§|
ity field. The homogeneous multiphase model is applied to sol
the continuity Eq(1) and momentum Eqs$4a)—(4c). The volume

fraction of the gas phase is computed by usin . The enforced for all points. Lo .
SIMPLE algoritﬁm iz implementeg to ac%wieve gthl? pressure- For the problems studied in this paper, we neglect the effects of

. - L : Surface tension at the free surface due to the relatively large sizes
32[;5 ctgog étgrrﬁir?g et[%”ﬁéggﬂ?gﬁéguiﬁt'tﬁgelvselr:vlg{EE (;Igc)))ritﬁm of the containerssee earlier discussipand the fluids considered
The liquid phase continuity equation is solved to determine t ir and water. The curvature of the free surface is of the order

volume fraction and the momentum equations are solved o B The resulting pressure jump due to surface tension is there-

; ) Il compared to pressure drop due to gravity. All
both phases for the entire flow field. Due to symmetry, only on ore very sma
half of the centrifuge geometry is considered for the simuIationzfénpUtat'onS were performed on an IBM-RISC-600@odel

for all ¢

Hérecp denotes any dependent variable andenotes the itera-
v8ﬁ'number. If ¢, is close to zero €103, then|en.1— @pl
§10‘7 is used as the criterion. These convergence criteria are

The finite volume model used to approximate the above equatio, 44 workstation. Typical computation time ranged from 70 to
uses a variable-sized mesh so that nodes may be concentrate Hours for a case.

areas having large velocity and volume fraction gradients. No-sli ) .

boundary conditions are applied at both ends and the sidewall. FFE?SU“S and Discussion

the spinup problentFig. 1(a)) att>0: Spin-up Problem in a Partially Filled Centrifuge. The di-

u=w=0, v=RQ atr=R mensions of the cylindrical system and the rotational speed have
been discussed earlier. The values for the five characteristic pa-
du  Iw rameters(the Reynolds number, Re, the Froude number, Fr, the
u=0, —r=--=0 atr=0 Ekman numberE, the aspect ratiti/R and the filling ratioL/H)
in the simulations are the following: R€ORv=1.172< 10°; Fr
u=w=0, v=rQ atz=0 and z=H. =(QR)?/gH=3.0, whereg is the gravity; E=v/QH?=9.48
For the “Overrotating” ||d prob'ern(':|g 1(b)) att>0: X 1077; H/R:30, andL/H:OB Herev iS the kinematic ViS'
cosity of the liquid. The computed time evolution of free-surface
u=w=0, v=RQ atr=R shape for the spinup problem is shown in Fig. 2. Only one-half of
P the cylindrical area is shown in Fig. 2 where the left-hand bound-
u=0 —=—=0 atr=0 ary is the cylinder centerline. The free surface is identified where
oo or the volume fractiony; = y,=0.5. The measured profiles at differ-

ent times,[13], are also shown in Fig. 2. The maximum uncer-

u=w=0, v=r) atz=0 tainty for the experimental measurement+49.02 in z/R and

and u=w=0, v=r(Q+AQ) atz=H. +0.007 inr/R. The present predictions of free-surface evolution
o ' - and the shapes are in good agreement with the measurements. The
At the initial state of rest, the conditions are maximum deviation of the present numerical results from the ex-

perimental data\s/R is less than 1.5% whergs is the distance
between two free-surface shapes. It is noted that the current nu-
The flows in the boundary layer and inner flow region are comnerical simulation is better than the semi-analytical solution pro-
sidered to be laminar. Schlichtin@8] reports that the flow in the vided by Choi[13] (with maximum discrepancyAs/R about
neighborhood of a rotating disk remains laminar at Reynold®5%. By the instant)t=2000(Fig. 2), the steady-state limit is
number, Re=QR%v<3x10°, and all the simulations in this paperachieved, which is consistent with the steady configuration given
consider flow with Reynolds number below this value. ExperPy Gerber{20]. The fluid attains the rigid-body rotation at a con-
mental measurement by Choi et f13] and Shadday et aJ15] vection time scaleE~ Y2~ which is an order of magnitude
also verifies our laminar flow assumption for the cases studischaller than the diffusion time scale Re®. The analytical
here. model of Homicz and Gerbgrl] underpredicts the degree of
For the numerical scheme, the diffusion terms are modeled spinup,[13], because of simplified forms assumed in the model.
ing second central differences, and the third-order accurafbe encouraging comparison illustrated in Fig. 2 verifies the ap-
QUICK differencing scheme[19], is used for the advection propriateness of the numerical simulations of the Navier-Stokes
terms. It is noted that the nonlinear term is dominant in the bounédguations using the homogeneous multiphase model in predicting
ary layer and not negligible. The third-order scheme possessesttine evolution of the free surface. Another verification of this com-
stability of the first-order upwind formula and is free from subputer code was done by comparing the numerical simulation with
stantial numerical diffusion experienced with the usual first-ord@nalytical solution as shown in Fig. 3. For the same geometry, at
methods. An implicit differencing scheme was chosen for the tinrelatively low rotating rate)=150 rpm, the free surface does not
derivative. A grid independence study was carried out for bothteract with the top end. The free-surface shape at the steady state

att<0, u=v=w=0.
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Fig. 2 Comparison of the transient free-surface shapes for the
spinup case, ——, experimental data; — — —, numerical results

is the well-known parabolic profile. It can be seen from Fig. 3 thai
the agreement between numerical predictions with the analytic:
solution is very good. 0 r/R 1
In the numerical simulation, there must be sufficient number 'a_f
nodes in the top and bottom Ekman layers to get the accurgf
solution of the spinup time evolution. If coarse grids are used, the
development of the free surfa¢eith time) will be greatly under-

predicted. It means that the predicted time to reach the final stead

state will be much larger than the measured values. Because figerpredicted. Compared to the difference between numerical
bottom Ekman layer is mainly responsible for the transport in tfémulation and experimental data, the mesh size&Bwas con-
spinup process, it is critical that the Ekman layer is properly réldered adequate for the spinup simulation. The time-step influ-
solved in the simulations. Here nonuniform grids, which are coffc€ on_numerlcal simulation is presented in Fig. 5. T_here is little
structed by 88 nodal points in axial direction and 48 nodal poinf§!@nge in free-surface development when the step size decreased
in radial direction, are used. The minimum mesh size is 30mM 0.01 s to 0.005 s.

X10"m near the bottom wall so that approximately five grid Fi9ures €a) and @b) display the streamlines in both the gas
points are arrange within the Ekman layer. and liquid phases at the instafit =200 for the spinup problem.

The effect of mesh size on the development of the free surfaE8" @xisymmetric incompressible flows, the stream function in
is depicted in Fig. ). When 60<32 grids are used, the devel-cYlindrical coordinates is defined as
opment of free surface aft€Xt=400 is well below the prediction 19y 19y
by 88%x48 grids. Computations were then carried out with u=— Tz w= T
100X60 mesh size. There was no significant change in the free
surface shape for the mesh sizes X60 and 8% 48 with the The stream functiony was set to be zero at=0, r=R, z=0, z
maximum difference\s/R less than 0.4%. Similarly, the effect of =H as the boundary conditions. The secondary flows induced
mesh size on the velocity component is also illustrated in Figuring the transient process are illustrated in these plots. Evi-
4(b). The radial velocity profiles at the instafitt =400 along the dently, the Ekman layer near the bottom wall is extremely thin.
radial direction predicted with different mesh sizes are displayétle show a magnified view of the streamlines near the bottom wall
at the sectiorz=0.25 mm which is inside the Ekman boundaryin Fig. 6b). It can be seen from Fig.(&) that the sidewall Stew-
layer near the bottom wall. The axial velocity profiles are nairtson[21] layer is much thicker compared to the bottom Ekman
presented here due to their small magnitudes compared to tager. Since both boundary layers transport almost the same
values of the radial velocity component. It can be seen that taemount of mass, the velocity in the Stewartson layer must be
numerical results obtained with 8818 and 1060 grids are much smaller(by one order of magnitudehan theu velocity in
slightly different (maximum changes within 1%6When 60<32 the bottom Ekman layer. Greenspan ef &].stated that in a com-
grids are used, the maximum radial velocity component is algtetely filled container the Ekman layer plays the significant role

.3 Comparison of the predicted steady free-surface shape
analytic solution
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Fig. 4 The effect of mesh sizes on the numerical results at
nondimensional time, Qt=400; (a) development of free sur-
face, (b) radial velocity along the r direction at section =z
=0.25mm
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Fig. 5 The effect of time-step sizes on the numerical results at
instant Q=400

in the transient process by inducing a small circulatory secondary
flow. Similar mechanism is also four{th our simulationfor the
free-surface development in a partially filled centrifuge. Within a
few revolutions after the abrupt spinup from rest, under the effect
of viscous diffusion, a quasi-steady Ekman boundary layer forms
in the vicinity of the bottom wall. Because of the no-slip boundary
condition, the liquid adjacent to the bottom end must rotate with a
velocity of the same order of magnitude as the cylinder’s speed.
Therefore, subject to a radial centrifugal force, the Ekman layer is
characterized by a radial flow moving outward. This outward flow
induces a secondary flow in the interior core region and its trans-
port is balanced by a small flux into the boundary layer from the
essentially inner flow. Low angular momentum fluid entering the
layer from the interior core region is replaced by fluid with high
angular momentum convected inward to conserve mass. Similar
secondary flows are also observi@d our simulationgin the air
region.

Streamlines in both the gas and the liquid phases at the instants
Qt=400 are shown in Fig. 7 for the spinup problem. Near the free
surface(close to the top wal] there is another circulation in the
airflow with an opposite direction to the main secondary flow.
This additional circulation is induced by the change of the shape
of the free surface. Since the free surface is gradually transform-
ing to a paraboloid, air particles near the corner of the intersection
between the free surface and the top wall are driven radially in-
ward by the liquid interface, moving downward and then upward
back to the top wall. However, the counterpart of this additional
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Fig. 6 (a) Streamlines attime Qt=200 for the spinup case;
details of streamlines near the bottom end at time
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Fig. 7 Streamlines at time Qt=400 for the spinup case

secondary flow in the liquid zone is insignificant. Due to huge
density difference, the additional secondary flow induced by the
interaction between the liquid and air has almost no effect on the
liquid core flow. As the steady state approach@42000), all
predicted secondary flows decay and solid-body rotation is at-
tained for the gas and liquid phases.

Steady Flow in a Partially Filled Centrifuge With an “Over-
rotating” Lid. Interesting steady flows exist in a centrifuge
where the free surface attains a vertical orientation and the upper
lid overrotates. For the geometry shown in the Fig)lwe in-
vestigate the steady fluid flow problem in a partially filled centri-
fuge. We use the same parameters in our time-dependent numeri-
cal simulations, as used by Shadday ef Hb] in his experiments.
These include the centrifuge rotation spé&@00 rpm), the upper
lid speed(1050 rpm), the cylinder length(194 mm), the inside
diameter (189 mn) and the fluid (glycerin-water mixture,v
=10 °m?/s). Essentially, the steady flow is characterized by
three dimensionless parameters here: the Rossby number
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Fig. 8 The effect of mesh size on axial velocity profile at zlH
=0.438 in the liquid region for the “overrotating” lid case (the
origin of the horizontal axis indicates the free surface )

£=AQ/Q, the Ekman numbeE=v/QH? and the filling ratio
L/H. For the given conditions=0.05, E=2.5X 10 % andL/H
=0.3.

For the time-dependent simulations, the effects of grid size an
time steps were carefully evaluated for this problem also. The
spinup time scalel(*/Q »)2in this casgwithout overrotation of
the upper lid is about 6 seconds and our simulatignsth a time
step of 0.01 spredict the free surface to be approximately vertical
at this time. The radius of the air coRy is 75.5 mm. This result Y
(not S[hO}NI) is in good agreement with experiment by Shadday r/R 1
et al.[15].

The computations were carried out for another 6 secowtS  Fig. 9 Nonuniform grid generated for the overrotating case
overrotation of the upper ljdo attain the steady flow fields in the
gas and liquid regionéseparated by an almost vertical interface
Figure 8 presents the effects of mesh size on the results of pred'; ,
tion where the radial profile of the axial velocity at the liquid layer
is plotted atz/H=0.438. The axial velocity here is normalized by
the overrotating lid relative peripheral velociyv =¢R(Q). At this
section, the liquid flows upward near the vertical interface, thel
undergoes flow reversal near the middle of the liquid layer. Com
putations were done with the following grid sizes>d4R, 50x54
and 60<70. As the grid size increased, the density of the grids
near the interface also increased. Since the difference in the sol
tions obtained by the 5054 and 60<70 grid sizes was of the .4
order of 1-2%, compared to the uncertainty in the experiment:
measurement-0.03 U,[15], the 50<54 grid size was considered
adequate for the simulations. The 50 axial grids are set with var
able spacing to resolve the boundary layers at the top and ti
bottom walls. In the radial direction also, 54 grids are arrange
with variable spacing with high densities of grids near the vertica
wall and the vertical interface. The radial and axial resolutions ar
sufficient to give more than five nodes near the free surface and
the boundary layers along walls. Also, since the single velocit
formulation (gas and liquid have the same velocity in partially 0°
filled cells) is used, the grid size near the free surface is fine oo (R (RRY 10
enough so that the variation of velocities from the partially filled ’ ’
cells to the neighbor fu"y filled cells is small. The nonuniforrn:ig_ 10 Streamlines in the ||qu|d region for the overrotating
meshes used in the simulation is displayed in Fig. 9 to illustrat@se (the vertical left side indicates the free surface ) (the
the grid size at the interface. stream function values along each stream lines in the figure are

Figure 10 shows the streamlines obtained from our numericajually distributed between 1 X 107® and 6 X107%)
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Fig. 12 Computed radial profiles of (a) axial (b) and relative
azimuthal velocity at z/H=0.438 in the liquid region for the
overrotating case

Fig. 11 (a) Streamlines in the gas region for the overrotating
case (the dashed line on the right indicates the free surface );
(b) details of streamlines near the top end in the air flow region

for the overrotating case  (the dashed line on the right indicates
the free surface )

predictions, in the liquid region. Normalized axial and radial co- Axial and relative azimuthal velocity profiles in the liquid re-
ordinates are used in the figure. The radial axis has been expandiea at two sectionsz/H=0.438 and 0.8Bare shown in Figs. 12
so that the details of the flow may be better seen. A complicatadd 13, respectively. The azimuthal component plotted is the rela-
flow field exists in the liquid region with very thin boundary lay-tive velocity with respect to the rotational velocity of the centri-
ers near the overrotating upper lid. The predictions agree well thege. Again, both components of velocity have been normalized
predictions by Shadday et @lL5] and Ribando and Shaddg32]. by the overrotating lid relative peripheral velocityv/=eRQ. In
Figures 11a) and 11b) show the steady streamlines induced irFigs. 12 and 13 we compare experimental measurements by Shad-
the gas region. Figure 1d) shows the details of the gas flowfieldday et al. in the liquid region with our numerical predictions.
near the top “overrotating” lid. Two circulations are shown in Fig.Good agreement is obtained and the trends of the velocity profiles
11(a). Air in the upper horizontal Ekman layer is accelerated rawithin the liquid layer are well predicted. Near the interface, how-
dially by the centrifugal force and expelled downward into the agver, the predicted amplitude of the axial velocity is higher than
core. The flow proceeds continuously into the bottom Ekmahe measured values reported by Shadday et al. The numerical
layer where fluid is transported radially inward, feeding as it goegredictions by Shadday et alconsidered only the liquid layer
the local, vertical upward flux near the wall required by the toflow, neglecting the flows in the gas layalso show the same
plate. This is the main circulation induced by the overrotating lidrend. This discrepancy is perhaps due in part to limitations in the
At the interface, liquid is moving upward, unaware of the air coreadial resolution of the LDV systemi15]. It is also noted that the
to close the mass transport of that amount of fluid from top supresent predictions agree with the measurements near the wall,
face to the bottom. It follows that air particles in the boundargompared to the numerical predictions of Shadday etnait re-
layer near the interface are also driven in the same directigyorted herg Although the shear stress at the surface does not
Evidently, it is in the opposite direction of the main secondarghange the essential flow pattern in the liquid, however, it affects
flow. Therefore, an additional circulation is formed in the gathe velocity components near the surface quantitatively. In our
region but confined to a very thin region along the free surfaceimulations, this mismatch near the free surface is greatly im-
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Fig. 13 Computed radial profiles of (a) axial and relative azi- /R
muthal velocity at z/H=0.83 in the liquid region for the overro- (b)

tating case

Fig. 14 Computed radial profiles of (a) axial and (b) relative
azimuthal velocity at z/H=0.438 in gas and liquid phases for
proved by implementing the homogenous multiphase flow modibk overrotating case (the dashed line indicates the free sur-
for the whole centrifuge. As shown in Figs. (32 and 13a), the face)
experimentally observed trends for the axial velocity near the in-
terface are predicted numerically.
Figures 14a), 14(b) and 1%a), 15(b) show the radial distribu-
tions of axial and relative azimuthal velocity components in bo
the gas and the liquid layers at two axial positions. The liqu

uid and gas regions in partially filled centrifuges. The axisymmet-
ic Navier-Stokes equations with a homogeneous multiphase
%\odel are solved for both gas and liquid phases. Flow pattern
. . . o . . AUetails inside the boundary layers of the transient flow fields in
region (right side of the dashed lings comparatively thin, domi- o the gas and liquid regions are revealed for the spinup prob-
nated by vertical boundary layers. The thlcknesg of sidewall afg, For the steady flow in the partially filled centrifuge with an
free-surface boundary layer are proportionalBt® that agrees overrotating lead, similar interesting flow fields are found in both
with the predictions of Shadday et gL5]. In this case, there is N0 the gas and the liquid regions. Comparison of the numerical re-
interior inviscid region in the liquid film. For the gas layer, ang is with experimental measurements indicate that the developed
interior region of inviscid flow is demonstrated in Figs(@#and  model provides better understanding of the characteristic of
15(a). In addition to the weak axial flow in the interior, an axialg inup from rest of a partially filled centrifuge and the steady
boundary layer exists along the free surface for the gas. As qf5ys induced in a partially filled centrifuge with an overrotating
picted in Figs. 14b) and 15b), the relative azimuthal velocity at i The model is general in nature and can be easily extended to
each section attains a peak value in the gas and the liquid laygfg three-dimensional flow fields. The model can also be applied
rgspectlvely. The relative aglmuthal velocity is induced by thg, investigate mixing and separation problems in centrifuges
gggr angular momentum fluid transported from the top Ekmagere the assumptions of axisymmetry and laminar flows can be
. satisfied.

Conclusions Nomenclature

A comprehensive numerical investigation was carried out for E Ekman numbe¢ v/ H?
predicting the liquid/gas interface and flow fields in both the lig- Fr = Froude number(QR)%/gH
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Fig. 15 Computed radial profiles of axial
velocity at z/H=0.83 in gas and liquid phases for the overrotat-
ing case (the dashed line indicates the free surface )

= gravity
height of the cylinder
initial depth of liquid in the cylinder
pressure of fluid
radial coordinate
= radius of the cylinder
R, = radius of air core
Re = Reynolds numberQR?/v
u, v, w = velocity components im, 6, andz directions
v = relative azimuthal velocityy—r(})

T-=TVr ITa
Il

AV = overrotating lid relative peripheral velociae RAQ

z = axial coordinate

1042 / Vol. 125, NOVEMBER 2003

(a) and azimuthal (b)

Greek Symbols

0 = azimuthal coordinate
Q) = angular speed of rotation
AQ) = overrotating speed

e = Rossby numberAQ/Q)

y = volume fraction of fluid

m = molecular viscosity

v = kinematic viscosity

p = fluid density

¢ = stream function
Superscript

* = nondimensional value
Subscript

1 = liquid phase

2 = gas phase
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Swing Check Valve
soniati | Gharacterization and Modeling
1 During Transients

Jim C. P. Liou
Professor
The hydraulic torque on the disk of a swing check valve strongly influences the dynamic
Department of Civil Engineering, valve-fluid interaction. This torque is difficult to quantify. In this study, the hydraulic
University of Idaho, torque is separated into a torque due to flow around a stationary disk and a torque due to
Moscow, ID 838441022 disk rotation. Laboratory tests have been conducted to characterize these components.
Numerical simulations of a check valve slam are made and the results compared with
measured disk angle and pressure traces. The validity of the hydraulic torque character-
ization is demonstrated by the close agreement between the simulation results and the
measurementg.DOI; 10.1115/1.1625689

Introduction described by Pool et d110] to determine both the flow coefficient

A swing check valve is commonly used where sustained rever%)r%d;nr?]gs{;?'nfgoﬁzﬁ;'::é' Tstlztzﬁ‘\ll(\l)vf/otizltcgndt r\r/:;s dier:]erir:msg_
flow in a pipeline is not allowed. This type of check valves close P y y ping

under reverse flow and valve slam is common. Water hammefﬂuent by free movement of the disk in initially still water. The
cts of the relative motion between the through flow and the

upon valve slam can create overpressure. In pump stations wh%r . . . .
P P pump isk rotation were not considered. The damping coefficient was

several pumps and check valves co-exist, startup of one pump %ddumed to be independent of the angular velocity of the disk.
trigger multiple check valve slams.

Ideally, the hydraulic torque should be calculated from the pre, _Kruisbrink [13] outlined a concept framework where many
iy, the ny q - L P Rrms are used to describe the hydraulic torque in a dimensionless
sure distribution around the valve disk. However, it is nearly im-

possible to determine the pressure distribution analytically or eg(]_anner. These are: flow velocity, flow acceleration, disk angle,

perimentally due to complicated flow patterns. The hydraulic's(lj( f}/elout)l/, (_1|sk haccelderatlon, ;fhe_ productd of dlslédv%locny
torque has been estimated a number of different ways. Utam and flow velocity, three drag coefficients, and two added mass

; . coefficients.
Safwat et al.[2], and Arastu et al[3] estimated the hydraulic Provoos{ 14,15 regarded the dynamic characteristic of a check

torque by the difference of pressures measured at two IocatiovnﬁVe as a curve that relates the maanitude of the maximum re-
across the check valve where steady one-dimensional flow 38 : : 9 i :
sumption orevails. As shown later. such an aoproach does vg{sed flow just prior to closure to a characteristic deceleration of
ca tEre thz eﬁecté of the unstead, nonuniformpr;low around t|Il e water column. In estimating the pressure rise due to valve
disrl)< y s?am, one first simulates the system transients without the pres-

Kane and Ch)and Kocn() regarded the ycrauls o 10251 18 ek Ve f opia e aeceraton of e i
as a product of the relative velocity between the flow and the dlékaximum reversed flow is determined from the dvnamic charac-
and an experimentally determined torque coefficient. This coefji- y

cient varied with disk angle and flow velocity if the pipeline Rey-cHSUC curve. Assuming the valve is pushed to close fully by the
6 . . ; reverse flow, a pressure rise is then calculated according to the
nolds number was less than®*1But varied with disk angle for

; . -~ Joukowsky formula. This approach was later expanded by Koet-
higher Reynolds num_be(Kane anc_l Chqa]). This approach did ier et al.glﬁ], Thorley [17,1?5, and Kruisbrink etpal[19]. T%e
not sat_lsfact_only predict the experlment_e}l results of Ball and Tuérovoost’s approach cannot be used in a general setting where the
“.S outlined in K.af?‘*. and Chpd]. In ad_dltlon, _the torque coe_ﬁl- check valve may or may not close fully during transients, nor can
cient becomes infinite when the relative motion is zero, which I be used where multiple check valves may interact with one
not physical. nother

Some other researchers considered the _hydraullc torque toab%xperimentally, Rahmeyd#] used clear plastic view ports to
madedut% Otf ttr\]/vohc%mpcipetnts thaF are add't'vg' If?atl]m?]eas.- fl observe disk motion. Au-YanR0] used ultrasonic signals to de-
sumed hat he hydraulic forque 1S composed of two terms. Q%Q{rmine the disk angle. Kruisbrinki3] used a potentiometer for

velocity and pressure differential across the valve. Botros et : ;
[7,8] adopted this approach to a check valve in gas flow. In theoRyeSk angle measurement. No direct measurements of disk angular

since the flow velocity and pressure differential are related, their
effects should not be treated separately. Esleek dOalrepre-

sented the hydraulic torque as two separate moments: a flow
ment and a damping moment. The flow moment is a function
the square of the flow velocity multiplied by a flow coefficien ! :
that varies with the disk angle. The damping moment is a functi%[r;le torque due fo the submerged weight of the disk assembly, the

. . e rque due to the friction of the valve shaft, any external torque
of the square qf the angqlar velocity of the dlsk_multlplled by Quch as that caused by a spring or counter weight, and the torque
constant damping coefficient. Pool et 0] modified the work ;

o Esesk e ] by maldng the damping cosfiient a fnctor14 1 1 ot around he valve ik, The werght oraue and he
of the disk angle. Ellis and Mualfd 1,12 used a similar approach rately determined from the material and the geometry of the valve.
The shaft friction torque is usually small and negligible. However,

Contributed by the Fluids Engineering Division for publication in tilyBNAL ; :
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionm. Iaboratory testing of '.“St.r‘.Jme”ted small ChQCk valves, the shaft
January 15, 2003; revised manuscript received June 23, 2003. Associate Editori #€ti0N torque can be significant. Characterizing the shaft torque

Tsujimoto. is addressed in this study. For the hydraulic torque, we adopt the

locity and acceleration were found in the literature.

This paper takes a fundamental approach using the moment of
momentum equation where the net torque acting on the disk is
"Muated to the time rate of change of the angular momentum of
e rotating mass. The torques acting on the check valve disk are:
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approach that the hydraulic torque is separable into two compbe rotational component of the hydraulic tordligz . These two
nents: the torque created by the flow around a stationary disk a@ondques are independent of each other and can be either clockwise
the torque created by the rotation of the disk. Laboratory tests daocounterclockwise. The hydraulic torque is the sum of these two:
quantify these torque components are described and discussed for

a two-inch swing check valve. Validation of the proposed ap- Th=Thst Thr- )
proach to check valve characterization is demonstrated by the &he magnitude of the stationary torque, expressed in terms of a
cellent match between the measured disk angle and presswigue coefficient, is written as
traces of valve slam transients with numerical simulations based

. . V4

on a dynamic balance of all torques in volved. — s
| Thsl =CnspA, 2 L (4)
Hydraulic Torque and Its Presentation where Cs=the stationary hydraulic torque coefficieni=the

The dynamic behavior of a swing check valve is described Blid density,V=the velocity of through flow which equals the
the moment of momentum equation of the disk. Considering aPlumetric flow rate divided by cross-sectional area of the pipe,
the torques involved and regarding the opening tortuoainter- andA,=the valve disk area. The magnitude of the rotational hy-
clockwise as positive,(see Fig. 1, the moment of momentum draulic torque is represented as

equation can be written as (Lé)z
Twt Tex+ Te+Tu=(+lg+15)6. 1) I Thel=CrrpA 5L ®)
In this equationT,y is the torque due to the submerged weight ovhereC,;,g=the rotational hydraulic torque coefficient. Ballyg
the valve disk assembly: andCyr are quantifiable by laboratory tests.
Tw=—WS.L sin(6+ 6y), (2)

Experimental Setup
where Wg=submerged weight of the of the disk assembly,

L=length between the mass center of the disk assembly and thJhe schematic Of.the test rig Is ShOW.” in Fig. 2. At the initial
shaft axis 9=disk angle positive counterclockwise, aag-angle  Scady state, water is pumped through inlet valve 1 toward upper
of the valve when seateiee Fig. 1 T is the kinetic frictional tank 5 that overflows at a constant head. The inlet valve is a

torque due to the valve shaft and the associated instrumentatigt}#‘f"rt;r‘t?m b.?llll \t/alvle that %%nrr?r?w Shﬁt é)ﬁ| Vigy ?U'Tkl.y Do_\{\;]n-n
Tk is a function of the angular speed of the di¥k.is a known stream ot the Iniet valve IS a schedule 4U Steel pIpe with a

external torque applied by attaching a weighted frame to the val&gernal diameter of 52.5 mm. It runs horizontally for 19.67 m and

shaft. It can be clockwise or counterclockwise. For a given a nen turns vertically upwards for another 4.72 m to the bottom of

plied weight, T¢ varies with the disk angleTy, is a hydraulic -'c 4PPe! tank. The tank depth is 0.86 m. Water overflows at a
torque due to the pressure distribution on the surface of the di nstant hlfjd ofdsk.)58 m abolve t2he cefnterllne of t:e test sec_tllﬁn.
It is a complex function of the through flow velocity, disk angleﬂowe.r tanh lan ypiss vak;/ed. are é)r reverse hQW teSti'f e
and disk angular velocityl. is the moment of inertia of the disk ow into the lower tank can be diverted to a weighting tank for
assembly with respect to the valve shaft akisis the moment of flow rate measurements. For some tests, control valves 10 and 11
inertia of the device through which is applied. ; is the moment replace the vertical pipe leading to the upper tank. Pressure taps

of inertia of the added mass due to disk acceleration. The momgr?t’ P2, P3, and P4 are located at 0.23, 12.38, 13.83, and 19.57 m

of inertia of the disk assembly can be accurately calculated. The
moment of inertia of the added mass is based on an added mass
equaling to that of a fluid sphere at the same diameter of the disk
(Thorley et al.[21] and Worstef22,23).

We also regard the hydraulic torque as made of two additive
components. The first component is a torque acting on a fixed disk
herein called stationary component of the hydraulic torgye.

As the disk swings, the changing pressure distribution on the disk
surface creates an additional torque. We call this additional torque

L> , ) 1 inlet valve 2 bypass valve
l".. Ws 3 check valve 4 lower tank
_/l\ 5 upper tank 6 flow meter
— : g, & . 7 pump 8 control valve
9 control valve 10 control valve
11 control valve 12 weighting tank
Fig. 1 Definition of variables associated with a swing check
valve Fig. 2 The schematic of the test rig
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acceleration measurements using a force-balance angular acceler-
ometer(Columbia Research Laboratory, Inc. SR-220 RNFhe
details of the treatment of the disk angle data and its numerical
differentiations can be found in LR24].

The pressures were measured by Validyne variable reluctance
differential pressure transducer DP15-52’s, each in conjunction
with a Validyne carrier demodulator CD15. A deadweight tester
(Ametek M&G model 10-152bwas used to calibrate all the trans-
ducer and demodulator sets prior to each test. Each pressure trans-
ducer is connected to the pipe through a short connector tube. The
tube has a significant effect on the measured pressures when the
rise time of the pressure is short. This effect has been quantified
and corrected by Liou and L[R5].

Steady-state flow rates are measured by an ultrasonic flow
meter (Controlotron Corp., System 990FPA weighing tank was
used to calibrate the flow meter and to measure flow rate for some
of the tests with very low flow rates.

A PC and a 12-bit resolution MetraByte DAS-16 analog &
digital 1/0 board are used for data acquisition.

Fig. 3 Replacement shaft and measuring devices  (left: poten-
tiometer, right: accelerometer )

Frictional Torques of the Valve Shaft and the Potenti-

from the discharge flange of the inlet valve 1, respectively. THITeter
acoustic wave speed of the water pipe system is 1353 m/s, deterfhe frictional torque was generated by the friction between the
mined by measuring the travel time of a disturbance between Rdlve shaft and its housing and by the potentiometer. The poten-
and p4 and, separately, by extracting the dominate frequencytieimeter torque is approximately of the same a magnitude as the
pressure traces at P3. Details are given if24]. The shaft of the shaft torque. In this study they are considered together as fric-
check valve is 13.06 m downstream from the outlet flange of th@nal torque. It is necessary to consider the static frictional torque
inlet valve. when disk rotation is pending and the kinetic frictional torque
The check valve is a 50 mm Wheatley swing check valvihen the disk is rotating.
(model No. 910-0251 Its disk seat is slanted 14.8° from the The static frictional torque is determined by equilibrium tests of
vertical. The disk angle varies from (€losed to 70° (full oper).  the check valve in aifi.e., valve removed from the test yigAn
A synthetic rubber “O” ring is inlaid in the disk to provide water external torque is applied against the dry valve assembly weight
tightness when the disk is closed. Prior to testing, the valve wagque(designated a3 and Ty, respectively to keep the valve
disassembled so that the weight, the moment arm, and the momatationary at a given disk angle. The external torque is then gradu-
of inertia of the disk assembly could be determined from direellly increased until the disk started to swing upwards. The exter-

measurements. The results are: nal torque at the moment of impending disk upswing is recorded.
) ) From the known disk angle, the weight torque of the disk assem-
valve disk diameter 74.93 mm  ply is calculated. The frictional torque is then obtained by sub-
submerged weight in water: 3.65 N tracting the assembly weight torque from the external torque. This
mgmgm g;rinr{ertia of rotational parts: 0%8155 I\Tﬁ-s pro::ess is.repeate.d at.different disk angules to obtain.the “impend-
moment of inertia of added mass: 0.0007 N-fn-sing” upswing static frictional torque Tgg) versus disk angle
curve.

Modifications were made to the disk-axis assembly to enables'm'lar tests were carried out in which the external torque was

measurement of angular position, velocity and acceleration of tﬁéad”a”Y re:’duced to_produc_e a_dqwnswmg of the yalve O!'Sk' The
disk. The disk is keyed to a replacement shaft that protrudes odf'Pending” downswing static frictional torqueT(i) is obtained
side the valve bodysee Fig. 3. The space between the shaft andy Subtracting the external torque from the assembly weight
the valve body is filled with silicon grease for lubrication andordue. Figure 4 shows the data from such tests and the resulting
water tightness. frlctlpnal torques as a function of _dlsk angle. We note _that the
In order to investigate the effect of angular velocity of the disRPPlied external torque and the weight torque are of similar mag-
on the torque coefficients, a frame attachable to the valve shaffitude. The difference between the two has a greater uncertainty
used to exert external torque of different magnitude and directidh@n the individual weight torques. This uncertainty is estimated at
A single-turn wire-wound potentiometéSpectral model 132- about 30%. Consequently, the difference between the upswing and
0-0-1 02 was connected to one end of the protruding shaft @ownswing frictional torques is not significant, nor is the variation
measure the disk angle. The potentiometer has a tolerance of 3b4he frictional torque with respect to the disk angle. The average
and a nonlinearity of less than 1%. Its moment of inertia is ledgagnitude for the static frictional torque is estimated to be 0.018
than 1% of that of the disk. The frictional torque associated with-m. L . .
the wiper movement against the wound wire is significant and is The kinetic frictional torque is determined by tests. We assume
addressed later. that the magnitude of the kinetic frictional torque of the shaft is
The measured disk angle versus time traces were numericéﬁ? sum of its static torque pI_us an increment that is proportional
smoothened by the “supersmooth” function of MathCad befort® the angular speed of the disk. The valve d'?" is held at the full
differentiation to obtain angular velocity and acceleration. Supe?P€n positior(70 deg and then let go. The disk’s angular position
smooth smoothens data by a symmekricearest neighbor linear and acceleration are recorded_as !t falls clockwise. The moment of
least-square fitting procedure in whiklis adaptively chosen. The momentum equation for the disk is
angular velocity so obtained is compared with angular velocity ) .
measurement using a pulse encotencoder Products Co., 260- —CO+Trs—WLsIN(0+ 65)=16 (6)
N-T-01-S-2500-R-HV-1-S-1-N The angular acceleration ob-
tained by numerical differentiations is compared with the angular which Trg is the static frictional torqu¢0.018 N-m), W is the
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dry weight of the disk assembly arizlis a damping coefficient. In 1e+5 2045 3e+5 0 10 20 30 40 50 60 70
this group of tests, both the damping torqtfee first term on the 0 e * * . .
left side of Eq.(6)) and the static torque oppose the weight torque Reynolds number Disk angle in degrees
of the disk assembly. The negative sign preceding the damping ) ) . )
torque signifies that this torque is counterclockwigesitive ~Fig- 5 Stationary hydraulic torque coefficients;  (a) disk angle

. . L . . versus through flow velocity, b) stationary coefficient versus
since the angular _V_e!OC'tY of the diskis clockwlge(n_egatlve. disk angle, (gc) stationary goeffic(ie)nt versusr}éeynolds number,
From the known initial disk angle and the initial disk angulayg) stationary coefficient for forward and reverse flows
velocity, trial values forC are used to solve Eq6) until the

calculated# best matches the measured trace. Thealue so

determined is 0.003 N-m-s. Thus, for our instrumented check

valve, the kinetic frictional torque in N-m is tional torques at the moment of impending disk upswing and

Tek=Tes— CH=+0.018-0.00%. (7) downswing are equal in magnitude, therefore, we eliminate the
. frictional torques in Eqs(8) and(9) to obtain
In the above, the sign preceding 0.018 is positive whésnnega-

tive and negative whe#f is positive. :2(|TW‘ +[Tel)

10
pA,LV? (10)

HS

Stationary Hydraulic Torque Coefficient where

The stationary hydraulic torque coefficiedy;s is regarded as a I NP
function of disk angle and the direction of through velocity, and is \ =§(Vu+Vd)-
established by tests for both forward and backward through flows.
In the forward flow tests, the valve disk is maintained at a certain In determining Cys for backward through flow, the weight
angle by the through flow. The through flow is then very gradualliprque and the stationary hydraulic torque are both in the direction
increasedso as to minimize disk acceleratjoto produce a disk of closing the valvdi.e., clockwisg. A counterclockwise external
upswing. The flow rate and the disk angle at the instant of interque is applied to balance these two torques and maintain a
pending rotation are recorded. At the instant certain disk angle at a set flow. The external torque is then gradu-
ally increaseddecreasedto generate an upswirigownswing of
the disk. The disk angle, the flow velocity, and the external torque
at the instant of impending disk rotation are recorded to compute

V2
Cusp — AL = [Tl = [Trg = [Tel=0 ®

in which VV,=the through flow velocity at the moment of impend-CHS

ing upswing of the valve disk. The purpose of applyifgis to Ty +|Tg| —2|Twl
investigate the effect of through flow velocity @y5. This test is Chg=—————
repeated for a range of disk angles. Next, the through flow is very pA,LV?
gradually decreased to produce a disk downswing. The flow re}ﬁe
and the disk angle at the instant of impending rotation are e

(11)

which the superscripts and® denote disk upswing and down-

O wing.
corded. At this instant, Figure 3a) shows a set of five curves of disk angle versus
Vﬁ velocity V for forward through flow. Each curve is associated with
Cugp 7AUL—|TW|+|TFS|—|TE|:O (9) a clockwise external torque as indicated. TBgs, computed

from Eq.(10), is plotted as a function of disk angle in Figibh
in which V4=the through flow velocity at the moment of impend+igure c) demonstrates the insensitivity &, with respect to
ing downswing of the disk. Based on the frictional torque medhe through flow velocity at a fixed disk angle. Figur@)sshows
surements, we assume that, at a given disk angle, the static fii;g as a function of disk angle for both forward and backward

1046 / Vol. 125, NOVEMBER 2003 Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.152. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



through flows. The uncertainty bound in terms of relative error for
Cys is estimated to be 15% faf between 5 and 15 deg and 5%
for 6 greater than 15%.

Rotational Hydraulic Torque Coefficient

The rotational hydraulic torque coefficie@t is regarded as a
function of the disk angle, the disk angular velocity, and the di-
rection and the magnitude of the through fl@y, is discussed in
terms of the disk angular velocity versus the through flow plane.
This plane is divided into four quadrants by the through flow axis
(horizonta) and the disk angular velocity ax{gertical). In quad-
rant 1, the valve is opening with forward flow. Since the valve
disk is essentially rotating with the flow, the rotational hydraulic
torque coefficienCyp in this quadrant is assumed to be the same
as theC obtained when there is no through flow. In quadrant 2,
the valve is opening in reversed through flow. Since this condition
is not likely to occur, the rotational torque coefficient in this quad-
rant was not investigated. In quadrant 3, the valve is closing in
reversed flow. This quadrant belongs to the late stage of a chec
valve slam. In quadrant 4, the valve is closing in forward flow.

This quadrant belongs to the early stage of a check valve closure

during a system shutdown. Quantification®@fz in quadrants 3
and 4 is described below.

From Egs.(1), (3), (5), and(7), the rotational hydraulic torque
coefficient in quadrants 3 and 4 can be expressed as

:|Tvv|i|TE|*(C-9+|TFS|)i|THS|+(| +lg+lg)o
0.50A,L(L6)? '

HR

12)

In the above equation, the positive sign befdrg should be used
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in quadrant 3 and the negative sign in quadrant 4. The external

torqueTe is used to generate disk falls with different disk velocity
so that the effect of disk velocity o8, can be evaluated.

For quadrant 3 tests, the vertical pipe leading to the upper tank

is replaced by valve 10 and the lower tank is valved off. The
check valve is turned around so it opens clockwise. The flow is
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Fig. 6 Results in quadrant 3 (V=-—0.41m/s); (a) disk angle
versus time, (b) disk velocity versus disk angle,  (c) disk accel-
eration versus disk angle, (d) rotational coefficient versus disk
angle
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Fig. 7 Results in quadrant 4 (V=0.76 m/s); (a) disk angle ver-
sus time, (b) disk velocity versus disk angle,
tion versus disk angle,
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(c) disk accelera-

(d) rotational coefficient versus disk
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directed from the inlet valve 1 to valve 10. The flow rate is medlow, and the free gas volume immediately downstream of the
sured by the ultrasonic flow meter. When the flow rate is smallalve, the disk angle, and the flow through the valve. Eight equa-
valve 10 is closed and the flow is diverted through valve 11 tot@ns are available. They are: the continuity equation immediately
weighting tank for accurate flow measurement. The through flowpstream of the check valve, the continuity equation immediately
velocity was essentially constant during the disk-falling periodownstream of the check valve, the equation of state for the
since the head drop across the check valve is small relative to thmped gas-vapor mass immediately upstream of the check valve,
system head loss. For each test, the desired reverse flow ratthesequation of state for the lumped gas-vapor mass immediately
controlled by valve 10 or 11. The check valve disk is held widdownstream of the check valve, thec@ompatibility equation for
open against the reversed flow and then let go. We record disle pipe reach upstream of the check valve, the €@@mpatibility
angle and disk acceleration over time. We then numerically diéquation for the pipe reach downstream of the check valve, the
ferentiate the smoothened disk angle versus time trace to obtaiifice equation that relates the head drop across the check valve
the disk velocity trace. Knowing the disk angle, velocity, andb the disk angle, and the moment of momentum equation of the
acceleration, all the terms on the right side of EfR) can be check valve disk.
evaluated andcC,,g computed. The results for a through flow ve- The modeling of dynamic check valves is incorporated into a
locity of —0.41 m/s are shown in Fig. 6. computer codgKellum [27]) for simulating detailed transients
For quadrant 4 tests, the flow arrangement is the same as iftgide typical booster pump stations for oil pipelines. This code is
quadrant 3 tests except that the check valve is returned to utsed to simulate check valve slam transients described next.
normal direction(i.e., opens counterclockwiseThe test proce-
dure, measurements, and data reduction are the same as thosg, in . .
quadrant 3. The results for a through flow velocity of 0.76 m/s a heck Valve Slam Tests and Numerical Modeling
shown in Fig. 7. In check valve slam tests, a desired initial steady flow is estab-
We note that in the fall tests, the disk angular velocity is ndished through the test rig and discharges out of the upper tank by
directly controllable. Nonetheless, the angular velocity is “indesverflowing. The disk angle is in equilibrium with the net torque
pendently” varied by using differentc’s at each through flow. applied. The lower tank is valved off. Transients are initiated by
For example, Fig. 7 shows that at a through flow velocity of 0.76uddenly shutting off the inlet valve. The disk angle, the pressures
m/s, theCy is 23.9 for a disk angle of 50 deg and a disk velocityat P1, P2, and the P3 are measured over time at a sample rate of
of 2.54 rad/s. Linear interpolation is used to estimate a desiré@d50 samples per second for 1.6 seconds.
disk velocity when the latter does not fall on tested curve. The The nature of the transients is as follows. Upon the closure of
information contained in Figs. 6 and 7 is condensed in Fig. &e inlet valve, the local pressure drops to vapor pressure and a
which showsCyr as a function of disk angle and disk velocity forvapor cavity forms at the discharge side of the closed valve. The
six out of ten through velocities tested with a range fref.82 water column continues to move toward the upper tank at a re-
m/s to 1.81 m/s. Upon specifying a through flow, a disk angle, amfliced velocity and the check valve starts to close. Eventually, the
a disk velocity, the corresponding rotational hydraulic torque cdread at the upper tank stops the water column and turns it around.
efficient can be obtained by interpolation. The uncertainty bourithe check valve, now being acted upon by the hydraulic torque of
for the rotational hydraulic torque coefficient is estimated at 12%he reversed flow, slams shut. At the instant of valve closure, a
water hammer pressure rise occurs at the closed check valve. At
Inherent Hydraulic Characteristic of the Check Valve  about 0.018 seconds later, the wave reflected from the upper tank

Valve manufacturers use the flow coeffici@t to characterize draws away the water at the check valve. Consequently, the local
a valve. The flow coefficient at a specified valve opening is deressure drops to vapor pressure and the check valve starts to
fined as the volumetric rate of flow of 60°F water in gpm wheRPen. Some time later, the head at the upper tank drives the water
the pressure drop across the valve is one psig. The dimensionfg@mn back and slam close the check valve again. Depending on
flow coefficient of the 50 mm Wheatley check valve as a functiofi® timing, the peak pressure of the second slam can be greater
of the disk angle for both forward and reverse flows were detéfi@n the first. The closure of the check valve prevents the return-
mined in the laboratory@,, is the flow coefficient at fully valve N9 water column from reaching the inlet valve. The pressure at
opening. The results are shown in Fig. 9. The uncertainty boundg€ inlet valve stays at vapor pressure during the sampling period.
for the C, and the disk angle are 2% and 0.5%, respectively. ~_ Four models for the interaction between the liquid and the

check valves are compared with the measurements.

Modeling the Interaction Between the Liquid and the 1 TheC, model. The hydraulic torque is computed from the

Check Valve pressure differential across the check valve.
The interaction between the check valve and the liquid is mod- B B D*  QlQ,
eled numerically by the method of characteristics using the dis- THCU*AvLVAH*AvLV 13)

2 2
crete free-gas cavity model of Wylig26] for possible column 0.00112&; 2gA

separation. There are eight unknowns: the head, the flow, and the
free gas volume immediately upstream of the valve, the head, the

7
6 reverse flow
1.0
7 o B
08 '/ = 4
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G o8| ‘S o3l
\> -~ I
o . Eoat
04 /.
forward flow 1k forward flow
02r 0 L
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Fig. 10 Ratio hydraulic torque in the  C, model over stationary
Fig. 9 Inherent hydraulic characteristic of the check valve hydraulic torque
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g 0.3 ] ] pressure at P3 during low pressure periadout 0.42 to 0.83 s in
3 200 Fig. 11(b) best matches the measured trace. Forty computational
2 olf reaches are used in the numerical simulations. Numerical uncer-
o tainties are negligible.
-200 The calculated disk angles as a function of time from the four
0.0 0.2 04 08 08 10 models are compared with the measured trace in Fig)1$ince
Time in seconds the C, model overestimates the hydraulic torque, it could not
) ) ) ) maintain the initial disk angle at the steady-state prior to 0.42
Fig. 11 Comparisons between simulation results and test data seconds. The simulated disk angle drifts up to reach an equilib-

(steady state through flow velocity ~ =1.93 m/s) rium that is higher than the measured value. The other three mod-

els are able to hold the initial disk angle prior to closing the inlet

valve. During closure, th€, model and thél,5 model behaved
where y is the specific weight of fluid and the diameris in  similarly and the simulated valve closure is premature. The
inches. This model was used by Urdf], Safwat et al[2], and +Tyur(V=0) model shows that the inclusion of the rotational
Wylie and Streetef28]. Some commercial software packages fohydraulic torque, even though the effect of the relative motion
pipeline transients such as LIQT® and RELAP5® use this appetween the through flow and the disk Gpg was ignored, im-
proach also. Many packages simply do not have the capability ppoves the valve closure time. However, the simulated disk angle
model the dynamics of check valves. To put this torque in peirace failed to track the measured one. Thg+ Tyg model, on

spective, we form the following ratio: the other hand, tracks the measured disk angle trace closely during
A the entire closure time period. This dramatic improvement indi-
THCy D (14) cates that the relative motion between the through flow and the

Toe 2 disk has to be properly accounted for.

Hs  0.00112€,Cus The recorded negative disk angle, visible in Fig(alds due to
in which D is the pipe diameter in inches. The ratio is a functiotthe fact that as the disk slams close, it compresses the rubber “O”
of the angular position and is plotted in Fig. 10. It is seen that thing inlaid (described in Experimental Setugnd moves past the
hydraulic torque from thi€, model over estimates the stationaryzero reference point. The rebounds of the disk shown there are not
hydraulic torque. addressed in this paper and are not modeled.

2 The Tys model. The hydraulic torque comes from the sta- The calculated and measured pressures at P3 are shown in Fig.
tionary hydraulic torque only. The rotational hydraulic torque i31(b). Since the simulated valve closure is premature forGhe
ignored. This model is used to interpret the results of e model and thel,;s model, the reverse flow stopped by the valve
model and to underline the importance of the rotational hydrauligosure was too small. As a result, the simulated pressure rise in
torque. these two models occurred too early and the magnitude too low.

3 The Tys+Tyr (V=0) model. The hydraulic torque is the The Tys+ Tur (V=0) model yielded better result but the pres-
sum of the stationary hydraulic torque and the rotational torque suire rise was still too early and too low. Thg g+ Tyr model
zero through flow. The relative motion between the through flomatched the measured water hammer pressure change both in tim-
and the disk rotation is ignored. This is the model proposed liyg and in magnitude.

Pool et al.[10] and Ellis and Muallgd11,12]. The inset in Fig. 1(a) shows the simulated flow through the
4 TheTys+ Ty model. This is our approach to quantify thecheck valve. The flow reversal is clearly shown. Although the
hydraulic torque. transient through flow cannot be measured to check the simulated

In simulating the transients, the inlet boundary condition is thgalues, the magnitude of the reverse flow just prior to the valve
measured pressure at P1. This pressure is shown in the inseslam matches well with the measured pressure rise at the moment
Fig. 11(b). The purpose of using this inlet boundary condition is tef valve slam through the Joukowsky relationship. Thus we are
avoid modeling uncertainties upstream of P1. The outlet boundasynfident that the simulated flow trace is valid.
condition is the constant head 5.58 m at the upper tank. Some additional simulation results from tiggs+ Tyg model

The results of these four models are compared with the megre worth noting. Figure 12) shows the check valves transition-
sured disk angle and the pressure at the P3 of a representative fegtfrom quadrant 3 to quadrant 4 on the disk velocity versus
The initial through flow velocity is 1.93 m/s. The initial disk anglethrough flow plane. The disk velocity is already appreciable when
is at 51.59 deg. The steady-state average pressure at P3 is abatdring quadrant 3. Figure @2 shows how each torque varies
61.02 kPa. The inlet valve is shut off suddenly at about 0.4&ith the disk angle. The stationary hydraulic torque changes sign
seconds, creating the check valve slam transients described abexesn quadrant 3 is entered. This torque causes the valve to slam.
A void fraction of 4x 10~° at the initial steady state is used. ThisThe rotational hydraulic torque is positive at all times. This torque
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opposes the closing of the check valve. Its increased magnitude at p = fluid mass density
small angles prevents the premature closure seen in the other three y = fluid specific weight
models.
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Cur = rotational coefficient
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G = gravitational acceleration
I = moment of inertia of the disk
I+ = moment of inertia of the added mass
le = moment of inertia of the counterweight device
L = arm length
Tc = external torque in determining static shaft friction
Tg = external torque
T = friction torque
Tek = Kinetic friction torque
Tegs = static friction torque
Ty = hydraulic torque
Tyr = rotational hydraulic torque
Tys = stationary hydraulic torque
Tw = torque due to submerged weight of the disk assembI)PS]
V = through flow velocity
W = dry weight of the disk assembly
W, = submerged weight of the disk
0 = disk angle
0s = inclination angle of the valve disk when clos&ske
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by tapering a channel in the direction of the flow. However, a

1 Introduction
Societal demands have resulted in extremelv compact vet 0de_(:rease in axial channel diameter can be accompanied by an
y pact yet POzrease in velocity and, hence, an increase in pumping power.

erful (_electromc de\."ces.’ which require _h'gh watt-density cooling 1, improve the temperature uniformity while decreasing the
techn!qugs. H.eat sinks mcorp.oratlng.mlcroscale channels.are VERssure drop, Pend8] proposed a fractal-like bifurcating flow
effective in this endeavor by increasing both the convective h€atiyork in a two-dimensional heat sink. The fractal-like flow net-
transfer coefficient as well as the convective surface area per Upfrk was designed using fixed diameter and length scale ratios
volume in the heat sink. _ _between consecutive branching levels, as were proposed by West
However, the improved heat transfer provided by a series gf a|.[6] for natural transport systems. Using an optimization ap-
paraIIeI microchannels is not without drawbacks. The small diarﬁroach to minimize pump|ng power while adhering to a minimal
eter of the channels produces large pressure drops and nonunifgilume constraint, Bejari7] identified, on average, the same
temperature distributions along the wall of the channel often ogranching level ratios reported by West et @]. The relation
cur. If used to cool an electronic component, a non-uniform terpetween engineered flow networks and those of natural systems is
perature distribution, if significant enough, could result in unevehe subject of a book by Bejdi8].
thermal expansion of the electronic device, possibly damaging itPence[9] developed a one-dimensional model, using macro-
or affecting the electrical properties. scopic correlations, for predicting both the pressure distribution
Tuckerman and Peadd] first introduced the idea of micro- in, and wall surface temperature along, a fractal-like branching
channel heat sinks for cooling integrated circuits. Since that timehannel network. Results were compared to an array of straight
numerous investigations of single, straight microchannels and mhannels having the same channel length and same convective
crochannel arrays in a heat sink have been conducted. Much of swsface area as the branching network. A lower maximum wall
experimental data prior to 2000, as noted in the review article f§mperature along the fractal flow network was consistently noted
Sobhan and Garimellg2], are conflicting. Conclusions made byfor identical pressure drop, flow rate, and total pumping power
several of the original authors suggest that fluid and thermal trarigrough both flow networks. Chen and Chdag], assuming fully
port phenomena through microchannels with characteristic flgd¢veloped conditions and negligible minor losses, assessed the
diameters between 50m and 1 mm are different than macroscalressure drop and heat transfer capacity of fractal-ike channel
phenomena. However, Obf8] also reviewed numerous paper§1etworks for several levels of branching and various branching

dealing with friction and heat and mass transfer in microchannefd@meter ratios. _ i ) _
Through careful reexamination of several works, he concludedVechsatol et al.11] recently investigated, in a disk-shaped ge-

that there is no supporting evidence to suggest that transport pRBIEtTY similar to that proposed by Perj&9], the optimal chan-

nomena of liquids through microchannels is different from madi€! length distribution, assuming fully developed, laminar flow
th negligible minor losses. Length-scale ratios that vary at each

rochannels. He further recommends use of conventional mac rcating level were deemed optimal in terms of minimizin
scale correlations for predicting pressure drop and heat tran Igtjv resisgt;ance P 9

through such networks.
Bau [4] demonstrated, using a mathematical model, that a mi-

crochannel with a variable cross-sectional area can be optimized )

to reduce temperature gradients along the channel length. Red&c- Method of Analysis

tion in the maximum heated surface temperature can be achieveghence[5] developed a preliminary, non-optimized branching

channel network in a disk-shaped heat sink using the following

branching ratios:
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cal properties of the working fluid are held constant. It is the
purpose of the present investigation to assess the validity of these
three assumptions.

The pressure drop correlation in Whif&2], which includes
increased pressure due to developing flow conditions, and the
Nusselt number data for simultaneously developing thermal and
hydrodynamic boundary layers from Wibulswds], and referred
to in Shah and Londofi4], are employed in the one-dimensional
model. Water is used as the working fluid, and a constant heat flux
is applied to the walls of the ducts composing the flow network.

2.2 Three-Dimensional Computational Model. Numerical
simulations were performed using the finite-volume based, com-
mercially available computational fluid dynami@SFD) software
STAR-CD (version 3.0B from Computational Dynamics Limited.
Three-dimensional CFD simulations were performed with water
Fig. 1 Fractal-like branching channel network (shaded path as the working fluid for a fractal-like flow network and a parallel
includes branches k=0, k=1, k=2b, k=3c, k=4f) flow network. Held identical between these flow networks are the

total channel length, the terminal branch hydraulic diameter, the
convective surface area, the heat flux applied to the convective
surface area, and the total pumping power. Note that a represen-
Lyt  ap tative path length for the fractal network is shown as a shaded
L_k_“ @) region in Fig. 1. The steady, incompressible form of the three-
. o . dimensional continuity, momentum and energy equations govern-
whered is the hydraulic diametet, is the length of a channel jng the transport in this investigation are as follows:
segment, and is the number of branches into which each channel continuity:
splits. For the present analysis=2. Subscriptk represents the
lower-order branching level and subscript-1 represents the Vi
higher-order branching level at a bifurcation. In reference to Fig. W:o )
1
1, the first branch emanating from the inlet flow plenum is the
zeroth-order branch, i.ek=0. The shaded region and the letterd/omentum:
denoted in the figure are discussed later. a(V,V)) Y

It is the objective of the present work to analyze the pressure ( s ): (’“W
distribution in microscale fractal-like branching channel networks ' '
using a three-dimensional computational fluid dynamiC&D) Energy Equation:
analysis. The commercially available CFD package, STAR-CD,
was employed. Results of these analyses are used to assess the p(
validity of assumptions imposed in the one-dimensional model of
Pencd9]. The initial flow network proposed by Penf®] is em-
ployed for this purpose, as heat sinks with this flow network ar;
available for experimental testing. Dimensions of the flow ne
work are provided in Table 1. Note that the total channel leng
reported for the fractal-like flow network is the radial distanc
from the entrance of th&=0 branch to the exit of th&=4
branch level. The length of each branch is defined by radial d
tances in Fig. 1. Also note from Fig. 1 that the two new branch

Jp
aXi

ox 4

aT

A(Vic,T) d
Al

x )% (5)

Consistent boundary conditions between the two flow networks
e the inlet and exit flow boundary conditions and no slip, im-
yermeable conditions at all walls. At the inlet, the bulk fluid tem-
rature is fixed, as is the velocity profile, which is assumed uni-
orm. The flow discharges to a water-filled reservoir assumed to
be at atmospheric pressure at the point of discharge. A uniform
Reat flux is applied at the wall of the flow network.
bif cally 1 | | b h feSThe steady, incompressible, three-dimensional continuity, en-
k|>u1rcate asymmetrically from a lower level branch segment cHrgy and momentum equations are solved using a central differ-
- encing scheme for the diffusion terms and the STAR-CD MARS
2.1 One-Dimensional Predictive Model. In the one- scheme for the advection terms. MARS stands for monotone ad-
dimensional model developed by Peri6& the pressure distribu- vection and reconstruction scheme. It is a two-step scheme of
tion and wall temperature distribution along rectangular crosgecond-order accuracy which, of the available discretization
section ducts in a fractal-ike branching flow network ar&chemes, is least sensitive to errors resulting from mesh structure
predicted using hydrodynamic theory and empirical correlatio@d skewness. Pressure-velocity coupling was accomplished using
for heat transfer. The one-dimensional model is restricted to lanthe SIMPLE method. Under-relaxation parameters of 0.2, 0.7, and
nar flow with the assumptions thét) both the thermal and hy- 0.95 were employed for pressure, velocity, and temperature, re-
drodynamic boundary layers redevelop following each channgpectively, in this study.
bifurcation, (2) minor losses are negligible, arid) thermophysi-

3 Results and Discussion
Three-dimensional computational results are sought that pro-

Table 1 Channel dimensions for fractal-like flow network vide a means for assessing the assumptions imposed in the one-
(Zk=oL k=L =16.3mm) dimensional model by Pend®] for predicting pressure distribu-
tions through fractal-like flow networks. Again, these assumptions
K (r|r-1|rkn) (r\évrﬁw) (rg?n) (nhrn) - include (1) reinitiation of hydrodynamic and thermal boundary
layers following each channel bifurcatiof2) negligible minor
0 0.250 0.539 0.342 5.80 0.389 losses, and3) constant thermophysical properties of the working
1 0.250 0.296 0.271 4.10 0.750  fluid.
:2,, 8:%?8 8:}38 g%i %:8(5) g:ggg ~ Of particular interest from the three-dimensional investigation
4 0.250 0.093 0.136 1.45 0.400 s the axial pressure distribution. Fluid properties of the water are
held constant initially, and then allowed to vary with temperature.
1052 / Vol. 125, NOVEMBER 2003 Transactions of the ASME
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IIIIIII raight 1.D in Fig. 1 by the following branchek=0, k=1, k=2a, k=3a,
120[’¢ straign - andk=4a. Note that each branching level is identified by a num-
% === straight 3-D S <
R3 fractal 1-D ber, i.e.,k=0 is the original branch, and each branch segment of
100 e — fractal 3-D each level beyon#=1 is identified by the branch level as well as
"-‘\\ by a letter,a, b, c, etc. Due to asymmetry in the fractal-like flow
80 *t.g% network shown in Fig. 1, the three-dimensional pressure distribu-

\\ tion might be slightly different from path to path. Based on the

three-dimensional CFD simulations, the pressure drop through the
straight channel network is about 70 kPa higher than that through
the fractal-like network. The one-dimensional model and the

40 three-dimensional CFD results for the straight channel are within
pressure 4%, suggesting that the one-dimensional model provides very
20 recovery 1 good predictions for flow through a straight, constant hydraulic
=3a branch diameter microscale channel. However, for the fractal-like net-
G0 5 10 15 20 work, the one-dimensional model over-predicts the pressure d_rop
x (mm) by nearly 50%. Note that the total length of the fractal network in
the three-dimensional CFD model, which was designed by divid-
Fig. 2 Constant property pressure distribution through ing 16.3 mm into radial lengths adhering to H@), is slightly
fractal-like and straight channel networks longer than the path length in the one-dimensional model.

Three possible reasons why the one-dimensional model over-
predicts the three-dimensional simulations are considered. First,
for the fractal-like network in the one-dimensional model, the

The three-dimensional model results assuming constant propertjgfocity profile was assumed uniform at the inlet of each succes-
are compared to the one-dimensional model results to assessdite branching channel, resulting in the redevelopment of the hy-
validity of assumptions 1 and 2. To assess the validity of assum@irodynamic boundary layer at the entrance of each fractal seg-
tion 3, results from the three-dimensional model with fluid propment. This is assumed at each wall, even though it is not truly
erties allowed to vary with temperature are compared to thregnticipated at the top or bottom channel walls between branching
dimensional results assuming constant thermophysical propertigsels due to a constant channel depth. Hence, it is anticipated that
The three-dimensional CFD simulated pressure distributiqRis may result in a greater pressure drop predicted from the one-
along a fractal-like network is also compared to that through @mensional model. Despite the difference in total pressure drop
single straight channel. The straight channel exists within a serig&dicted from the one-dimensional model and the three-
of parallel channels having an identical hydraulic diameter as tgnensional CFD model, the distributions follow a similar trend
between the fractal-like and Stl’alght channel networks are ChanH?HrodynamiC boundary |ayer redevek)pment at every wall fol-
length, convective surface area, heat flux, and pumping POWRjwing a bifurcation should be retained.
Three-dimensional simulated pressure drop through a fractal-likesecond, noted in the three-dimensional pressure distribution is
network with an inlet flow plenum is compared with that obtainegdy, instantaneous pressure recovery at each bifurcation, which
experimentally. In previous investigations, Perie9] provided tends to lower the total pressure drop. A pressure recovery is
one-dimensional comparisons of fractal-like heat sinks to parallghsent from the one-dimensional distribution. The observed pres-
channel heat sinks with different heat sink surface areagye recovery in the three-dimensional simulations may result

with differing total channel lengths, and under various flow ratgom the tapered increase in cross-sectional area, which acts simi-
conditions. larly to a ‘diffuser’ following each bifurcation. Note that the pres-

3.1 Constant Property Analysis. As was done in Pence Sure recovery is largest for the higher order branches, which have
[9], results through a fractal-like flow network are compared to gnaller branching angles. In the direction of increasing branching
network of parallel, straight channels with the same hydraullgvel, branching angles are 40, 36, 29, and 22 deg, respectively.
diameter as the terminal branch of the fractal channel networkhe magnitude of the pressure recovery also depends upon the
136 um, but with a square cross-section. The radial distance frof@W path taken due to the asymmetry of each bifurcation.
the edge of the inlet plenum to the exit plenum is 16.3 mm and Third, an additional trend not noticed in the one-dimensional
assumed to be the total length, regardless of path taken, throughedel is the three-dimensional pressure distribution through the
fractal network. The total channel length and the convective wa=3a branch. The distribution in this branch is similar to that
surface area for the straight channel network are the same astfdpugh thek=3d branch, but qualitatively different from all
the fractal-like network. Two fractal-like and thirteen parallel flowpther branch distributions. To explain the observed pressure re-
networks are investigated, yielding total convective surface areggvery and the anomalodks=3a pressure distribution, details of
defined by the walls of the flow networks, of 115 mand 114 the flow characteristics are further investigated.
mn?, respectively. Details of the flow field just upstream and immediately follow-

To achieve identical pumping power between the straight affeg €ach bifurcation are investigated to gain better insight into the
fractal-like flow networks, the total fluid flow through the thirteerflow phenomena responsible for the observed pressure recovery.
straight channels is 1.2 ml/s and 1.8 ml/s through the two fractdihe flow path investigated is that shaded in Fig. 1. Because the
like flow networks. These flow rates ensure laminar flow througgxial flow direction changes through each branch, a separate co-
each channel in each flow network, with the largest Reynol@sdinate system is established for each branch segment in each
number, on the order of 2000, occurring in the largest diamet@vel. The origin of the coordinate system is the apex of the inner
branch of the fractal network. A constant heat flux of 45 Wiésn wall, as noted in Fig. 3. Variabberepresents the axial flow direc-
applied to the periphery of each channel in both networks. Projpen, y represents the spanwise direction from the origin at the
erties of the coolant fluid are held constant in this part of thianer wall to the outer wall, andis measured from the bottom of
analysis, and are assessed at the average temperature of the tilethannel to the top of the channel. Becarse always mea-
and exit bulk fluid temperatures. sured from the bottom of the channel, the right-hand rule is vio-

Centerline pressure distributions for both flow networks adated for the following branchek=2b, k=3b, k=3d, k=4b,
shown in Fig. 2. The pressure distribution presented from the=4d, k=4f, and k=4h. It is also relevant to note that the
three-dimensional model simulation is that along the path definbdginning of the outer wall of th&=3c branch is not aligned
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Fig. 5 Axial velocity profiles at ~x'=0 and z’'=0.5 for all
Fig. 3 Local coordinate system for k=3¢ branch. Note that z branches along shaded path in Fig. 1
is always out of the page and that the channel =~ k=3d is tapered.

ith th igin. but rath ds t i | fwith each branching level, which is anticipated due to the increase
\rl\tlell iy eetgrtlk?:anll o C:’jﬂ ég o r%lri n%?(rerc;ess?/g?e n31 S%(?W%eigl]’]alzl}lgge \Sla U& Olin total flow area following each bifurcatior) the initiation of a
In Fig. 4 are shown three-dimensional velocity magnitude cofoundary layer at the inner wall which originates following a
tours at mid-depth in the-y plane &’ =0.5) between thé=0 ifurcation, (3) the asymmetry in the velocity profiles due to
dk=1 b hes. Note that = z/H h. H is the depth of asymmetry in the bifurcating angle, at) the flow reversal near
andk=_1 branches. Note =21, wherer 1S the depth of .0 o ter wall observed for the=3c branch.
the channel and equal to 2%0n. As the cross-sectional flow area Shown in Eia. 6 are the axial velocity profiles at the inbet
is increased following the bifurcation, the total volume flow iS*O f hb g hing | | al th K% d path in Fig. 1 t K
decelerated. This is most noticeable along the outer channel wajls.’ oheac r%ncl ng ev,e_gong I?ks ?] © Fa. n I?I. » axen
Itis also clear from Fig. 4 that the boundary layer at the outer wg|[f m5t e%(;zhml plane aty’ = 0'15. Unlike the vel ogty prrc])_ lnes ml
does not reinitiate as is assumed in the one-dimensional modg@- > Which are asymmetric due to asymmetric branching angles,
However, development of a new laminar boundary layer is clearifje velocity profiles in Fig. 6 are symmetric. This is attributed to
noted at the inner wall with a pronounced influence of the inn cor(ljstanlt channerl] depth. I(\jloge the abﬁence of a redeveloping
wall felt upstream. The two first-level branchds(1) have mir- Poundary layer at the top and bottom walls. .
rored image profiles due to symmetry in the angle at which the In Fig. 7 and Fig. 8 are plotted the axial velocn)_/ prc_)f|les at the
bifurcate from thek=0 branch. e¥<|t of each channel along the flow path shaded in Fig. 1. Figure
In Fig. 5, axial(x-component velocity profiles at the inletx’ 7 shows the axial velpcity profiles &t = 1‘f0r thex.-y midplane
=0, of each branch taken at tiey midplane,z’ =0.5, along the (z=0.5), wheregs Fig. 8 shows the axial vglocny profllgzx@a_t
shaded path in Fig. 1 are provided. Data are normalized by tfet for thex-z midplane §’=0.5). In comparing the profiles in
width, w, of each branching level, i.ey/ =y/w, which decreases Fig. 7 with tho_se in Fig. 5 the deyelopment of boundary layers
for increasing values df. Values ofy’ equal to 0 and 1, respec- fiozrg chz(ajn;_elslnlzt to ﬁx't at thv_ed |nrt1erT;]/vaIy(=f_|O) ffort:&iIl(
tively, represent the inner and outer walls, while valuez'afqual ncg?n F; ; sr:gCVCs aer? ;icz\llérztrilr{ flo?/v%rgalrethgrinner wall at
to 0 and 1, respectively, represent the bottom and top walls of t & 9-/ g
channel network. The variable’ represents the axial distance € channel exit, but sbows clearly the bound_ary _Iayer develop-
along the inner wall normalized by the inner wall length. Of pa/MeNt at the outer wally(’ =1). Thek=0 branch in Fig. 7 shows
ticular interest in Fig. 5 arél) the reduction in maximum velocity 2 SYmmetric profile with flow deceleration near the centerline. The
k=4f branch, which discharges to the exit plenum, is also sym-
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Fig. 4 Mid-depth, z’=0.5, velocity magnitudes at the junction

Fig. 6 Axial velocity profiles at x'=0 and y'=0.5 for all
between branching level 0 and level 1

branches along shaded path in Fig. 1
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right hand side of the figujeThe flow toward branck=2a (the

left hand side of the figupeappears to be primarily in the axial
direction, with little secondary flow. Again, the secondary flow
along z'=0.5 is strongest neargr’ =0, in agreement with the
largest axial flow observed for brankk- 1 in Fig. 7. The velocity
metric. Thek=3c profile in Fig. 7 shows that the negative flowprofiles in Figs. 7 and 8 demonstrate a tendency for flow diverted

near the outer wall at the branch inlet, shown in Fig. 5, is positiv@ accelerated in one direction, i.e., in they plane, to decelerate
at the branch exit. flow in the orthogonal direction, i.e., the z plane.

Figure 8 shows the-z midplane §’ =0.5) axial velocity pro- Figure 11 shows how a particle with no mass, placed in the flow
files at the exitx’ =1, of each branch in the path in Fig. 1. Noticefield neary’=0.9 andz’=0.65 near the inlet to branch segment
that thek=0 branch, the only branch which symmetrically bifurk=3d, follows a circulatory flow pattern. The particle trace in

cates, and the=4f branch which discharges into the plenum, d&ig. 11, shown from anx-y projection, is actually three-
not exhibit flow deceleration at the centerline. However, th@imensional in nature and is a consequence of a strong secondary

branches anticipating an asymmetric bifurcation show noticealflew. In summary, it appears that flow deceleration and recircula-
deceleration at the centerline in tgé=0.5 midplane. The shape tion resulting from an increase in flow area and a distinct bifurca-
of the decelerated profiles in Fig. 8 and the asymmetric profiles @n angle may be responsible for the pressure recovery observed
Fig. 7 may be a consequence of a secondary flow.

Figures 9 and 10 show thez component velocity vectors at
x"=1 for branchk=0 andk=1, respectively. The largest magni-

Fig. 7 Axial velocity profiles at x'=1 and z'=0.5 for all

branches along shaded path in Fig. 1

tude of the nonaxial flow vectors in Fig. 9 is 1.2 m/s, approxi- Do ;;:_—:-:-::-::::—::::
mately 10% of the axial velocity at the centerline. This secondary CrliIIIITIIooII

e .

flow is symmetric about both thg’=0.5 andz’=0.5 axes, in
agreement with the symmetric bifurcation following the exit of
this channel. The regions alory=0.5 in Fig. 9 where the sec-
ondary flow magnitude, denoted by the length of the velocity
vector arrows, is highest coincide with the maximum velocity
locations observed in Fig. 7 for tHe=0 branch.

Figure 10 shows thg-z component velocity vectors at the exit IR ¢
of the k=1 branch. The largest magnitude of the non-axial flow oz :::“““"'i‘*“"%" -

vectors is 2 m/s, approximately 20% of the axial velocity at the
centerline. There is an asymmetry noted in this figure, which_ : :
shows a strong secondary flow toward branch ldwelRb (the Fig. 10 Nonaxial velocity vectors at

x'=1 for branch k=1
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Fig. 8 Axial velocity profiles at
branches along shaded path in Fig. 1
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x'=1 and y'=0.5 for all

Fig. 11 Particle trace of massless particle introduced near
(x',y’,z')=(0,0.9,0.65) of k=3d branch
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Fig. 12 Three-dimensional CFD pressure distributions for Fig. 13 Experimental pressure drop from two prototypes com-
fractal-like and straight channel networks with constant and pared with pressure drop from three-dimensional CFD model
variable fluid properties with an inlet plenum. Fully developed assessments are based

on theory with no inlet plenum.

at each bifurcation in Fig. 2. The degree of recirculation appeaf

?gher velocity for the same power input; therefore, the shear
to be heavily dependent on the angle at which bifurcation occur. B . A :
Finally, recall that the pressure distribution through khe3a Stress for the straight channel is much higher than that through the

branch in Fig. 2 is qualitatively different than that through al ractal-like flow network. Hence, the viscosity has a more signifi-
other branches, except for the=3d branch. Because all fou ant influence on the pressure drop through the straight channel

_ o . .. array.
:g Era;ncr}ei_e;(hmn dif%%agve ﬂr?w neart the O(;thr: W?]H( at For water, molecular viscosity decreases with increases in tem-
t; » butonly d_ ta't?nt' _th rar?(iikessareb aperrc]e o F('e S zape cHerature. For a fixed mass flow rate, the decreased viscosity re-

e pressure distribution through the=sa branch in FIg. 2 1S g5 in a reduced wall stress; hence, a lower pressure drop. On the
attributed to the tapered channel geometry.

. . other hand, the Reynolds number, by definition, tends to increase
In summary, the general shapes of the one-dimensional a5 decrease in molecular viscosity. The increased Reynolds
three-dimensional pressure distributions simulated assuming Clinber would tend to contribute to an increase in the hydraulic
stant properties are qualitatively similar, with the exception of th&wtrance length, which would in turn result in an increase in pres-
pressure recovery and the distribution through the tapered cha[jzo grop. Therefore, of these two competing factors, the lower
ne]. For this reason, incorporation of minor Iossgs, Or MOré applghear stress has a more significant effect on the pressure drop. The
priately the increased area, at the bifurcations in the ONgforences in pressure drop between the constant and variable
dlmen5|o_nal model appears necessary. It. also appears thath fd properties cases suggest that the one-dimensional model
assumption of a redeveloping hydrodynamic boundary layer at gfl, |4 pe modified to account for temperature dependent fluid

Walls_, although it is phy§ically only occurring_at _the_inn(_er walls roperties in order to be a more dependable predictive tool. This
provides a good prediction of the pressure distribution in the eﬁﬁ” be of more importance at higher heat fluxes

trance region of each branch. Further assessment of this assump-
tion can be made once minor losses due to the bifurcation are3.3 Numerical Uncertainty. Numerical errors reported
incorporated. from the three-dimensional CFD analysis include those caused by
. . . mesh spacing, irregularity and nonorthogonality, and the choice of
3.2 Variable Property Analysis. Specific heat, thermal(Jhe differencing scheme used for the convective term. These are

conductivity and molecular viscosity of water change by 1.6 ; 0 0 ; :
20% and 84%, respectively, over the range of temperatures fr%%/Eslcally less than 0.1% and 0.2%, respectively, for pressure in the
t

. K aight channel and fractal-like channel networks, with localized
20°C to 100°C. Although the temperature dependence of speciil ?rs on the order of-0.5% and=+1.5%. Anticipated errors in

heat can _be negle_cted,_ It appears the_ same s not so for thermg one-dimensional model include discretization errors that,
ponductmty and viscosity. In this section, t.he validity Of. assUMpased on a spatial grid twice the resolution as that employed, are
ing constant properties in the one-dimensional model is inves '

. ; om | han 0.1 Pa. Both three-dimensional CFD an
gated. Results from the three-dimensional CFD model run wi omputed to be less than 0 a. Both three-dimensional CFD and

tant. and th ith t ture-d dent th h e-dimensional model results exhibit errors due to imposed as-
constant, and then run with temperaturé-aepenaent INErMopM\G|q ptions, which are expected to be large when fluid properties

cal properties are compared. Thermal conductivity and molecu e held constant and when minor losses in the one-dimensional

viscosity are determined, for the constant temperature case, UsiNGel for the fractal flow network are neglected
the average temperature between the inlet and exit bulk fluid '

temperatures. 3.4 Experimental Analysis. Doerr [15] provided pressure
Figure 12 shows the three-dimensional CFD pressure distribdrop data for two prototypes of the fractal-like heat sink. Because
tions in the straight channel network and the fractal-like branchiribe experimental test devices had an inlet plenum, this plenum
channel network with temperature-dependent properties and withs modeled in a three-dimensional CFD analysis assuming a
constant, fluid properties. The pressure distribution in the fractalniform inlet velocity to the plenum. Fluid properties were as-
like network is along the path defined by the following branchesumed constant in the CFD analysis because all experiments were
in Fig. 1: k=0, k=1, k=2a, k=3a, andk=4a. The total pres- conducted with water at atmospheric conditions. Pressure drop
sure drop simulated using constant fluid properties for the straightough both heat sink test fixtures for several flow rates are pro-
channel network is noticeably higher, approximately 17%, thanded in Fig. 13. Three-dimensional CFD simulated pressure drop
for temperature dependent fluid properties. In contrast, for tifier two flow rates within the flow rate range of experimental data
fractal-like flow network the variable property effects are negliare also shown in Fig. 13. Pressure drop through a fractal flow
gible. The reason for this is that the straight channel case hasetwork was also estimated as a function of flow rate assuming no
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inlet plenum and fully developed flow conditions. These resulia fluid temperature. Finally, a three-dimensional CFD model with
are added to Fig. 13 as a means to assess the anticipated err@nirinlet plenum and assuming constant properties was validated
pressure drop due to assuming negligible losses through the pléth experimental data from two prototypes.
num and at the bifurcations, and by assuming fully developedlt is concluded that temperature varying fluid properties and
flow conditions. minor loss effects following a bifurcation should be incorporated
Experimental errors in pressure drop and flow rate are on tivethe one-dimensional model to improve its predictive capabili-
order of £3 kPa and+0.05 ml/s, respectively, as determined fronties. Assuming redevelopment of the hydrodynamic boundary
the standard error of the fit to calibration data and the accuracylafer following each bifurcation seems to provide plausible trends
the standards employed in the calibration process. Calibrationthe pressure distribution near the inlet of each channel branch.
standards were dead weight testers for the pressure transducers
and a catch-and-weigh method for the flowmeters. The aforem omenclature
tioned errors do not take into account uncertainties in wall surface H channel height, mm
characteristics or actual channel dimensions following the bond- | = channel length, mm
ing process. Based on a sensitivity analysis using measured dis- T = temperature, K
crepancies in channel dimensions, these are anticipated to resultin v = total velocity, m/s
another=15% uncertainty in the experimental pressure drop. Fig- ¢, = specific heat, J/kg K

ure 13 suggests that the three-dimensional CFD is adequately vali- 5 = hydraulic diameter, mm
dated by experiments for flow with an inlet plenum. Because k = branch level
flow without an inlet plenum cannot be tested experimentally, n = number of bifurcating channels per segment
experimental validation of CFD pressure results is assumed by p = pressure, Pa
extrapolation. u = axial velocity component, m/s
. . w = channel width, mm

4 Conclusions and Recommendations x = axial direction

In the present research, flow through straight and fractal-like y = spanwise direction
branching networks was investigated using a three-dimensional = transverse direction

SN
|

CFD approach. Results of the pressure distribution through a x’ = dimensionless axial direction«(L)
three-dimensional flow network were compared to that predicted ' — gimensionless spanwise directiop/)
using a one-dimensional model. The one-dimensional model in- -, _ dimensionless transverse directiari)
corporates macroscale correlations. A three-dimensional model ~, _ aspect ratio (mifw,H}/max{w,H])

was used to assess the validity of, and provide insight for improv- ' _ 1armal conductivi‘ty W/mK

ing, assumptions imposed in the one-dimensional model. Assump-  _ 1 clecular viscosity, N s/f

tions include(1) redeveloping flow conditions following each bi- — density. ka/m
furcation, (2) negligible minor losses, and(3) constant p = density, kg
thermophysical fluid properties. Subscripts

Pressure distribL_Jtions for a straight channel _network and for a j j = coordinate indices
fractal-like branching channel network assuming both constant
and temperature dependent fluid properties were considered. CReferences
stant between the tV\_/O Conﬁguratlo_ns are length of a single f_IOV\{l] Tuckerman, D. B., and Pease, R. F. W., 1981, “High-Performance Heat Sink-
path from inlet to exit, the convective surface area, the terminal ing for VLSI,” IEEE Electron Device Lett.EDI-2(5), pp. 126-277.
hydraulic diameter, the applied heat flux and the supplied pump#2] Sohban, B. S., and Garimella, S. V., 2001, *A Comparative Analysis of Studies
ing power required to move the fluid through the flow network. E?];est;ag;geisff Fluid Flow in Microchannels,” Microscale Thermophys.
The three'd'mens_|0nal CFD I’QSUltS show that the pressure drogs opot, N. T., 2000, “Toward a Better Understanding of Friction and Heat/Mass
through the fractal-like network is 50% less than that through the — Transfer in Microchannels—A Literature ReviewProc. International Con-
i -di i ference on Heat Transfer and Transport Phenomena in Microsdadaff,
straight channel network. Results from the one-dimensional and e e v o e
i B . . anada, Begell House, New York, pp. 72-79.
three-dimensional models, l?_)O_th assuming Cons.tam properties, af Bau, H. H., 1998, “Optimization of Conduits’ Shape in Micro Heat Exchang-
compared to assess the validity of the developing flow and negli- ~ ¢s * |nt. 3. Heat Mass Transfed., pp. 2717-2723.
gible minor losses assumptions. Although the one-dimensionals] Pence, D. V., 2000, “Improved Thermal Efficiency and Temperature Unifor-
i ithi 0 -di i - mity Using Fractal-Like Branching Channel Network$toc. International
model well predicts, within 4%, the three-dimensional CFD pres c. In
sure drop for a straight channel network, a noticeable difference in gonfedrence O”HHeat Transfer anfli( Tran5p02rt Phsenomena in MicrosBaleff,
. %. for the fractal-like network anada, Begell House, New York, pp. 142-148.
pressure drop, approximately 30%, for 1€ Tractal-likeé Networkie) west, G. B., Brown, J. H., and Enquist, B. J., 1997, “A General Model for the
was observed between the two models. This difference in pressure Origin of Allometric Scaling Laws in Biology,” Science76, pp. 122—126.
drop is primarily the result of a local pressure recovery at each?] g_eiaﬂ\,/ A|” 1997,d‘%0nsgucta| Trees _NitW;rk fO([J FluighFlgg Bew\é%e‘zn 25““""
: : : : 3 _ ize Volume an ne Source or Sink,” Rev. Gen. The8,,pp. - X
bifurcation. Axial Ve.IOCIty pI’OfI|eS along the flow network d.em {8] Bejan, A., 2000Shape and Structure, from Engineering to Naf@ambridge
onstrate asymmetric flow development as well as a region o University Press, Cambridge, UK.
negative flow. Nonaxial velocity vectors in the cross-section planeg] Pence, D. V., 2002, “Reduced Pumping Power and Wall Temperature in Mi-
at a channel exit, immediately preceding a bifurcation, show a crochannel Heat Sinks With Fractal-Like Branching Channel Networks,” Mi-
; ; croscale Thermophys. Endi(4), pp. 319-330.
strong secondary flow. The pressure recov.e.ry IS be“e\./ed to be(ji?o] Chen, Y., and Cheng, P., 2002, “Heat Transfer and Pressure Drop in Fractal
consequence of these secondary flow conditions resulting from an" tree.Like Microchannel Nets,” Int. J. Heat Mass Transf, pp. 2643—2648.
increased cross-sectional flow area and the presence of a hifurcaty Wechsatol, W., Lorente, S., and Bejan, A., 2002, “Optimal Tree-Shaped Net-
ing channel. works for Fluid Flow in a Disc-Shaped Body,” Int. J. Heat Mass Transfgy,
. i : pp. 4911-4294.
Comparlson O.f the thr?e dlmenslonal C.FD press_ure dl’Op f 5.2] White, F. M., 1991 Viscous Fluid Flow McGraw-Hill, New York.
both networks with f"md without Va”able fluid propertles prowde_ 13] Wibulswas, P., 1966, “Laminar Flow Heat Transfer in Non-Circular Ducts,”
a means of assessing the assumption of constant thermophysical Ph.D. dissertation, University of London, London, UK.
properties. Pressure drop results are slightly higher with consta#l Shah, R. K., and London, A. L., 1978, “Laminar Flow Forced Convection in
properties versus variable properties, on the order of 17% for the Ducts.” Advances in Heat TransfeSupplement 1, Academic Press, New
straight channel design. This was attributed to the decrease in wadk) poerr, A., 2000, “Bifurcating Fractal Microchannel Heat Exchanger,” Senior
shear stress resulting from a decrease in viscosity with an increase Project Report, Oregon State University, Corvallis, OR.

Journal of Fluids Engineering NOVEMBER 2003, Vol. 125 / 1057

Downloaded 03 Jun 2010 to 171.66.16.152. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



John D. Wright

Project Leader,

wioeon | \Jglumetric Gas Flow Standard

e-mail: john.wright@nist.gov Mem. ASME

michael R. Moldover | With Uncertainty of 0.02% to

Group Leader,

Fluid Science Group 0 050/0

Aaron N. Johnson
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National Institute of Standards and Technology, two collection tanks (34 L and 677 L) and two flow diversion systems. We describe the
100 Bureau Drive, novel features of the standard and analyze its uncertainty. The thermostatted collection
Gaithersburg, MD 20877 tank allows determination of the average gas temperature to 7 mK (0.0023%) within an

equilibration time of 20 min. We developed a mass cancellation procedure that reduced
the uncertainty contributions from the inventory volume to 0.017% at the highest flow

Akisato Mizuno rate. Flows were independently measured throughout the overlapping flow range of the

' Professor, two systems and they agreed within 0.015 %. The larger collection system was evaluated

Department of Mechanical Enginegring, at high flows by comparing single and double diversions; the maximum difference was
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Introduction Fig. 1). By writing a mass balance for the control volume com-
d of the inventory and tank volumese the dashed line in
1), one can derive an equation for the average mass flow
ing the collection time:

Accurate gas flow measurements are needed for qualiB?se
economy, and safety in the chemical process, manufacturing, ad‘tﬁ
medical industries. Manufacturers of electronic components par-
ticipating in a NIST organized workshop on mass flow controllers o Amg+AmM, V(pt—ph)+Vi(pf—ph)
asked for primary flow standards with uncertainty of 0.025% to m= At = — , Q)
meet the needs of their industifji]. The most commonly used -t

primary gas flow standardgiston provers and bell proversave \yhereV; andV, are the tank and inventory volumgsis the gas

meter types show reproducibility of less than 0.05%. Thereforghe superscripts andf indicate initial and final values.
the uncertainty of many gas flowmeters used in manufacturing

processes is limited by the flow standards used to calibrate them.
For the_se reasons, and to facilitate research int_o further impro satures of the New PVT Standard
ments in gas flowmeters, NIST undertook a project to reduce the ) )
uncertainty of our primary gas flow standards by nearly an order!n order to achieve the uncertainty goal of 0.05% or better, we
of magnitude. Several novel features in the design and operatigyiewed previous PVTflow standards. We concluded that the
of the new PVT system documented here were necessary #¢W flow standard requiredl) improved measurement of the
achieve our uncertainty goal. average temperature of the collected gas eédreduced uncer-
PVTt systems have been used as primary gas flow standardst®jpty of the mass change in the inventory volume. We met
more than 30 year§3—7]. The PVT systems at NIST consist of these requirements by designing a novel, well-thermostated col-
a flow source, valves for diverting the flow, a collection tank, ¥ction tank and by adopting an inventory mass-cancellation pro-
vacuum pump, pressure and temperature sensors, and a crifig4ure. These innovations are fully described in the following
flow venturi (CFV) (see Fig. 1 sections. Then, we describe the remaining important contributors
The PVT system measures flow using a volumetric timed-
collection technique, whereby a steady flow is diverted into a
nearly evacuated collection vessel of known volume for a mea-
sured time interval. The average gas temperature and pressure
the tank are measured before and after the filling process. Thes
measurements are used to determine the density change a
thereby the mass change in the collection volume. It is also nec.
. . . om Flow
essary to consider the mass change in the inventory volume, g ce
volume about 1/500th the size of the tank, bounded by the soni
line of the CFV and the two diverter valvéthe gray region in

Critical Flow V]

Contributed by the Fluids Engineering Division for publication in tieJBNAL
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division
Nov. 15, 2002; revised manuscript received June 4, 2003. Associate Editor: S. Ces
cio. Volume

sim=standard liters per minute, reference conditions are 293.15 K and 101.325
kPa. Fig. 1 Arrangement of equipment in the PVT t system
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Fig. 3 The collection tank pressure and the water bath tem-
perature immediately following a tank filling, 25 slm in the 34 L
tank

Fig. 2 Schematic diagram of the PVT t collection tanks, water
bath, duct, and temperature control elements

. The uniformity and stability of the water temperature was stud-
ied using 14 thermistors. The thermistors were bundled together
9hd zeroed at one location in the water bath. Then, they were
distributed throughout the water bath. Data recorde8l s inter-

Average Temperature of the Collected Gas. One of the Vals from these 14 thermistors over a typical 20 min long equili-
most important sources of uncertainty in a RMibw standard is Pration interval is generally withict1 mK of their mean and the
the measurement of the average temperature of the gas in $k@nhdard deviation of the data from their mean is only 0.4 mK.
collection tank, particularly after filling. The evacuation and fill-The largest temperature transients occur _where the mixed water
ing processes lead to cooling and heating of the gas within tR8ters the duct, indicating incomplete mixing. The tank walls at-
volume due to flow work and kinetic energy phenomdsé, The tenuate these thermal transients before reaching the collected gas.
magnitude of the effect depends on the flow, however, the terhbus, after _equmbratlon, the nonuniformity of the water bath and
perature rise in an adiabatic tank can be 10 K or more. HendBe fluctuations of the average gas temperature are less*than
immediately after filling and evacuation, significant thermal gramK, which is equivalent to 107 °T.

to the uncertainty of the new flow standard, namely, the deter
nation of the tank volume and the determination of the density
the collected gas.

i o . on of the gas within the collection tank after the filling process.
tre conditions, stratification and nonuniform gas temperaturgRe estimate considers heat conduction in an infinitely long, iso-

will persist even after many hours. P : ;
In this flow standard, we avoided long equilibration times angorﬂlr%etfi?:“ge;ty“mnggéoi23'2“!518’5)[2?]5 Fo\r/vtt:fr:g Wiisttﬁ;at?:::l-y
the difficult problem of measuring the average temperature of 4 9 i T T

; I . ) .mal diffusivity of the gas. This estimate giveg=80s for nitro-
nonuniform gas by designing the collection tanks for rapid equn[p ; . h : .
bration of the collected gas and by immersing the tanks in a we: en in the 677 L ta_nk. This estimate fog is to0 large insofar as
mixed, thermostatted, water battee Fig. 2 Because the equili- it neglects convection, conduction throug_h the ends of t_h_e ta_nks,
bratior,1 of the 677 Lta{nk is slower, we consider it here. The 677 nd t_he faster thermal modes, all of which hasten equilibration.
tank is composed of eight 2.5 m long, stainless ste.el cylindj-ge time constants for heat to flow from the gas through the tank

connected in parallel by a manifold. Each cviinder has a Wawalls and the time constant for a hot or cold spot within a wall to
thickness ofl :po 6cm a?]/d an internal radius )éf: 10cm. Be- decay have been calculated and found to be less than a second.

cause all of the collected gas is within 10 cm of a nearly isotheT—herefore’ we expect the collected gas to equilibrate with a time

mal cylinder, the gas temperature quickly equilibrates with that ]o_r;ztant ofl_lt()ass_thanf8r? S I d b d i

the bath. After the collected gas equilibrates with the bath, the ga Eequ[l rattrl]onto Le collecte tgaf walls o} servethexpenm?n-
temperature is determined by comparatively simple measureme t?]/ utsmlg(; |e an asl, a gortﬁ an-voume fg;?]s e”rm?rr:je o
of the temperature of the recirculating water. In the followin of e jani verve Was cidsed, e PIEssUre o e cotecter 9as

sections we describe the bath and the equilibration of the collecty gs monitored, as shown in Fig. 3. Our analysis of data such as
gas. ose in Fig. 3 leads to the experimental valugsof less than

60 s for both the 677 L and 34 L tanks, in reasonable agreement
The Water Bath. The water bath is a rectangular trough 3.3vith the estimates. The measured time constant and Fig. 3 show
m long 1 m wide, ad 1 m high. Metal frames immersed in thethat a wait of 20 min guarantees that the collected gas is in equi-
bath support all the cylinders and a long duct formed by fodibrium with the bath, within the resolution of the measurements.
polycarbonate sheets. The duct surrounds the top, bottom, andhe manifold linking the eight cylindrical shells is completely
sides of the cylinders: however, both ends of the duct are undbymersed in the water bath. Thus, the gas in the manifold quickly
structed. At the upstream end of the bath, the water is vigorousiguilibrates to the bath temperature as well. However, each col-
stirred and its temperature is controlled near the temperaturel@gtion system has small, unthermostatted, gas-filled volumes in
the room(296.5 K) using controlled electrical heaters and tubinghe tubes that lead from the collection tanks to the diverter valves,
cooled by externally refrigerated, circulated water. A propelléhe pressure transducers, etc. A temperature uncertainty from this
pushes the stirred water through the duct along the cylindemaurce was calculated from the room temperature variations and
When the flowing water reaches the downstre@mstirred end the size of the volume outside the bath and it is, at most, 4
of the trough, it flows to the outsides of the duct and returns to the10 © T. The combined uncertainty of the average gas tempera-
stirred volume through the unobstructed, 10 cm thick, water-filledre is 7 mK, and the largest contributor is, by far, the drift in the
spaces between the duct and the sides, the top, and the bottorsesfsors between periodic calibrations. The relative standard uncer-
the rectangular tank. tainty of the density of nitrogen gas in the full collection tank is
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Fig. 4 Data from the pressure sensor in the inventory volume during a PVT t flow measurement, showing

the transients that occur during the dead-end intervals

68x 10 8, and the largest contributor is the pressure measuremelesign, the inventory volum¥, is much smaller than the collec-

due to sensor calibration drift over timig7] (see below. tion tank volumeVy. (V1/V,=500 and 700 for the 34 L and 677
L systems, respectively.Thus, the uncertainty of mass flow is
Mass Cancellation in the Inventory Volume relatively insensitive to uncertainty im{ andm| because both are

. ) ) o ) small compared with the total mass of collected gas. Second, we
Figure 4 illustrates the changes in pressure within the inventog

| quring th o einule P ; hooset' late in the dead-end time and we chasesuch that
volume during the course of a singie ow measurement. P(t")=P(t"). With these choices, the initial and final inventory
Initially, flow moves through the open bypass valve to the rooljg \gjsies are essentially equal. In fact, we will assumeAmatis
Wh”e the collection _tank |s_evacuatéuhnk valve close):ia_md f[he zero and consider the quantity only in terms of flow measurement
inventory pressure is nominally 100 kPa. When flow is diverte hcertainty, not as part of the flow calculation
into the tank, there is a short peried 100 m3 during which both In the remainder of this section, we describe conditions within

Fhe bypass and tank vglve; are closed to ensure qlear.accountqﬁg-invemory volume during the dead-end times using both a
ity of the flow during diversior(the start dead-end time interyal model and measurements. The measurements show ¢Haand

During the dead-end time, steady-state flow continues to pq§&) are nearly the same during the start and stop dead-end times
through the critical flow ventui(since the critical pressure ratio is . " how thatm, is i itive to th t choice f '
maintained and mass accumulates in the inventory volumd; nally, we show thatum is |ns?en3| 'Vef 0 the exact cnoice
Hence a rapid rise in pressure and temperatoot shown re- Provided that the conditiorP(t)=P(t)) is applied during the
sults. Once the valve to the evacuated tank opens, the inventliijer Portion of the dead-end interval.

pressure drops to low values. The tank valve is left open until the

tank fills to the initial inventory pressufapproximately 100 kPa

and then the flow is diverted back through the bypass valve, caus- 160
ing the stop dead-end time interval. Trigger voltages generated
from the bypass and tank valve closed positions give approximate
collection times. We will explain other elements of Fig. 4 later in
this paper.

The start and stop times can be chosen at any point during the
dead-end time intervals as long as the inventory conditions are
measured coincidentally. Why is this true? Implicit in the RVT [ & .~ i
mass balancéq. (1)) are two requirementgl1) the measurement 100
of p| andp! (the initial and final densiti@smust be coincident -0.04 0 0.04 0.08
with the measurement ¢f andt; (the start and stop timgand(2) Time (s)
the only source or sink of mass to the control volume is the criti-
cal flow venturi. The second condition is met for the entire time
that the bypass valve is fully closed, including the start and stop
dead-end times. It is not necessary to deternijeand m!- (the
initial and final mass in the collection tankoincidentally witht;
andt; becausam; andm! do not change while the tank valve is
closed. Indeed, it is advantageous to measurandm! when the
tank conditions have reached equilibrium.

It is difficult to determine eithem or m! within the inventory 295 Tttt
volume accurately(especially at high flowsbecause both the -0.04 0 0.04 0.08
pressure and temperature in the inventory volume rise rapidly as Time (s)
the flow through the critical venturi accumulates in the inventorz_ ] )
volume (see Fig. 5 However, it is possible to selent; andm! ~ F19: 5 Experimentally measured data (25 sim, 34 L collection

> f - system ) and predictions for zero and nonzero sensor time con-
such that the differencen; —m; is nearly zero. We call our strat- siants. The predictions demonstrate that neglect of the sen-

egy for arranging this “mass cancellation.” Our strategy for deakors’ response times would cause significant error in the mea-
ing with the inventory mass change has two elements. First, byrement of inventory conditions.

Experiment
a Model 1,=0

140
Model T, =20 ms

120

Pressure (kPa)

Experiment
325 A Model 1,=0

Model T, = 100 ms
315 p

Temperature (K)

305
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Conditions Within the Inventory Volume.  Figure 5 displays
the time dependent temperatufét) and pressureé?(t) in the
inventory volume during the dead-end interval of the smaller col-
lection system at a typical collection rate 25 sim; collection
time=82 9. The triangles in Fig. 5 were calculated from the
lumped-parameter, thermodynamic model developed by Wright
and Johnsof8], in this case for perfectly fast pressure and tem-
perature sensorsr{=0). The model assumes a constant mass
flow m at the entrance to the inventory volume. The model ne-
glects heat transport from the gas to the surrounding structure and -0.025 0 0.025 0.05 0.075 0.1
non-uniform conditions, such as the jet entering the volume from Time (s)
the CFV outlet. For Fig. 5T(t) andP(t) were calculated on the
assumption that the diverter valve reduced the flow lineérly 311
time) to zero during the interval-0.02 s<t<<0. Experimentally
measured values af(t) and P(t) recorded at 3000 Hzsmooth
curves are also shown in Fig. 5. Most of the differences between
the measured curve and the calculated triangles=0) result
from the time constants of the sensors used to meag{t)eand
P(t). This is demonstrated by the agreement between the experi-
mental curve and the model results when time constants are in-
corporated(circles.

In Fig. 5, the calculated curves do not display features that
mark either the onset or the completion of the diverter valve clos-
ing. Thus, everT (t) andP(t) data frqm per.feCt sensors cannot b%—ig. 6 Superimposed inventory data traces for a start diver-
used to detect these events. For this reascandt' were chosen sjon and a stop diversion in the 34 L tank at 25 sim demonstrat-
such that they were clearly within the dead-end time intervals. W&y “symmetric” diverter valve behavior. The start dead-end
relied on the pressure sensor to chotsbecause the pressuretime was approximately 50 ms; the stop dead-end time was
responds more quickly than the temperature sensor and also d@roximately 15 ms longer.
cause the pressure sensor responds to the average conditions
throughout the inventory volume. In contrast, the temperature sen-
sor responds primarily to the conditions at only one location. V\eeratures .a..re also nearly matched,; t_hUS, the initial and final inV_en-
chooset' near the end of the dead-end time, whereRife) mea- tory densities nearly match and inventory mass cancellation
surements have nearly the same slope as-{ke@ model. In this ©OCCUrS:

regime, the dependence B(t) on precisely how the valve closed yncertainty of Am,. Imperfections of the mass cancellation
has decayed. Therefore, we expect tRgt) will be the same procedure contribute to the uncertaintyofn, . The most signifi-
during the start and the stop dead-end times, improving the masgt of these uncertainty componeritiie to sensor time con-
cancellation as well as the correlation of initial and final inventorgtants are correlated between the start and stop diversions. Other
density uncertainties. correlated inventory volume uncertainties include the pressure and
temperature sensor calibrations and the differences between
sensed and stagnation values of pressure and temperature. The
ncertainty of the mass change within the inventory volume
sed by theorrelated pressure and temperature uncertainties
be expressed as

Pressure (kPa)

307 -

303

299 -

Temperature (K)

295
-0.025 0 0.025 0.05 0.075 0.1
Time (s)

Near Symmetry of Start and Stop Behavior ofP(t). Figure
6 shows records of (t) andP(t) taken during the dead-end time
intervals at the start and stop of a single flow measurement. T
data were recorded at 3000 Hz for 500 ms and the plots werg,
displaced along the horizontal axis until they nearly overlapped.

The pressure and the temperature at the beginning of the start VM| [ 1 o1 )2 P,f ;

dead-end time were slightly lower than those at the stop dead-end U(AM)) = — = | —u(Py)— Zu(P) | +| —Zu(™)

time (the “trigger pressure difference; however, the two records T T ()

match closely during the dead-end time. This implies that the [ 2712

time-dependent densitiggt) also nearly match. ! u(T‘,)) } 2)
At both diversions shown in Fig. 6, valve trigger signals were (T))?

gathered along with the temperature and pressure measurem

S .
using a commercially manufactured data acquisition ¢see Fig. Where in this equatiory(Py), u(T)), andu(Am;) are the uncer

) . .- . 2' tainties of the inventory pressure, inventory temperature, and in-
4). The trigger signals originate from an LED/photodiode pair a ntory mass change during the collection, respectively. Note that

a flag on the valve actuator positioned so that the circuit outpigiine \ncertainties and the initial and final conditions are equal
rises to a positive voltage when the valve is closed. These val e, U(Ti)fu(-l-f) U(Pi)fu(Pf) T=T" andpPi= Pf) then
" 17— 1/ 1) 1/ 1= o 1= ")

E%Hg:}stﬁ;i used to trigger timers that give the approximate ¢ le terms within parentheses cancel, and the flow uncertainty re-

As represented in Fig. 4, the inventory record is post-proces lated to the Inventory vqur_ne 1S Z€ro. quaﬂ(ﬂ) demonst_r_ates

. R A SF2 benefit of matching the initial and final inventory conditions to
to obtain both the initial and final measurements of pressure imize the cancellation of correlated uncertainties.
temperature in the inventory volume as well as the final collectio Not all of the measurement uncertainties of the inventory vol-
time. An arbitrary “match pressure,P(t'), that was measured yme are correlated. Inconsistencies in the pressure and tempera-
late within the start dead-end time is selected. The same valugy@fe fields may originate from a change in the inventory wall
the pressure is found in the stop data series and the time diffefmperature or from differences in the flow paths between the start
ences between the match pressure measurements and the starkaddtop diversions. In our uncertainty analysis, we assumed that
stop trigger signals are determined from the data recatd §nd  the spatial inconsistencies are uncorrelated and that their magni-
At"). These time corrections are used to correct the approximatele is proportional to the mass flow. Hence, the inventory uncer-
times from the trigger signals and calculate the time interval beainties are negligible at the lowest flows for each system, but
tween matching inventory pressures. As shown in Fig. 6, the temecount for about half the mass flow uncertainty under high flow
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10,004 where them, indicates the mass of the high pressure cylinder and
V. is the small volume within the tubing and the valve body that
temporarily connected the collection tank to the high pressure
weighing cylinder. The extra volume is calculated from dimen-
sional measurements or measured by liquid volume transfer meth-

0.(xk2

Ar' 5l

0.2 p
b ods. The density of the gas in the collection tapfg andp’) was
2 —E— 10 alm measured with a relative standard uncertainty ok@8 ®, as
.MM A0l discussed below.
U 3lm .
i In practice, a more complex formula than Eg) was used to
o084 i account for a small amount of gas that enters the control volume
0.1 from the room when the cylinder is disconnected from the collec-
1,02 0l 2 1104 0.06 tion tank because the final tank pressure was less than atmo-
AP g5 spheric. For the volume determinations performed for the 677 L
tank, the effect amounts to only>&10™ 6 V.
Fig. 7 The time correction for the 34 L tank versus the time Independent volume determinations were conducted with both
relative to the trigger signal indicating bypass valve closure nitrogen and argon gas. In all cases, high purity gas was used

(99.999 % mol fractionand care was taken to evacuate and
purge the system. When nitrogen was used, the aluminum cylinder

conditions. Maximum values for the uncorrelated inventory uncet€ighed approximately 4200 g when filled at 12.5 MPa, and ap-

tainties of 3 kPa ah 9 K wereassumed and their magnitude wagroximately 3800 g after it was emptied to 55 kPa. When argon

verified by the flow comparison and double-diversion experimenités used, the initial and final masses were 4440 g and 3820 g,

described later. respectively. The standard deviation of the six volume measure-
o ments(4 with nitrogen, 2 with argonwas 16<x10°° V.

Insensitivity of Am, to the Match Pressure. For a perfectly  The jnitial and final masses of the gas cylinder were measured
symmetric diverter systerfidentical tank and bypass valves andsing a substitution process with reference masses and a mass
identical “start-diversion” and “stop-diversion” pressunesand - comparator enclosed in a wind screening box. The comparator has
W'thf a perfectly fast pressure sensot0), the correction time 5 || scale of 10 kg and resolution of 1 mg. The cylinder and a set
(At~ At') would be a constant for any point in the dead-end timgf reference masses of nearly the same weight were alternated on
interval. For the real system, the best correction times are calgHe scale five times. The zero corrected scale readings were then

lated during the latter portion of the dead-end time, after the efajibrated to the reference masses and buoyancy corrected via the
fects of trigger pressure differences and the flow differences dyilowing formula:

ing valve closure have decayed from the pressure sensor
measurements.

Figure 7 shows the total correction timAt( — At') versus the
initial time correction At') for several flows in the 34 L system.
For values ofAt' less than zerdi.e., the bypass valve is in the

process of closing the time corrections are as large as 10 mgvhereS represents the scale reading, the subscriptsd ¢ indi-
Later in the dead end timeA¢'>10 ms) the time corrections arecate the reference masses and the cylinder respectpglg, the
near zero and constant to within 0.5 itfer a given flow. The ambient air density where the measurements were conducted, and
time corrections are nearly constant after the differences in thg is the external volume of the high pressure cylinder and its
mass flow between the two valve closures and the trigger pressuséve and fittings. The density of the ambient air was calculated
differences have decayed from thg=20 ms pressure sensor. Thefrom the barometric pressure, the temperature and humidity inside
experimental results given in Fig. 7 and the Wright-Johnsahe wind screen, and an air density formula that includes humidity,
model show that matching the conditions late in the dead-ept]. The cylinder mass was measured with a relative standard
interval (i.e., at times>2r) result in nearly constant correctionyncertainty of 1x 10~ .
times, while low match pressurésarly in the dead-end timgive The external volume of the high pressure cylinder appears in
much larger corrections. Eq. (4) due to air buoyancy corrections. The external volume of
Figure 7 also illustrates the concept that uncertainties relatedife cylinder was measured by Archimedes principle, i.e., by mea-
the inventory volume can be treated not only as mass measu@ring the change in apparent mass of the object in air and in
ment uncertainties, but as time measurement uncertainties as waltilled water. The thermal expansion corrections to the external
One can consider the uncertainty in the measurement of time Riume were less than 0.5 mL (180~ °V,) and were not sig-
tween conditions of perfect mass cancellation, or one can consig@icant since the external volume has a small sensitivity coeffi-
the uncertainty in the measurement of inventory mass differenc@gnt in the collection tank volume determination process. The
between the start and stop times. Both perspectives offer insighfyansion of the external cylinder volume as a function of its
and verification of the uncertainties of the inventory volume angternal pressure was not negligible. The Archimedes principle

Sc
Me=g Mr

S

1 Pa
p

r

+paVo, 4)

flow diversion process. measurements showed a volume increase from 4697.5 mL to 4709
mL between the 100 kPa and 12.5 MPa pressures. This change
Measurement of the Tank and Inventory Volumes agreed well with predictions based on material properties, and the

appropriate experimental values for external volume were used in
he cylinder mass calculatioit&qg. (4)), depending on whether the
inder was empty or full. If this issue were neglected, it would

Gas Gravimetric Method. The volume of the 677 L tank
was determined by a gas gravimetric method. In this method, t
mass of an aluminum high pressure cylinder was measured befpigy 1, errors in the mass change measurements of about 35
and after dls.charglng its gas into the evacugted collection ta 10-5Am. .

The change in mass of the high pressure cylinder and the changﬁ1 summcary, the gravimetric determinations of the 677 L col-

in density .Of the gas in the coIIectio_n tank were used to CalCUIaltgction tank volume made with nitrogen and with argon agreed
the collection tank volumey,. Nominally, with each other; the mean of the six measurements had a standard

m.—mf deviation of 16<10 ® V. Because the volume was measured at
m=7 7 Ve, (3) essentially the same pressure and temperature at which it is used
pPT—PT for flow measurements, changesvin due to pressure dilation and
1062 / Vol. 125, NOVEMBER 2003 Transactions of the ASME
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thermal expansion are negligible. The gas density of the full cc’
lection tank contributed 92 % of the uncertainty \6f. This is
discussed below.

Volume Expansion Method. The 34 L collection tank vol-
ume, the inventory volume for the large collection tank, and tt
small inventory volume were all determined via a volume expail
sion method. In this method, a known volume is pressurized, t
unknown volume is evacuated, a valve is opened between the
volumes, and the resulting density changes within the two vc
umes are used to calculate the unknown volume. Applying co
servation of mass to the system of the two tanks yields

(pi—pYVy
2T T
(P2=p3)
where the subscripts 1 and 2 refer to the known and unkno
volumes, respectively. As before, the density values are based
pressure and temperature measurements of the gas within the

umes and gas purity issues must be considered. Note that in m.
cases the final densities can be considered the same in both

umes 1 and 2, but for the determination of the 34 L tank volum
elevation differences between the two tanks required a head ¢

Ve, (®)

rection to the pressure measurements and therefore the two ¢

sities were not strictly equal. The difference in elevation resulte

in a relative difference in gas density of:200® even though the

two tanks were connected. The relative standard uncertainty of ine

34 L tank volume was 11610 °, and the largest contributors Fig. 8 The chain of measurements and equations used for the
were the known 677 L volume and the density change in the 34pvTt flow standard. The subcomponents are labeled with their

tank (traceable to the measurement of pressure change relative standard uncertainty X108 (k=1) for the 677 L system.
The mass flow uncertainty is a k=2 or approximately 95%
Density in the Collection Tank confidence value.

The density of the nitrogetor argon in the collection tank was
determined from measurements of the gas pressure, temperature . . .
of the water bath, and the equation of state, as correlated ina&ié root-sum-squaréRSS to arrive at a combined uncertainty.
NIST database Refprop 2RL1]. Of these, the pressure measure”'gure 8. schematlcallylllsts the components that h.ave peen con-
ment contributed most to the uncertainty. The pressure was mé&i_ered in the uncertainty analysis and_ thelr relationship to the
sured with a 200 kPa full-scale absolute pressure transducer. Egarss flow measurement. The uncertainties of the components

the 100 kPa and 296 K conditions present in the full collectio ‘\I'Iﬁ be(;n qutja_mifiefdrir;ldetailbirl a prrilorzguﬁlrir?atifgﬂ'zooo m of

tank, the pressure measurement uncertainty s 84 % P and the . € u_ceha|67y7 E OllN.s etwee T bls 1 ad in Fi 85 Tho

temperature uncertainty is X710 6 T. For both pressure and nitrogen in the 67 tank is given In Taple 1 and in Fig. 8. The
: standard uncertainty of each subcomponent is given in both rela-

temperature measurements, the largest source of uncertainty. IS . . : ; .
sensor drift between periodic calibrations. The equation of stald® (x10°) and dimensional forms. The units of the dimensional

. . . = . values are given. The relative contribution of each subcomponent
contributes a relative uncertainty of X0 6 to the density de- g P

L ) ; to the combined uncertainty is listed in the fourth column. This
terminations and more detail about all of these uncertainty SOUre®shtribution is the %age of the squared individual component
can be found in Ref.7].

relative to the sum of the squares of all subcomponents. The un-
. certainty from the inventory volume, the combined uncertainty,
Mass Flow Uncertainty the expanded uncertainty, and the uncertainty contributions are
The uncertainty of a mass flow measurement made with tgéven as a range covering the minimum to maximum flow.
PVTt standard was calculated following the propagation of uncer- At the highest flow, uncertainty contributions are principally
tainties techniques described in the ISO Guide to the Expressidinided between the tank volume, the final gas density, and the
of Uncertainty in Measuremenf12]. The uncertainty of each of inventory uncertainty. The relative expanded uncertainty falls to
the inputs to a flow measurement is determined, weighted by R80x 10 © for the smallest flows as the uncertainty contributions
sensitivity, and combined with the other uncertainty component$ the inventory volume become negligible. For an air flow mea-

Table 1 Uncertainty of measuring nitrogen flows from 20 slm to 2000 slm with the 677 L
standard

Standard Uncertainty (k=1) Contribution

Uncertainty Category

Flow (677 L, N,) Relative (X10f) Dimensional (%)
Tank volume 71 48.5 cfn 50 to 23
Tank initial density 10 1.14x1078 g/en? 1to0
Tank final density 68 7.77x1078 glen? 45to 21
Inventory mass change 0 to 109 (0t0 0.084 g 0to 53
Collection time 15 0.287 ms Oto1l
Std deviation of repeated meas. 20 0.001 g/s 4t02
RSS (combined uncertainty) 102 to 150
Expanded uncertainty (k=2) 204 to 300
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Table 2 Uncertainty of measuring nitrogen flows from 1 slm to 100 sim with the 34 L standard

Standard Uncertainty (k=1)

Uncertainty Category Contribution
Flow (34 L, N,) Relative (X10f) Dimensional (%)
Tank volume 116 4.0 cfn 72 to 28
Tank initial density 10 114E-08 glcmh 1t00
Tank final density 68 7.77E-08 g/ém 25to 10
Inventory mass change 0to 170 (0 to 0.007 g 0to 61
Collection time 15 0.287 ms 0to O
Std deviation of repeated meas. 20 4015 g/s 2t01
RSS (combined uncertainty) 137 to 219

Expanded uncertainty (k=2) 274 to 438

surement, the relative expanded uncertainty of the 677 L systéween the two standards. For the lowest flows of the comparison
must be increased to approximately 5000 8 over the entire range, the uncertainties originating from the inventory volume are
flow range because the moisture content of the compressed aiguéte small for both systems and the observed differences between
not well controlled. Then, the largest uncertainty is the density tfiem are dominated by tank volume uncertainties. From Fig. 9 it
the air in the collection tankB0% contributoy. can be seen that the two systems differ by about<100" ¢ m for

The standard uncertainty of the tank final density (68ows less than 20 slm. The RSS of the two relative volume un-
X107 % pq) is a large contributor to both the tank volume detereertainties from Tables 1 and 2 is 18107 ° (k=1).
mination as well as the mass flow measurement. The most signifi-At the higher flows of the comparison range, the uncertainties
cant contributions to the density uncertainty are pres$88&) associated with the transient conditions in the inventory volume
and temperatur¢10%). The largest uncertainty contributions toshould be negligible in the 677 L system; however, they will in-
the pressure and temperature measurements are calibration drétase with flow for the 34 L system. Because the collection times
between calibrationg88% and 77%, respectivglyTherefore sen- were 1/20th as long when using the smaller tank, any timing error
sors with more stable calibrations, particularly for pressure, woulgr, equivalently any imperfection of the mass cancellation tech-
dramatically improve the uncertainty of mass flow measuremenifigue) was 20 times more important for the smaller tank. Figure 9

Table 2 presents the uncertainty of flow measurements from tgggests that the transient conditions cause a bias such that the 34
34 L system for flows between 1 sim and 100 slm. The relativeflow standard reads too high as the flow is increased. The bias is
expanded uncertainty varies between 220°° and 440 approximately 20810 ®m at the largest flow compared. This
X 1078, At high flows, the significant uncertainty sources are thgjas is comparable to the 1%A0 ®(k=1) of relative uncer-
tank volume, the tank final density, and the uncorrelated inventqraqmy contributed by the inventory volume at the highest flows in
uncertainties. For low flows, the major contributors are tank vojhe 34 L system according to our uncertainty analysise Table
ume and final gas density. For air flow measurements, the 34} Therefore, the bias observed in the comparison is consistent
system has a nearly constant relative expanded uncertainty oygh the uncertainty analysis.
its entire flow range of approximately 5800 °. The largest  Figure 9 also examines the tank comparison results from the
contribution to this is the uncertainty of the density of the humi@lerspective of time measurement uncertainty rather than the mass.

air in the collection tank. We interpreted the comparison results using the simplified model
m=m/t, wheremis the mass collected ands the collection time
Experimental Validation of the Uncertainty Analysis using the 34 L tank. If we assume that a constant Wiasis

present in all of the mass measurements for all fifassexample,

Comparison of the 34 L and 677 L Flow Standards. We from an error in the volume of the 34 L tanhknd that a constant
conducted flow comparisons between the 34 L and the 677 L fliyias 6t is present in all the time measureme(fts example from
standards to test the mass cancellation strategy and the validitydiffering responses of the pressure sensor to closing the tank valve
the uncertainty analyses. To test the 34 L system, we conducted
calibrations of critical flow venturis at identical flows spanning
the range 3 slrrm<100sIm (0.06 g/s to 2.3 gjsin both the
small and the large systems. The large system can be used as a
reference for the small system because its inventand tota)
uncertainties are quite small in this flow range. The collections
ranged from as short as 18 s to more than 4 hours.

Figure 9 shows the difference in the discharge coefficients of
several critical flow venturis as measured by the 34 L and 677 L
systems, plotted versus flow. The maximum disagreement be-
tween the two flow standards is less than X3@ ® m over the
entire range tested. The throat diameters of the venturis used for _& @

Flow (slm)

0 20 A0 Gl ) LKk 120
200

5 0¥

1on

3Ol

the comparisons ranged between 0.3 mm and 1.7 mm. The com- -”, i

parisons were done with the same pressure and temperature sen- = - %0

sors associated with the CFV during the testing on both flow @

standards in order to reduce some possible sources of discharge 200

coefficient differences. Numerous collections were made for each 000 Dol 002 OO 004 008 006

tank at each flow to confirm stability of the conditions at the
critical flow venturi.

How well _ShOU|d the t"‘{o_ systems agree? The difference bETg. 9 Relative difference in the discharge coefficient of criti-
tween the discharge coefficients measured by thg t\(\/otF§y§- cal flow venturis calibrated on both the 34L (Cyas) and
temS ShOuld be |ESS than the RSS Of the Uncel’talntles Of the tm L (cd677) flow standards versus flow and the inverse of the
standards, especially when one considers that the uncertaingéifection time for the 34 L tank. Also plotted is a linear best fit
due to pressure and temperature measurements are correlatedtae data.

1ris')
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and the bypass valyave expect that the bias of the mass flowTable 3 Differences in CFV discharge coefficients  (C,) for two
measurement will be a linear function of the inverse collectiodnd one diversion in the 677 L flow standard
time, i.e.,

Flow (slm) [Cq4 (2 Diversions)- C4]/Cyx 10°
om _ om ot 300 53+ 25
T (7) 700 —27+ 31
1600 75-122

The measurements in Fig. 9 are consistent with such a linear
function. The slope implies a constant timing error of 4 ms. A
timing error of this order is not surprising because the timing is
based on a pressure sensor with a time constant of approximately
20 ms. The relative standard deviation of the flow measuremesien process. Three flows between 300 sim and 1600 sim were
from the best fit line is 24 10 6. tested. The two protocols produced relative differences in dis-
The intercept of the line in Fig. 9 could be used to “correct” theharge coefficient that were all less thanx<7B) ° (see Table B
volume of the 34 L tank, thereby improving the agreement bavhich is within the relative standard uncertainty assumed in the
tween the two systems at low flows. The slope of the line in Fignalysis (10% 106 in Table 1.
9 could be used to improve agreement at higher flows. If this were
done, the comparison differences would be zero with a standard
deviation of 24<10~®m. These corrections have not been made .
at the present time for four reasofi) The comparison results are Conclusions
consistent with the present uncertainty analy&3.We plan to  The design of a new gas flow standard composed of twotPVT
improve the measurements of the pressure in the inventory vebllection tankg34 L and 677 L has been presented. The system
ume; this may reduce the slope in the comparison d&aWe s designed to calibrate critical flow venturis for flows from 1 slm
plan to refine the volume expansion process used to determine €000 sim. The flow standard has several novel features. The
34 L tank size; this may reduce the apparent volume differenassllection tanks are immersed in a water bath that matches the
(4) By refraining from making a correction, we adhere to th@ominal room temperature and is stable and uniform to better than
definition of a primary standard for both collection systems be- mK. The collection tanks are divided into sections of small
cause both have been calibrated with reference to Sl units, refough diameter that the gas inside them achieves thermal equi-
with reference to another flow standard. librium with the surrounding water bath in 20 min or less. This
During some of the comparison flows, we noticed that the pregeduces the contribution of temperature to the flow measurement
sure downstream of the critical flow venturi was significantlyincertainty to a very low level.
higher in the 34 L system than in the 677 L systéb®8 kPa  Uncertainties related to the inventory volume and the diversion
versus 100 kPadue to the smaller tube size and resultant high&f gas into the collection tank at the start and stop of a flow
pressure drop. For some of our ventufigith relatively short measurement have been studied in great detail. A thermodynamic
diffuserg this pressure difference caused slight changes in thgodel of the inventory volume during diversion was utilized to
upstream pressur@nd the discharge coefficigneven at condi- understand the importance of large pressure and temperature tran-
tions well above the critical pressure ratio. Therefore, our assunjents and of sensor time constants on the flow measurement un-
tion that for the same throat Reynolds number, the discharge @ertainty. The flow standard is operated to achieve “mass cancel-
efficient of the venturi is independent of the downstream pressuggion” in the inventory volume, thereby taking advantage of
may not be completely valid. We suspect that some of the diffeforrelated sensor uncertainties to minimize uncertainty contribu-
ences observed between the tanks in Fig. 9 are due to the venttgas from the inventory volume.
(even though long diffusers were uged An uncertainty analysis for the mass flow measurements from
In one series of experiments, the trigger pressure difference whg two systems has been presented. The analysis used the PVT
intentionally varied over the range from2 kPa to 27 kPa at the basis equation and followed the propagation of uncertainties
constant flow of 82 sim in the 34 L system. The purpose of the taslethod suggested by international standards. The uncertainty
was to measure the dependence of the venturi discharge coeffialysis shows that the 677 L system measures mass flow with a
cient on the trigger pressure difference and hence to assessidigtive expanded uncertainty between 2a® ® and 300
influence on the inventory uncertainties. The tests showed a rela1g-6 for a pure gas like nitrogen or argon, where the higher
tive change of 1&10° in discharge coefficient for each 1 kPayncertainty applies to higher flows. For the 34 L tank and pure
change in the trigger pressure difference. Because the largest tfgses, the relative expanded uncertainties range fromx 200°
ger pressure difference is less than 3 kPa in the present systgiy40x 1076 The uncertainties are larger for the 34 L tank be-
this effect is expected to contribute only 800"° to the flow cayse the tank volume uncertainty is greater and the ratio of col-
uncertainty. If further measurements confirm this, we must adnjction tank volume to inventory volume is smaller for the small
that the major contributor to the slope in Fig. 9 is unknown. Pegystem. For pure gas measurements, the largest sources of uncer-
haps it is an inconsistency of_ the pressure and temperature fl%ﬁty can be traced to pressure measuremen (8% ® P) which
between the start and stop diversions. is the major contributor to both gas density and tank volume un-

Multiple Diversions in the 677 L Flow Standard. To inde- certainties. For air flow measurements using gas from a compres-
pendently test the uncertainty analysis for the inventory volume 8r and drier, mass flow relative expanded uncertainties are about
the 677 L collection system, we performed CFV calibrations £00x 10 ° for both standards and the major contribution is the
identical flows following two different protocols. In the first pro-uncertainty in the moisture content of the air.
tocol, the inventory volume was dead-ended at the beginning andcomparisons between the 34 L and 677 L standards from 3 sim
end of the collection interval, in the usual manner. In the secot@ 100 sim show agreement within 18Q0 ¢ m or better. Experi-
protocol, the collection interval was divided into two subintervalsnents using single diversiorisormal operationand double di-

i.e., each flow measurement had two start and stop diversionsyéfrsions to the collection tank were used to validate the uncer-
the mass cancellation procedure introduced a hias, the sec- tainty estimates of the 677 L inventory volume and the differences
ond protocol would double this bias and allow assessment of istween these two methods were less thax 7% ®m. The
uncertainty contribution. The CFV discharge coefficients from thevaluation results along with comparisons to previously existing
two protocols were compared to assess the magnitude of the gas flow standards support the uncertainty statements for the new
certainties introduced by the inventory volume and the flow divestandards.
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Nomenclature

a = radius of gas collection tank
C4 = discharge coefficient for a critical flow venturi
D; = thermal diffusivity

k = uncertainty coverage factor

= mass
= molecular weight
pressure
universal gas constant
temperature
time
uncertainty of quantityk
V = volume
Z = compressibility
p = density
7 = time constant

~—TUTVZ3
I

c
—~
X
(&
Il

Subscripts
a = ambient air
¢ = cylinder
e = extra
g = gas
| = inventory
m = gravimetric
0 = external
r = reference
S = sensor
T = tank
w = water
1 = known
2 = unknown

Superscripts
i = initial
f = final
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Acronyms

CFV critical flow venturi
PVTt pressure, volume, temperature, and time
RSS = root sum square
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Phase_AVeraged Ve|ocity Field techniques due to the three-dimensional turbulent structure. Re-

cently, the particle image velocimetfIV) and particle tracking
Measurements of Flow Around an velocimetry(PTV) methods have been also employed for measur-
Isolated Axial-Fan Model ing flow field around turbines and pumps, etc.

Shepherd et al.3] measured the flow around a centrifugal fan
and an axial-fan using the optical PIV method. The double-

Sang-Joon Leé exposed particle images recorded on 35-mm films were processed
. . . by optical means using Fourier transform lens and traverse

Professor, Department of Mechanical Engineering, system

Pohang University of Science and Technology, Sinha and Katf4] used an autocorrelation PIV technique with

Pohang 790-784, Korea a high-resolution CCD camera to measure the velocity fields in-

e-mail: sjlee@postech.ac.kr side a centrifugal pump. Werngh] developed a digital PIV sys-

tem to measure flows in the blade passage region of a transonic
axial compressor and the diffuser region of a high-speed centrifu-

Jayho Choi - _ gal compressor.

Research Engineer, Digital Applicance Research The objective of this study is to investigate of the flow structure
Laboratory, LG Electronics, Seoul 153-802, Korea of an isolated forward-swept axial-fan model. A high-speed CCD
e-mail: jayho@LGE.com camera was used along with the two-frame PTV velocity field

measurement systerfi6]. Phase-averaged mean velocity fields,
vorticity fields, and turbulence intensity distributions were ob-
Jong-Hwan Yoon tained by ensemble averaging 500 velocity fields.
Research Engineer, Power Plant Technology

Research Team, Doosan Heavy Industry, Changwon
641-742, Korea
e-mail: jhyoon@doosanheavy.com Experimental Apparatus and Method

The isolated axial-fan model used in the present study has five
forward-swept blades. The tip-to-tip diameter and the hub diam-

The phase-averaged flow characteristics around a forward-swegjer of the fan are 50 mm and 14.3 mm, respectively. The fan
axial fan model were investigated using a two-frame PTV methd@sted in this experiment is a 1/10 scale scale-down model of the
The velocity fields in the sagittal and axial planes show clearly tHitdoor cooling fan used for commercial air condition€r&
periodic variations of flow structure and periodic shedding of thElectronics Ing. The axial fan was installed inside a rectangular

tip and trailing vortices according to the fan blade phase. basin. Tap water was used as the working fluid in which small
[DOI: 10.1115/1.1624422 partlc_:l_es(Vest_osml with an average diameter of S/Z_m and a
specific gravity of 1.016 were seeded. The rotation speed of
the axial fan was set at a constant 240 rpm throughout the
experiments.
Introduction The schematic diagrams of the axial fan and velocity field mea-
. - rement planes are shown in Fig. 1. The four measurement
In order to improve the fan efficiency and reduce the acous;%ases are placed at angular intervals of 18° from the trailing edge
noise, accurate measurements of the flow field around the fa b4 blade tip and labeled as phases 1, 2, 3, and 4. The coordinate
not only essential, but also indispensable for future developme - : : P :
of different kinds of turbomachinery. %E?Ie:?garl?bt)he field of view for axial plane measurements are shown
Ravindranath and Lakshminarayalid measured the flow ve- ) e N
SO . .. For the derivation of velocity field data, a two-frame PTV sys-
I00|ty_|n the wake o_f a compressor rotor blade using a trl-ax%m consisting of a Nd:YAG ylaser a high-speed CCD carr)llera
hot-wire probe rotating with the rotor. They revealed that larg ) '

. e eedcamt) of 512x512 pixels resolution, a synchronization
velocity decay occurs at the trailing edge of the blade and that t . N 3 )
wake width in the trailing edge region varies rapidly. Morris et a ! cuit and a PC was employed. The two-frame PTV algorithm is

[2] investigated the wake of an automotive cooling fan using aaged_ on hthe |ter§t|vebes;_|lr_n ation OJ] maLchb_?r_obabflljﬁjr Egr .
hot-wire anemometry. updating the match probability, match probabilities of neighboring

The accurate measurements of the flow around an axial turtg)qrtlcles satisfying heuristics of small velocity change and com-

. e ; N on motion are used.
machinery, however, are difficult using pointwise measureme When small vortices with large velocity gradients exist across a

e g hould be add g small interrogation region, the PTV method can resolve the cor-
0 whom correspondence shou € aaaressed. H H H H
Contributed by the Fluids Engineering Division for publication in tloJBNAL rQSponqmg VelOCIty vectors a.s Iong as the partlde C.entrOIds are
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisiond'scermble- However: conventional PIV method can yield a ane'
April 21, 2000; revised manuscript received June 25, 2003. Associate Editor: J. Ke@eraged velocity vector at reduced accuracy due to broadening of
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(a) Sagittal plane measurements
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(b) Axial plane measurements

Fig. 1 Field of views and coordinate system for sagittal and axial plane mea-

surements (units: mm )
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Fig. 2 Mean velocity vector field in the sagittal plane at
phase 1
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the displacement peak and produce erroneous vectors inside the
interrogation window in which a solid boundary is located.

The high-speed CCD camera captured sequential particle im-
ages with the frame straddling technique. Since the consecutive
velocity fields enable us to see the temporal evolution of flow
structures such as velocity fields and vorticity contours, this type
of measurements is very useful for investigating internal flow of
turbomachineries.

A comparison study was carried out for a backward facing step
flow to evaluate the measurement error of the two-frame PTV
system. The mean velocity and turbulence intensity profiles ob-
tained with a laser Doppler velocimetfy.DV) were compared
with the two-frame PTV results measured under the same flow
condition,[7]. The mean velocity was found to have measurement
error less than 2% and the uncertainty of turbulence intensity mea-
surements was estimated to be smaller than 5%.

Results and Discussion

Sagittal Planes. Figure 2 shows the mean velocity vector
field in the sagittal plane at phase 1. A relatively high-momentum
flow toward the hub is observed in the region just behind the fan
(zZ/R~0.1). The maximum axial velocity is located in the mid
section of 0.6r/R<0.7. This result is in agreement with the
results of Morris et al(Fig. 9a) of [2]) in which the maximum
velocity occurs at the mid section (6:7/R<0.8) at z/R
=0.172.

Figure 3 shows the vorticity contours derived from the phase-
averaged velocity field data. In phase 1, a positive tip vortex is
located behind the blade tip region. A region of negative vorticity

Transactions of the ASME
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Fig. 3 Vorticity contours in the sagittal plane

exists between the hub and the midsection of the fan blade. In thilewever, the radial turbulence intensity, not shown in here due to
region, vortices of circular shape are difficult to find. In phase 2,the page limitation, has large values in the near fiefR(
large-scale negative vortex is shed from the blade in the regierD.5). It can be noted that local maximum values exist in an
0<z/R<0.2, 0.4r/R<0.8. The positive tip vortex in phase 1 isalternating manner, which is due to the periodic flow structure and
moved downstream and its center is shifted frafR=0.17 to the tip and trailing vortices alternatively occurring in the axial
z/R=0.25. For the case of phase 3, the negative trailing vorterection.
near the hub is increased in size and is transferred downstream. ) )
The center location of the vortex is moved toward the axis of Axial Planes. Figure 5 shows the phase-averaged velocity
rotation fromr/R=0.55 in phase 2 to/R=0.45 in phase 3, while fields measured in the axial planez4R=0.04, perpendicular to
a new positive vortex is shed from the blade tip region. When thle axis of rotation. The ve_locny field shows azimuthally repeated
positive vortex moves downstream, the vorticity value is ddlow structure at the same intervals as the fan blades. In the region
creased. In phase 4, the tip vortex shedding from the previdst behind the blade spacing between two adjacent blades, the
phase is moved downstream and the trailing vortex located in th@w direction is drastically changed.
lower half region in phase 3 is elongated. The vorticity contours The vorticity contour plots calculated from the phase-averaged
measured at consequent blade phases clearly showed the periggiecity fields are shown in Fig. 6. At the axial plar#R
change of flow structure behind the axial fan. =0.04, the negative vortices located around the blade tips repre-

Figure 4 shows the axial turbulence intensity distributions witient the tip vortex shedding from the blade tip. The elongation
respect to the blade phase. The local minimum turbulence intealong the blade tips is due to the forward-swept geometry of the
sity is located near/R= 0.8 in the immediate wake region behindfan blades. The trailing vortices having positive vorticity are also
of the fan blade in phase 3. However, the axial turbulence inteelongated along the fan blade. This elongation is mainly due to the
sities have relatively high values in phase 2. This may be attritell up of the flow at the lower surface of the blades on the suction
uted to the unblocked space between the fan blades. side of the fan. The vorticity contour at tkéR=0.25 planeg(Fig.

In the wake region behind the fan blade whet@<1, the axial 6(b)), the angular distance between the trailing vortex and the tip
turbulence intensity has large values in the far fiedR(>0.5). vortex is changed and the strength of the two vortices is de-
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(d) Phase 4

creased. As the flow goes downstream from the fan, the strength
of the trailing vortices and tip vortices is decayed and their rela-
tive angular positions are changed continuously. From these con-
tour plots, the spiral flow motion can be conjectured. In addition,
the angular convection velocities of the two vortices are different
and the tip vortex is dissipated earlier than the trailing vortex.

In the Z/R=1.0 plane(Fig. 7), it is difficult to find the tip
vortex, and only five weak trailing vortices generated from the
five fan blades are observed. Five decaying trailing vortices were
found evenly distributed at constant intervals around the hub.
The complete experimental data set and specifications of the
axial-fan model tested are available on the websiwp://
efcl.postech.ac.kr/data/data.asp

Conclusion

The turbulent wake behind an axial-fan model was investigated
experimentally using a phase-average two-frame PTV technique.
The wake flow has a periodic flow structure according to the blade
phase. Strong vortices rotating in the counterclockwise direction
are shed from the trailing edges of the blade and local maximum
values of axial and radial turbulence intensities appear in an alter-
nating manner.
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Rapid Transition to Turbulence in Pipe ample, in transient “hot spots” in heat exchanger systems due to
the different flow regimes existing simultaneously in the pipe.
Flows Accelerated From Rest However, in pipe flows accelerated to high Reynolds numbers
(Re=240,000), transition is seen to occur globally within the pipe
. 1 and can be delayed to R&00,000 providing the acceleration is
Da_\”d Greenblatt_ and Edward A. Moss severe enougliLefebvre and Whitg14]). A different approach
University of the Witwatersrand, PO WITS 2050, South was adopted by Das and Arakgfi2], who studied pipe flows
Africa accelerated from rest, maintained at a constant velocity, and then
. . . ) o subsequently decelerated to rest. On the basis of calculated veloc-
Rapid transition to turbulence in a pipe flow, initially at rest, Wasty profiles, they concluded that the time taken to transitigp) (
achieved by temporally accelerating the flow and then Sharpfkfllowing the deceleration was approximately 88/ (Au and
decelerating it to its.final Reynolds number. Thg acceleratiof gre the difference between maximum and minimum velocity
phase was characterized by the growth of a laminar boundagy,q boundary layer thickness, averaged over the deceleration,
layer close to the wall. The subsequent rapid deceleration res““?&pectively
in inflectional_\_/elocity profiles near the wall, followed i_mmedi- The present investigation employs a similar technique for in-
ately by transition to turbulence. The tlr_n.e ta_ken tc_) transition Wafucing rapid transition in pipe flows accelerated from rest. The
significantly less than the time to transition in a pipe flow mongyethod involves initially accelerating the pipe flow to a Re in
tonically accelerated to the same Reynolds number. Transitiond§cess of that desired, but then rapidly decelerating it to a nonzero
|ntr|r!S|caIIy .dlff.erent tp ’Fhat obsgrved in oscillatory pipe ﬂOWSRe, unlike Das and Arakefil2] whose final Reynolds number
but is qualitatively similar to pipe flows decelerated to restyas zero. Presently, velocity profiles are measured and details of
[DOI: 10.1115/1.1624423 the ensemble averaged flow development and subsequent transi-
1 Introduction t?on are presenteq. These are compareq with the mechanism and
time scales required to achieve transition by the conventional
Transition to turbulence in pipe flows is one of the classic proknethod of directly establishing the final Re. Furthermore, the
lems of fluid mechanics, and is still the subject of active researgresent results are contrasted with observations in oscillatory pipe

Transition occurs when the Reynolds numbiee) exceeds a criti- flows and examined in light of the observations and analysis of
cal value Re, that is strongly influenced by disturbances at thpas and Araker[12].

pipe inlet (e.g., Wygnanski and Champaghg&]) or within the .
unstable developing entrance flqe.g., Morkovin and Reshotko 2 Experimental Setup
[2]). Thus Reis facility dependent with values as low as about Experiments were performed on a pipe flow facility comprising
2000 provided that disturbances at the inlet are large enough. Tdight 1.5 m long sections of high-accuracy glass piping, of inter-
precise mechanisms by which turbulence develops far dowmal diameterd=48 mm, joined together smoothly by means of
stream of an inlet are even now not fully understood, mainly dueeflon sleeves. A large pressurized vessel supplied water to the
to the fact that pipe-Poiseuille flows are known to be stable faping via a standard bell-mouth entrance contraction, i.e., the
infinitesimal disturbance@.g., Davey and Drazif8]), while their pipe inlet. Single-component laser Doppler velocime&ieDdV )
response to finite amplitude disturbances is unresolved and stiléasurements were made along the horizontal radial axis of the
the subject of ongoing resear@hg., Patera and Orsz§)], Shan piping, from the near pipe wally(=0) to the pipe centerliney(
et al.[5], Ma et al.[6], Eliahou et al[7], and Han et al[8]). The =a=d/2). The piping section furthest downstream was con-
addition of unsteadiness, superimposed on the base flow, furthected to PVC tubing, that incorporated a magnetic flowmeter for
complicates the analysis of experimental data as well as theoretienitoring the instantaneous cross-sectional velddifyt). The
cal investigations. For example, when the flow is oscillated pef?VC tubing further incorporated a pneumatically operated valve
odically, four different transition regimes have been identifiethat was located further downstream. Water exited the valve and
(e.g., Hino et al[9]). Transition is seen to occur at the end of thélowed through additional tubing, to a reservoir, from where it was
acceleration phase and is “violentHino et al.[9]) or appears pumped back to the supply vessel. For this facility.ARE3,000
“explosively” (Akhavan et al.[10]) throughout the entire pipe and disturbance levels immediately downstream of the inlet were
1%<u’'/U,,<1.4% irrespective of Reynolds number.
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Gatski. vessel pressure. For purposes of comparison, direct acceleration
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Fig. 1 LDV data acquired at y/a=1.0 for (1) a simple accelera-
. i . yla
tion from rest; and (2) acceleration from rest, followed by de-
celeration (@)
3
. . —o—1=0.475s
from rest was achieved by opening the valve at constant speed 1 -©--t=0.725s

its final setting, with the same supply vessel pressure. For botly () | --a--1=0.875s
cases, the final Reynolds number ERé,d/v) was 31,000(v is - %--1=1.075s
the kinematic viscosity Velocity data were acquired at 25 radial -+ -t=1.275s
locations, 9.12 meter§l90 diametersdownstream of the pipe 2| —B—1t=1975s mmm =

inlet. Time-dependent velocity profildd(y,t) were obtained by
averaging repeated experimental runs within 50 ms time windows

Repeated runs indicated pre-transitidndifferences of less than R == =]
0.5%. Uncertainty associated with determination of the wall loca-
tion wasy/a= = 0.005.

" RS O RN T

3 Discussion of Results
The problem associated with attaining rapid transition is illus-

trated in Fig. 1, which compares LDV data yfta~1.0 for two e

cases. In the first case, the valve is opened over 0.5 seconds W

produce a final Reynolds number of 31,000; in the second case th 0 ‘ ‘ ‘

valve is opened to its maximum and then partially closed at 0 0.05 0.1 0.15 0.2 0.95

=2s, over 0.5 s, to produce the same final Reynolds number. Th yia
continuously increasing velocity far<15s in the first case is (b)

indicative of the velocity profile gradually developing towards a . ) . .

parabaloid shape. In fact, laminar flow is maintained at this dowfld- 2 Velocity profiles during the acceleration phase (¢
stream location despite the fact that the Reynolds number is SU2,S) Showing i (@ ﬂ.(l’W ?er:’ek’pmem alcross the pipe radius,
percritical for this pipe system. At=15 s, transition to turbulence a?g))(b) near-wall details of the boundary layer  (caption on Fig.
can clearly be seen, where the mechanism was believed to 2be '

wash down from the inlet, sincU,,dt=9.01 m fromt=0s to
15 s, which is close to the measurement location 9.12 méEre6s
diametery downstream of the pipe inlet. In the second case, t
flow is accelerated to a much higher velocigorresponding to

ta close to the wally(a<0.08) att=1.275s and=1.975s,
shows a local velocity reduction even though the cross-sectional

Re~120,000) where it nevertheless remains laminar due to tt@locﬂy increases during this time interval. The reduction is due

stabilizing effect of the acceleration. The abrupt deceleratiqg the diffusion of viscous shear away from the wall with time—

. - . e gading to boundary layer growth and a reduction of wall shear,
causes rapid transition approximately 0.5 s later, resulting in a dgspite the fact that the cross-sectional velocity has increased.

s difference in time taken to attain transition. Transition is clearlyhis results in a relatively steep velocity gradient associated with
not due to wash down of the entrance flow sinf®.dt the boundary layer just prior to the termination of the acceleration
=2.99 m fromt=0 to 2.5 s, and this is discussed further belowphase {=2 s).

Figures 2a) and 2b) show the velocity profile developmefit For the time interval 2€t<2.5 s, the flow is decelerated from
versusy/a) over the entire radius and close to the walld its maximum value (Re120,000) to its final value (Re
<0.25), respectively, during the accelerationtfar2 s(legend on =31,000). Velocity profiles close to the waly/(a<0.3) for this
Fig. 2(b)). For the first recorded velocity profile, &£ 0.475 s, the interval are shown in Fig. 3, while the velocity remains effectively
flow across the pipe has an almost constant velocity, with viscooenstant fory/a=0.3 (not shown. Shortly after commencement
effects evident only very near to the wal)/@<0.05). As the of the decelerationtE&2.025s), the velocity profile is seen to
cross-sectional velocity increases, these viscous effects are el@velop an “inflection region”(at y/a~0.07), which is present
dent progressively further from the wall, indicating a temporahroughout the deceleration. The shaded area on the figure ap-
growth of the boundary layer. Simultaneously, the velocity outsiggoximately identifies this region, which was determined by a
the boundary layer remains approximately constant. Comparitigrd-order polynomial least-squares curve fit to the developing
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0.4 1 --A-- t=2.575s
—O—1=2.625s
Inflection region
0 Inflection region
0 0.1 0.2 0.3 ==
0.2 =
y/a
. . . R . 0 0.25 0.5 0.75
Fig. 3 Near-wall velocity profiles during the deceleration yla

phase (2s<t<25s) Fig. 4 Velocity profiles subsequent to the deceleration phase

(t>2.55)

velocity profile. The uncertainty associated with determination of
the inflection, is based on curve fits to successive profiles. Data,
presented at 50 ms intervals, shows that this region moves awgakeri [12], where the flow is accelerated from rest, maintained
from the wall, fromy/a~0.07 toy/a~0.10 over the time interval at constant velocity and subsequently decelerated to rest. In both
2.025 s<t<2.425 s, consistent with the temporally increasinghvestigations, transition occurred at the end of the deceleration,
boundary layer thickness. The final stages of the acceleratigich is intrinsically different to oscillatory flows where transi-
(2.4253t<2.4755s) are accompanied by significantly morgon occurs towards the end of the acceleration cyelg., Hino
movement of the inflection frony/a~0.10 toy/a~0.14. Over et al.[9] and Akhavan et al[10]). Presently, however, velocity
this latter period the velocity close to the walf/@<0.05) in- profiles were measured and not inferred from calculation as in the
creases, despite the overall mean flow deceleration. Thus, the figgde of[12]. Unlike oscillatory flows, the observations in these
stages of the acceleration are characterized by a relatively lakgey investigations are consistent with quasi-steady stability
change in the nature of the inflectional profile. For the purpose @feory,[10,17. A possible explanation is that transition in oscil-
analyzing the subsequent development of the flow we shall refgtory flows is affected by theemporalflow history in much the
to y/a~0.14 as the final inflection location. same way as transition isteadyflows is affected by inlet or
Subsequent to the deceleration phase, the velocity profiles @htrance flow history. In this context, temporally decaying re-
dergo substantial distortion, consistent with abrupt transition tgdual turbulence, generated during previously intermittent turbu-
turbulence during the interval 2.475$<2.625s, as illustrated |ent events but present in the relaminarized flow, may act as a
in Fig. 4. The first evidence of transition in the context of th@ypass trigger. The problem could be further exacerbated by lack
ensemble-averaged data is a kink in the velocity profilet atof homogeneity within a developing flow. This investigation, as
=2.525s, which occurs in the vicinity of the inflection locationwell as that of12], differs from oscillatory flow investigations in
(shown on Fig. 4 This is followed att=2.575 s by a dramatic that turbulence was not generated at an earlier time. The lack of
increase in flow velocity between this location and the wall, to-
gether with a decrease and distortion of the profile for values of
y/a greater than the final inflection location. Finally, velocities in
the vicinity of the final inflection location (0.69y/a<0.3) in- 25
crease abruptly, while the remainder of the profile remains virti
ally unchanged. The net effect is to render the profile mol X@Eﬁ
turbulent-like, with relatively large velocities near the wall, al-
though the profile is still somewhat distorted. 20 |
The present experiment, namely an acceleration followed ir
mediately by a deceleration, can be considered similar to the ha*
cycle of an oscillatory flow. However, in oscillatory flows, transi-
tion is seen to occur explosively at the end of the acceleratit 45
phasge.g., Hino et al[9], and Akhavan et a[.10]). Presently, the
flow is seen to remain laminar throughout the deceleration, desg
the fact that a velocity profile inflection is discernable from th g D4s<t<S5s
commencement of the deceleratiar>@ s). The only obviously 4o | ABs<t<0s
common feature is the relatively abrupt nature of transition, whic
is presently less than 0.2 seconds. In the absence of fluctuat
velocity data the role of the inflection towards the end of th
deceleration cannot be clearly discerned, but given the tim 4

U'=2.5y"+5.0
\ o

r O O3s<t<ds

varying nature of the averaged velocity profiles an inflectioni 10 100 1000
instability mechanism emerges as a leading candidate for furtt y'
scrutiny. Fig. 5 Velocity profiles averaged ove r 1 s time intervals sub-

This investigation has more in common with that of Das anskquent to transition

1074 / Vol. 125, NOVEMBER 2003 Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.152. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



residual turbulence may be a factor in determining the transitior(3] E_avey,J Aﬁ angDriZigéf- G”zéSG%'l;The Stability of Poiseuille Flow in a
: Fe : H . i _ Pipe,” J. Flui ech., pp. - .

m’?Cha”'Sm and explammg Its consistency with guasi Steady S'ta[4] Patera, A. T., and Orszag, S. A., 1981, “Finite Amplitude Stability of Axisym-
bility theory. _ o o metric Pipe Flow,” J. Fluid Mech.112, pp. 467—474.

An important difference between this investigation and that of[5] Shan, H., Zhang, Z., and Nieuwstadt, F. T. M., 1999, “Direct Numerical Simu-
[12], was the time taken to transition following the deceleration, Iatiorr: of a Puff and a Slug in Transitional Cylindrical Pipe Flow,” J. Fluid

: : P Mech., 387, pp. 39-60.
which was long relatl_ve to the decelera_ltlon timd 2] but short L?] Ma, B.. van Doome, C. W. H., Zhang, Z., and Nieuwstadt, F. T. M., 1999, “On
presently. One possible reason for this discrepancy may be the" the spatial Evolution of a Wall-imposed Periodic Disturbance in Pipe Poi-
difference in the maximum Reynolds numbers employed, namely seuille Flow at Re-3000. Part 1. Subcritical Disturbance,” J. Fluid Mech.,
8500 in[12] versus 120,000 presently. In addition, the currentm z?_ahpp- 1581;224- A and Wy KL 1998, “Laminar-Turbulent Transi

H o lanou, 5., fTumin, A., an gnanski, 1., , “Laminar-Turbulent Transi-

flow is not decelerated to rest, but rather to a flnal_nonzer_o Rey tion in Poiseuille Pipe Flow Subjected to Periodic Perturbation Emanating
nolds number and even though the present velocity profiles are grom the wall,” 3. Fluid Mech.361, pp. 333-349.
inflectional, there is no evidence of the near-wall reverse-flow of[8] Han, G., Tumin, A., and Wygnanski, I., 2000, “Laminar-Turbulent Transition
the type computed by Das and ArakEtR]. This may be because in Poiseuille Pipe Flow Subjected to Periodic Perturbation Emanating From

. . . . _ the Wall, Part II: Late Stage of Transition,” J. Fluid MecHh19, pp. 1-27.
our flow is developing both spatially and temporally with rela [9] Hino, M., Sawamoto, M., and Takasu, S., 1976, “Experiments on Transition to

tively large velocity gradients near the wall—not only temporally =~ tyrhulence in an Oscillating Pipe Flow,” J. Fluid Mech5, pp. 193-207.
as in the analysis and assumptions of Das and Ardk&li and  [10] Akhavan, R., Kamm, R. D., and Shapiro, A. H., 1991, “An Investigation of
this may further limit the applicability of their analysis to the Transition to Turbulence in Bounded Oscillatory Stokes Flows. Part 1. Experi-
present work ments,” J. Fluid Mech.225, pp. 395-422.

. | " . . gll] Merkli, P., and Thomann, H., 1975, “Transition to Turbulence in Oscillating

The time taken to transition referenced to the time at which the ™ pipe Fiow,” 3. Fluid Mech.68, pp. 567-575.

deceleration commences, ), used by Das and Arakefil2] is  [12] Das, D., and Arakeri, J. H., 1998, “Transition of Unsteady Velocity Profiles
approximately 0.55 s for the present experiment. However, the With Reverse Flow,” J. Fluid Mech374, pp. 251-283.

: ; E[lﬂ @ ; [13] Moss, E. A., and Abbot, A. H., 2002, “The Effect of Finite Amplitude Distur-
time scale based on the analysis of Das and Ar iusing the bance Magnitude on Departures From Laminar Conditions in Impulsively

velocity profiles measured presently, indicates that 39/Au/ 5 Started and Steady Pipe Entrance Flows,” ASME J. Fluids Ebg4 pp.
=0.15s, which suggests that this scaling is inappropriate in the 236-240.
current context. [14] Lefebvre, P. J., and White, F. M., 1989, “Experiments on Transition to Turbu-

For data acquired dt>2.65 s, repeated runs showed variations 'Zeggfz'zoa Constant-Acceleration Pipe Flow,” ASME J. Fluids EAg4, pp.

in averaged velocity from individual runs to be greater than 5%;;s) schiichting, H., 1979,Boundary Layer TheoryMcGraw-Hill, New York,
thus precluding a meaningful assessment of the final stages of Chap. XVI, pp. 448-452.

transition. However, because of the relatively slow evolution of

the velocity profiles, it was appropriate to compute time averag

velocities for the intervals 3st<4s, 4<t<5s and 85t (tjse of Large'Eddy Simulation to
<9s. The data are presented in Fig. 5, where all quantities g2haracterize RoughneSS Effect

presented in wall coordinatés” =U/U_ andy*=yU_/v (where

U,=(7/p)*? and r was calculated from Blasius’ turbulent pipeOf Turbulent Flow Over a Wavy Wall
flow correlation based on the final Reynolds numbse Schli-
chting[15]) and compared to the log-law. Although the flow im-.. .
mediately following transition is a nonequilibrium flow, the data]Ie Cui

are plotted in this manner to illustrate its turbulent nature. Steady

state is effectively achieved during the interval8ts<9's, while  Ching-Long Lin

at the intermediate state defined by<ts<5 s, the log and wake

regions are_almost fully constituted. A comparispn Qf the thre\?irenda C. Patel

velocity profiles shows that the largest changes with time occur in

the vicinity of y*~30. Fort>9's, changes in the velocity profile . ) .

are negligible and the entire pipe flow can be considered to B§IR-Hydroscience and Engineering and Department of
fully turbulent. Mechanical and Industrial Engineering,

The University of lowa, lowa City, I1A 52242-1585

4 Concluding Remark

The method of accelerating and then rapidly decelerating a piparge-eddy simulation is used to study turbulent flow over a sinu-
flow was shown to be an effective method for achieving rapisbidal wavy wall from the perspective of surface roughness ef-
transition to turbulence that does not rely on wash down from thiects. Simulation results are averaged in time and space to obtain
entrance. The rapid deceleration generates an inflectional veloghg so-called roughness function (shift in the logarithmic law), the
profile with subsequent transition to turbulence and thus an infleequivalent sand-grain roughness and the virtual origin, and the
tional instability mechanism may play a role in the transition pracdependence of these quantities on the amplitude-to-wavelength
cess. This transition mechanism is intrinsically different frommatio. The results demonstrate the usefulness of LES to quantify
those observed in oscillatory pipe flows, but is believed to beughness effects that have hitherto fore been the purview of labo-
qualitatively similar to that in pipe flows decelerated to rest. Nevatory experiments[DOI: 10.1115/1.1624424
ertheless, time scales characterizing transition during the decelera-
tion are presently much more rapid than those in pipe flows de-
celerated to rest. Future work will involve a parametric study |ntroduction
considering initial and final Reynolds numbers as well as the rel-

evant acceleration and deceleration time scales Turbulent flow over a sinusoidal wavy boundary has generated

much interest during the past several decades because it contrib-
References utes to understanding of fundamental mechanisms that control dis-
torted flows and helps answer practical environmental and engi-
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| 2H } Table 1 Resistance components

T Drag Force(Resistance
b Lower Wall
H Pressure Friction Upper Imposed
I 2a/\ Drag Drag Wall Total Force
H 0.05 0.00395 0.00205 0.00446 0.0105 0.0106
H 0.10 0.0153 0.00207 0.00515 0.0225 0.0220
5 0.20 0.0415 0.00076 0.0067 0.0489 0.0490
f A For the case &\ =0.1, the friction drag on the wavy boundary
) ) o remains almost unchanged while the pressure drag is nearly four
Fig. 1 Computational grid in the wavy channel times larger than the case/ = 0.05. For the case with the high-

est wave amplitude, &\ =0.2, the friction drag from the lower
wall is almost negligible due to the large separation zone and there

is a large pressure drag. The contribution from the top wall in-

wavy _boundary when it IS regarde(_i as surface roL_Jghness. _Rec ses but is much less significant in comparison with the pres-
experimental and numerical investigations have yielded quite ire drag

tailed information about the flow over sinusoidal wavy walls. In . L
A . : . The results in Table 1 show that the waves are very effective in
particular, large-eddy simulation&ES), [1,2,3], have provided nerating drag. The last column of Table 1 is the mean pressure

! . . e
information about flow separation and reattachment, mean a%qce imposed in the streamwise direction to drive the mean flow.

fluctuating pressure and friction distriputions, the turbulenc&S noted above, the mean pressure gradient was adjusted to main-
zg#gtcuge’ and the complex eddy motions close to the WaY¥in a constant Reynolds number of 10,000 in the three cases. In
- . . . all cases, the imposed pressure force balances the total drag from

In this technical brief we analyze the LES data of Cui e(3). loywer and upper surfaces, validating the numerical method and

in the framework of roughness effects. Using a consistent meth\g rifying that sufficient sampling times are used to process the
of analysis, it is shown that these data provide information abOJl_J S results

the effect of the wavy wall on the external flow when averaged in

time and space, and lead to insights into the traditional concepts 0.2 The Law of the Wall and Roughness Function. The

a roughness function, namely, the downward shift in the logarithrincipal result obtained from experiments in pipes, closed and

mic law from its smooth-wall position, equivalent sand-graimpen channels, and boundary layers on rough walls over diverse

roughness, and location of the virtual origin. Although the sinuypes of roughness is that the velocity distribution near a rough

soidal wavy surface is used as an example, the underlying catall, when plotted in the semi-logarithmic form of the law of

cepts can be extended to other boundary shapes and roughmiesswall, has the same slope as on a smooth wall, but different

geometry. intercept:

Figure 1 shows the channel geometry with a sinusoidal wavy

wall. The steepness of the wavy boundary is defined al\ 2 1

where 2 is the height from trough to crest, and=H) is the U*=—In(z")+B—AB. (1)

wavelength. There is no variation in the spanwise direction, i.e., K

the wavy wall is two-dimensional. In the LES of Cui et [@8], the ) i . ) ) o

three-dimensional, unsteady, incompressible, filtered continu#fy this equationU™ is the velocity, normalized by théiction

and Navier-Stokes equations were solved with a dynamic subgriglocity U, zis distance from the wall measured from sowie

scale model using a finite volume method. Surface-fitted gridd@l origin and normalized by/u., v is kinematic viscosity of

with 82x42x66 points in the streamwise, spanwise, and walfhe fluid, x<=0.418,B=5.45,[4], and the shiftAB is called the

normal directions, respectively, were generated for three values@¢ghness functiarfor sandgrain roughnessB is a function of

wave steepness: 0.05, 0.1, and 0.2. The imposed mean preskuile=Ksu./v), wherek; is the sandgrain height. For roughness

gradient was adjusted to keep the Reynolds nuniBe), based other than sandgraim\B depends on the type and size of rough-

on the bulk velocity U,) and half-channel height{/2), constant ness. Currently, there is no theoretical way to predigt for any

at 10,000. Periodic boundary conditions were imposed in both theughness configuration.

streamwiséx) and spanwiséy) directions. No-slip boundary con-  The LES results were processed to calculate the wave-averaged

ditions were applied at the top and bottom channel boundarigglocity and the virtual origin as follows. The time-and-spanwise-

Detailed descriptions of the LES method, code validation and flogveraged velocity field was first mapped onto a Cartesian grid by

features are given in Cui et 4B]. interpolation to facilitate the wave averaging. The mapping was of

second-order accuracy, same as the original LES. These velocities
were then averaged along constarsurfaces over a wavelength.

2 Analysis of Wavy Wall as Surface Roughness The location of zero wave-averaged streamwise velocity is taken

) ) ) as the virtual origin. This virtual origin is located at a distazge
2.1 Resistance Components. Resistance to the flow in the from the top of the wavy surfacnd is listed in Table 2 for the

channel with a wavy wall comprises pressure and friction compghree wave amplitudes. It is found that the virtual origin is close to
nents. These components of resistarideag force calculated

from the LES results are summarized in TabléNbte: Forces are

per unit width of channel, and are normalized fiyZH). Table 2 Roughness parameters

For the wall with the smallest amplitude waves/2=0.05,
the pressure drag is almost twice the friction drag. Total resistara/A zy/2a AB kS ky/2a
of the channel with the smallest amplitude waves is only slightt
higher than that of the flat chann@.0105 versus 0.010There- )8:25 8:?2 1(1):88 2533 2:%%5
fore, in the terminology of roughness, this channel may be rep.2 0.505 14.65 1,630 281

garded asydrodynamically smooth
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1 +
30 oy e maand — ] BfAB=8.57;InkS. 2)

] Cebeci and Bradsha{®] give the following correlation to extend
Eq. (2) to transitional roughness:

201 B _—<2a/A= 0.05, AB = 1.05]

1
AB=|B-85+—In kg |sin{0.428%Ink —0.813}  (3)

2a/A= 0.1, AB = 10,00 ] for 2.25<kJ <90, with B=5.2 and x=0.42. ForkZ>90, this

— formula reduces to Eq2). The values of the roughness function

1 obtained from Fig. 2 and the correspondkig from Egs.(2) and
22/A=0.2, AB = 14.65 | (3) for the three wavy walls are listed in Table 2. Also shown is

| the ratiokg/2a. For the case &\ =0.2, the equivalent sandgrain

. < | e roughness height is 5.62 i.e., sandgrains almost three times
10" 10° 10° larger than the wave amplitude would be required to generate the
Z same roughness effect.

3 Conclusions

Data from large-eddy simulatiofLES) of turbulent flow in a
channel with a sinusoidal wavy wall are analyzed to examine the
wave-averaged velocity profile in the framework of surface rough-
ness effects. The wave-averaged velocity profiles, when normal-

the bottom of the wave for the smallest amplitude and mové%eq by the wave-averaged friction velocity that includes both the
toward the wave center for the largest amplitude. This is consfélction and pressure components, show all of the well-known
tent with the increasing volume of reverse flow with increasingharacteristics of turbulent flow over a rough wall. This analysis
wave amplitude. gives the so-called roughness function, the virtual origin and the

The distributions of the wave-averaged velocity normalized bgﬂuwalent sandgrain roughness. This study shows that LES may
the wave-averaged friction velocity{) derived from the total D€ used to provide information that is normally established by
resistance on the wavy surfa@ecluding the pressure and friction "€COUrse to experiment, and raises the interesting possibility of
componentsare plotted in the traditional format in Fig. 2. Com-€Xploring other types of roughness used in fluids engineering.
parfeﬁ Wki]th thehlaw of th? wall or? a sm0c|)<th wall, these velocitReferences
fhrg Iloegsari?l:/riit: ?e;iagebfjfger%liléh?’lgggnf?,lncat{bn’:ia{]hg??nsgraedetllsnes [1] Calhoun, R. J., 1998, “Numerical Investigations of Turbulent Flow Over Com-

o . . - plex Terrain,” Ph.D. thesis, Stanford University, Stanford, CA.
with increasing wave amplitude. This result shows that a wavy[2] Henn, D. S., and Sykes, R. I., 1999, “Large-Eddy Simulation of Flow Over
wall can indeed be regarded as a roughness in the classical way. [Igt] \éVavy Surfacles," é] Flu(ijd Mecchs832%%375—11d2. Turbul oo
; : ; : : ey ui, J., Patel, V. C., and Lin, C. L., , “Prediction of Turbulent Flow Over
;)sogltsignnf(:(t)er:]j ttlrgtvmﬁallogggitr?nvvi(t:hriengé?gask,)iiglr\]/iasfé aa mhﬁ:ﬁée 'F:{IogdghESurfiZ%s Usi;gga Force Field in Large Eddy Simulation,” ASME J.

Pk ! ’ uids Eng., pp. 2-9.

further indicating stronger roughness effects generated by waveg] Patel, V. C., 1965, “Calibration of the Preston Tube and Limitations on Its Use
with higher amplitude. in Pressure Gradient,” J. Fluid Mect23, pp. 185-208. )

For sufficiently large sandgrain roughness, in the so-céiléy [5] Schkllchtmg, H., 1979Boundary-Layer Theory7th Ed., McGraw-Hill, New

. X - . N X York.

rough regime Schhchtmg[S]l gives the following cprrelatlon be- (] cebeci, T., and Bradshaw, P., 19%omentum Transfer in Boundary Layers
tween the roughness function and roughness height: Hemisphere, Washington, DC.
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Fig. 2 Wave-averaged velocity profiles
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