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Computational Analysis of Wall
Roughness Effects for Liquid Flow
in Micro-Conduits

Fluid flow in microchannels or microtubes may differ in terms of wall frictional effects,

C. Kleinstreuer

e-mail: ck@gos.ncsu.edu

J. Koo and hence flow rates, when compared to macrochannels. Focusing on steady laminar fully
developed flow of a liquid in different micro-conduits, relative surface roughness is cap-
Department of Mechanical & Aerospace tured in terms of a porous medium layer (PML) model. The new approach allows the
Enginesring, evaluation of microfluidics variables as a function of PML characteristics, i.e., layer
North Carolina State University, thickness and porosity, uncertainties in measuring hydraulic diameters as well as the inlet
Raleigh, NC 27695-7910 Reynolds number. Specifically, realistic values for the PML Darcy number, relative surface

roughness, and actual flow area are taken into account to match observed friction factors

in micro-conduits. The model predictions compared well with measured data sets for

systems with significant relative roughness values. Although other surface effects may
have influenced the experimental results as well, surface roughness is found to affect the
friction factor and hence the flow parameters in relatively rough channels, e.g., those

which are made of aluminum or stainless steel by way of micro-cutting processes.

[DOI: 10.1115/1.1637633

1 Introduction nificant effects of relative surface roughness as well as hydraulic

. . _ - . diameter uncertainties, in order to provide a flexible model for
In recent reviews of experimental contributions to liquid flow "broper experimental data interpretation

microchannelgc.f. Gad-el-Hak[1]; Sobhan and Garimellg2];
Koo and Kleinstreuef3]), it was documented that there are two
conflicting bodies of evidencésee Table 1 if3]). For example,
Peng et al[4,5], Qu et al.[6] and Guo and L{7] indicated that 2 Theory
the friction factor in microchannel flow is augmented when com- Surface roughness can be described as random distributions of
pared to macrochannels, while Sh&83, Judy et al[9], Wu and wall peaks and valleys, which, in the average, could be modeled
Cheng[10] and Gao et al[11] claimed that it is unaltered and as a homogeneous porous medium laj®viL) characterized by
hence there is no deviation from conventional theory. Howeverprosity « (or permeabilityx) and height. Figures 1a—c) depict
there is measured evidence, even in Sharp’s data, that wall effétig evolution of the PML model from a random wall roughness
may change the flow behavior; still, an enhanced form of tHegion(Fig. 1(a)) via an ordered roughness lay@ig. 1(b)) to a
Navier-Stokes equation can be employed to analyze liquid flow fiPmogeneous porous medium layeig. 1(c)). Specifically, a rep-
micro-conduits. resentative microchannel of half-heidlor half-width) H/2 is de-

In general, as the flow cross section becomes smaller, thited in Fig. 1c). The nominal value of channel height is deter-

surface-to-volume ratio increases and the effects of wall phenofilnéd as the distance between the center of the layer and the
van der Waals force. and eleGggter of the channgHamrock[17]) This thin porous layerh,

ena, such as surface roughness, , - .
icgenerates two phenomena, i.e., generally an enhanced flow resis-

(c.f. Li [12]: Mala and Li[13]). Focusing on surface roughnes§ance when h and are measurable as well as a reduced channel

: « cross section wheh is substantial andv is very small. Clearly,
impact, Mala and L[13] and Qu et al[6] proposed a “roughness whenh is finite. anda -1, the surface roughness effect is negi-

viscosity” model, whereas Tichi14] replaced the roughness sur- ible and the flow area increases slightly. In order to elucidate the

E@Zr\]’gtﬂ% %?;g?;ygldmag%"ﬂﬂ;‘iﬁiﬁ;gﬁz Igg’rcv)\/’h:]eogéla?ocgapabiIities of the proposed PML model on the friction factor,
' . ) X ’ . arious liquid flow fields in different micro-conduits have been

near-wall flow simulations of rarefied gas in long microtulfeis analyzed.

et al.[16]). Hamrock[17] classified the geometric characteristics - gearing with a generalized transport equation describing fluid

of actual surfaces into thre_e categories, i.e., error of form, wavjg\w in any conduit as well as porous medium layer, the systemic

ness, and roughness. Waviness stems from relatively long wagiations are derived, assuming steady fully developed flow in

in a Surface prOfile, Wthh iS associated Wlth UnWanted VibratiO@D microchannels’ microtubeS, and micro_journa| bearings_
that typically occur in machine tool systems. Roughness results

from irregularities, excluding error of form and waviness, which 2.1 Modeling Equation. A generalized transport equation

are inherent in the cutting and polishing processes during prodde-f- Kleinstreuer{18,19) for flow in a porous medium layered

tion. Both waviness and roughness are regarded as “relatificro-conduit can be written as

roughness” in the present model. )
The varying experimental observations and data analyses are s

the impetus for the development of a micro-conduit flow hypoth-

esis which correlates actual micro-scale flow behavior with Sigqhere(b is an arbitrary transport quantitw is the porosityyl«z

3

=ad is an area porosity tensat, is the velocity vectorp is the
Contributed by the Fluids Engineering Division for publication in ticeJBNAL fluid density n is the fluid Viscosity an® is a source term.

OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division . ' N 'S .

January 27, 2003; revised manuscript received August 16, 2003. Associate EditorS€tting®=1, S=0 and®=U, S=R, the corresponding con-

T. B. Gatski. tinuity and momentum equations are as follows.

(ap®)+V-(pK-GD)—V-(uK-Vd)=aS 1)
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Fig. 1 Porous medium layer equivalent to surface roughness and simple microchannel geometry: (a) real surface rough-
ness; (b) homogeneous distribution of identical roughness elements; and (¢) mid-plane view of conduit with idealized
roughness layer, or porous medium layer (PML).
Continuity Equation. G(y)=cyy?+Coy+C3>0; (6a)
J 2 d2d
7 (@p)+V-(pK-0)=0 2 WZ:201<0; <0 (6b)
Momentum Equation. where thec;’s are constants, so that:
d R 3 3 R T (M R T . a R
E(apu)-i-v-(p(K~U)®U)—V~(/.LK~(VU+VU )) sig ;aV-(Vu+Vu ) | =sig —;Rc-u
=—aR—aV 3 . a
aR—avp ®) =S|gr(f(;RF|u|)u) (6c)

wherep is the pressure, arld is the resistance vector to fow in ) ]

the porous medium layer. On the right-hand side of & the This implies that the porous medium generates augmented viscous
first term captures the augmented surface forces induced by wkw effects in the wall layer directly proportional to channel flow
effects in micro-systems, and the last term is the pressure fof@ée and porous layer resistariRg=Rc(«;h). _

acting on the fluid. In the open conduit=1 andR=0, whereas  NOW, in order to readily elucidate the porous medium layer, or

inside the porous medium layeg, may vary, 6<a<1, and the roughness, effects in a microchannel and the relative importance
resistance vectoR. can be repreéented as ' of the resistance speed fact®% , a simplified version of Eq(5)

was numerically solved, employing MATLABMathWorks[20])
§:(RC+ Re|d|#)d (4) with a user-supplied program. Specifically, assuming steady, fully-
developed 2-D flow in an isotropic porous medium, E§)
whereR¢ is a resistance constamg is the resistance speed facreduces to the 2-D Brinkman-Forchheimer-extended-Darcy
tor, and is a “resistance speed power” as summarized in Tablguation.
1. 2
Assuming constant fluid and material properties, Bjcan be 0=— @ +Md_l; —
written as dx T dy
where, with respect to Ed5), the L.H.S. is zeroyp— dp/dx
=constant, V-(u(Vi+Vi")—ud?u/dy?, Re=up/x, Rg
=pCr/k¥?, andCr=0.55 (Nield and Bejar{21]).
In dimensionless form,

a
— —(Rc+Re|d])d 5 dp* 4 d%u* 4 c
p( ¢+ Reldl]) ®) O:_L*+ C . CF e ®
dx Rep, dy Da-Rey, ~ Da ouL

m o pCg
—u+—pu ] (7)
K K PML

aa o a_ R
a—+V-((al)®@l)=——Vp+ —aV-(Vi+Vi")
at p p

With fully-developed(parabolig velocity profiles for 2-D channel )
flow, the viscous and resistance terms have the same sign, véere p*=p/pUg, u*=ulUy, x*=x/H, y*=y/H, Da

considering: = kIH?, Rey = 4pUgH/ 1, H is the half-channel height] is the
Table 1 Porous medium constants, coefficients, and param- Table 2 Typical values of relative surface roughness  (h/Dj,
eters (Reprinted from Ref. [3] with written permission from IOP, X100%)
Bristol, UK )
- - Author Relative surface Material

Symbol Meaning Typical values/formats roughnesg%)

@ (Volume) porosity 0.6sa<1.0 Pthaler et al[22,23 ~1% Silicon

K Permeability 1074 cmP< k<o Peng et al[4,5] ~0.6—1% Silicon

K Area porosity tensor For isotropic porous medg,=«d; Mala & Li [13] ~3.5% Stainless steel/Fused silica

r Fluid viscosity For laminar flow]'= u Papautsky et al24] ~2% Silicon

Rc Resistance constant Rq=f(Da,Re) Wu & Cheng[10] ~0.12% Silicon

Re Resistance speed factoRg= f(Da,|U]) Guo & Li [7] ~3-4.3% Stainless steel

B Resistance speed poweg~1.0 Xu et al.[25,26 ~0-1.7% Aluminum, Silicon
2 / Vol. 126, JANUARY 2004 Transactions of the ASME
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Input
Re, Da, Uyand
Channel Parameters

']

Assume dp*/dx*=const for
both regions

N
¥

Solve Eq. (11) to obtain U igyer-
v

Increase Decrease Obtm(fn clear reg,lo‘::s i:f)egl(;;ty(fg):ﬁle,
dp */dx* dp*/dx* open chamel » '

)
I Obtain mean velocity, U, l

NO YES

Input
Da;,Da, i1, &1us &o1s Sou

!

ASSUME Ugimaxs UoImin, U62max, Uo2min

u62,x=( Ugrmaxt uﬂZmin)/z-o
T
Ug1,g=( Ugimax+ Ugimin¥/2-0

Adjust ) Adjust
UptmaxANd  Ugjmin Ugomax A0A  Ugomin

Determine velocity profile
in clear region

v
Solve the Eq (16) to get the velocity

profiles in the roughness layer around
the rotor

r 3

NO

Ugig= Uy

v

Solve the Eq (16) to get the velocity
profiles in the roughness layer around
the stator

NO

Ugz g™ Ug2

Fig. 2 Flowcharts: (a) Flow field solution in a microchannel with constant homogeneous
porous wall layers; and  (b) Velocity profiles in the annulus between the rotor and the stator
(see Fig. 3 for the definition of symbols )
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model (Da=1.0et)
o solution for Poiseullle H=0.51
model (Da=1.0e-6)
solution for Poiseuille H=0.49

RIS Y RSN S N N SN S SN NN N ST S N T ST A A W A

Q
Stator 0
0 0.1 0.2 0.3 0.4 0.5

yH

(a)
Fig. 3 Schematics of the micro-journal bearing: R, and R, e08a,, ———— model (Da;=1e0)
represent radii of the rotor and stator, respectively, whereas 2 Seg s Poiseullle solution for r=1.02
&1, &1y, & and &, are the interface coordinates of the inner ®a — — — - model (Da,=1e-8)

and outer porous layers 175 Poiseullle solution for r=0.98

average velocityDy, is the hydraulic diameteCr is a drag coef-
ficient, « is the porosity of the PML in the channel, ards the
permeability wherec~ a3(1—a) 2. g
Typical relative surface roughness values for micro-conduits a
listed in Table 2. Generally, surface roughness depends on the v
material and machining process, where micromachiniog
micro-cutting results in higher roughness than etching processe
furthermore, microchannels of stainless steel or aluminum ha 95
higher values of surface roughness than those of silicon. For ¢
ample, Xu et al[25,26 measured typical roughness heights fo 0.25
etching processes to be 20 nm, which is negligible in most micr
channels wher®,>10 um, while a channel milled into an alu- 0 3 G
minum plate by micro-end-mills produced roughness of about 0 ’ r=(r/R)
pm. It shows the dependence of the relative roughness on 1 ®)
channel material and manufacturing methede Table R

2.2 Microchannels. For the clear, i.e., porous medium- freeFIg 4 Comparison of modeling results with Poiseuille flow for
region of the channel, Eq8) reduces to (%w) (a) PML microchannel; and (b) PML microtube

dp 4 d?u*

0=- dx* qu dy ©)
. . . du* Rey,, dp*
Double integration yields: b N
9 Y dy* e 4 dx* (1)
* * %h 2
Wy = 2 Sy ), (10)

Based on global mass conservation, the velocity gradient at the
where ¢ is the non-dimensionalized coordinate for the opemterface was iteratively obtained using the shooting method by
channel-porous medium layer interface, affgis the flow veloc- assuming a reasonable pressure gradient for the flow field. After
ity at the interface, which depends on the iterative solution to tt@mputing the velocity field, the average flow velocity was ob-
PML-flow problem. tained for each iteration. Comparing it with the given average

The velocity profile in the porous region is obtained by solvingelocity, the pressure gradiertp*/dx*, was adjusted to match
Eg. (11, using a boundary-value-problem ordinary differentiaihe average velocity from each iteration to the given average ve-
equation(ODE) solver routine that is provided in MATLAB 6.0. locity (cf. Fig. 2. It took about five minutes to obtain a solution
400 elements were evenly distributed in the porous medium layggr case on a Sun Ultra 60 workstation.

and 2,000 elements in the open region. . . . N .
P 9 2.3 Microtubes. Equation (11) in cylindrical coordinates

0 dp 4 d%u* 4 Ce ., 118 reads
T odxt Reb dy*? Da Rep, Da?" (113)
5 \
The boundary conditions are no-slip velocity=0) at the chan- _ dp L2 2 (d u* i i E _ 2 _ Ce u*2
nel wall, and matching velocity gradients at the interface between~  dx* ' Re, | dr*? ' r* dr*| Da-Rg, Da'?
clear and porous regions, i.e., (12)
4 | Vol. 126, JANUARY 2004 Transactions of the ASME
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- — - - Da,=10°

———- Da, = 10°
e - Da,=10"
- Da, = 10"
2.00 ::_ g.“m’ Roughness reglon
3 Border /|
175
150 o
E otsl
125
° [ ok
2 F ..i-
E T 0
_go.w-
- N Roughness/
1.075 n Mala & Li (1999) - 50 um diameter case 0.75 Porous
1.050 PML with Da=2x10" Foof
1.025 050 °®F ™ TTmeel >
Nl T AT BN BT [ oog =
10005 1000 1250 1500 1750 025 .
Re, i
@ YT 05 0.75 1
16 - /R
14 Fig. 6 Effect of Darcy number on microtubular velocity profile
' ] (Rep=2000, h/D,=0.02, the Forchheimer term is retained ).
13 [ | (Reprinted from Ref. [3] with written permission from IOP,
LT 7T LLLETS BT P S Bristol, UK )
1.2 A A
| K] A Aff.‘_‘.‘ -----
B L Ty e
=E - Sy 2 AA
3 1 AA In dimensionless form, withJ,=R,,o, we have for the open
o' region:
Jo9
A Guo&LI(2003) - D=179.8 um case 5 )
08 B Guo&LI(2003)-D=128.76 um case 0 d?u} 1 duf uj 15
PML with Da = 10 =_ 4 -0 0
07 ;i PMLwﬂhD:=10" dr*2 r* dr* I’*2 ( )
0.6
and for the PML:
05.I.|.|I||..l....I
‘ 500 1000 R 1500 2000
e, 07d2uz+idu§_ﬁ_uz—u’;{_qucF(u*_u*)z
(b) dr*2 " r*dr* *? Da  Dal? ¢ R
: : : (16)
Fig. 5 Comparisons of porous medium layer ~ (PML) model pre-
dictions with experimental data:  (a) Mala and Li (1999); and (b) . . - .
Guo and Li (2003) (Reprinted from Ref. [3] with written permis- subject to the no-slip conditions &, and¢,y as well as interface
sion from |OP, Bristol, UK ) matching conditions(cf. Fig. 2b)). Here, Ra=puoRy/u, Ug

=R,,0, ®g IS the rotor angular velocity. The velocities are non-
dimensionalized by dividing byi,. The torque per unit length
required to overcome frictional effects is
subject to the no-slip velocityu=0) condition at the wall, and
velocity gradient matching at the interface between clear and po-

_E P 2
rous regions, i.e., T=FXr=2m(r7)ya (7)

du* _ Re, dp*
a2 a¢

. ) ; : 3.1 Model Validations. For large Darcy numbers, the PML
The velocity profiles can be obtained with the same procedure " 2 g
used for the microchannébr parallel platg case. IS permeable and hence the additional friction effect vanishes so

that the flowing liquid experiences a half-channely®f=0.51, or

2.4 Micro-Journal Bearings. Figure 3 shows the schemat-a fixed tube radius of* =1.02. In the other extreme case when
ics for a rotating cylinder in a tube, with roughness layers on bothe Darcy number approaches zero, the PMLs act as solid “coat-
surfaces. The PML thickness was calculated based on the nomigjs” and hence the flow areas are slightly reducegte 0.49 or
clearance between the rotor and the stator. Eight hundred gﬂd: 0.98. Figures ¢) and 4b) depict a comparison between the
points were placed in both roughness layers. Again, the flow figodeling results and the exact flow solutions for both cases.
assumed to be steady, fully developed, and axi-symmetric and cafrigure 5 shows comparisons between the PML model predic-

£ (13) 3 Results and Discussion

be described by tions and selected experimental results. Specifically, the experi-
'd2u, 1du, u “ pCr mental results of Mala and Li13], which fall into the region
O=u d—r26+ Fd_ra_ r—;’ - ;(ug—uR)— ,uTl’?(u”_uR)z predicted by the PML model, indicate a strofty(Re,) depen-

dence(Fig. 5@)). The experimental data sets of Guo and[Z]
(14) are well matched with the PML modéFig. 5b)). Clearly, rough-

where ug is the rotor speed, and, is the fluid velocity in the ness elements of the 179.8n diameter tube have a higher Darcy

roughness layer. In the roughness layer on the stajgr,0. number when compared to the 128.8n diameter tube. The

Journal of Fluids Engineering JANUARY 2004, Vol. 126 / 5
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SR=2%

12F Without Forchheimer term
B — — - Re,=500
» —-—-- Re,=1000
- ————— - Re, =2000
10 °
8 [ Afe(%) U(f Looretical Tinsorsticas * 100
- sn"(% relatlve surface roughness
N Da, = x/R*
- SR=1% R=
6F
e I
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- 4 -
h p—
< |~ SR=0.5%
2F
0 -
-2 —-
[ ]
4 [N
-8 4
Fig. 7 Effects of Reynolds number, surface roughness, Darcy number, and Forchheimer drag
term on the change in friction factor for microtubular flows
;:elocﬂy rofile In —— Day=10"
roughness layer Py
1 onthegtator ve - - -~ Dan'1°
09
08k
0.7F
06
— u velocity profile in
~05p the roughness layer
- on the rotor
0.4 F
03
02F
01
oﬁ L1
0.8 0.85 0.9 0.95 1
r
Fig. 8 The effect of Darcy number, Da g, on the velocity profiles in the gap
6 / Vol. 126, JANUARY 2004 Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.153. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



= roughness = 1%

= = = - roughness = 2%

e T roughness = 4%

1.04 fom e -.

- ~.

- \.

[ \,
10p---——-—a - \'\_

[ RESEEAY

F \\ \

] B N " h S Y : q
£ s i 1) 70 =", 80 ) )
1 - N
. S Moo
= 0.98 - ~\. ———————

R \,
[ N
0.96 |- S —————
oss b
log,,(Day)
(a)
e FOUGHNOSS = 1%
« = = = roughness = 2%
1086 T roughness = 4%
s —— _—
|- N
[ \,
L N
] e i - N
" ~ \
5 -b_x\ \
[ \

£1.00 N ; s . A
E L 110 8.0 70 5.0 3.0 1.0
" - )

= ogsl | R,
[ \
[ \,
[ \
0.96 - N -
[
094
log,,(Dag)
(b)
= roughness = 1%
= = = = roughness = 2%
106  Tmmems roughness = 4%
T "\-\
104 .
[ \,
X \
------------ \
éIAOZ - =~ ~ \
N \
F \\\ -\.

2 1.00 " n 'y s I. + 1
E : 11.0 -g.0 7.0 -50\ \ -3.0 -1.0
" : |
= 098 - " -~ __

[ \

[ \
oo Y

[ N

- N ————
0ssl

log,(Dag)
(c)

Fig. 9 The effect of roughness layer on the torque required to

maintain flow field: (a) 10% clearance case; (b) 20% clearance

case; and (c¢) 40% clearance case

f*(Rey) data for the 179.8um diameter tube seems to indicate
the effect of laminar-to-turbulent flow transition, when Re
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Fig. 10 The effect of clearance width on the torque: R is the

nominal radius of the stator

the form drag is captured by the Forchheimer term in the PML
model.

3.2 Porous Medium Layer Effects. There are several PML
effects of interest in terms of porous medium permeability, and
height as well as actual flow are influencing the local velocity,
friction factor, and torque. It should be noted that changes in fric-
tion factor and the influence of the Forchheimer term,
CeDa 2u*?, are more pronounced in microtubes than in micro-
channels so that only solutions to systems of sections 2.3 and 2.4
are shown. Specifically, the velocity inside the PML of a micro-
tube is somewhat larger than in the parallel plate ¢ase Fig. 4
in [3]), and hence the flow resistance is greater in a microtube.
Thus, the PML thickness plays a measurable role concerning the
type of conduit, impact of the Forchheimer term, and ultimately
the flow resistance.

rotor side Da, = 10"
— = = - rotor side Da, = 10°
150 - rotor side Da, = 10™°
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BB (LA NI
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e

log, (stator side Da_)

>1700. They{7] claimed that “the form drag resulting from the Fig. 11 The effect of the Darcy number difference on the re-
roughness is one reason leading to the increased friction factogyired torque
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3.2.1 Microtube Results.For a given Reynolds number Figure 10 shows the effect of gap size on the torque. The
(Rey=2,000) and PML-heighh/R=0.04, while neglecting for change in required torque increases with gap size. The maximum
this test run the Forchheimer term in E42), the impact of the Darcy number to which the required torque decreases also in-
Darcy number on the axial velocity profile is twofolffig. 5). creases with clearance width. Furthermore, the effect of difference
With increasing PML permeability, the velocity profil@) flattens in roughness layer thicknesses is shown in Fig. 10. If the rough-
in the tube-center region, ar{l) migrates into the PML with a ness layer on the stator is thinner than that on the rotor, the re-
profile “cross-over” point atr*~0.7. Of special interest is the quired torque change decreases; if the roughness layer on the sta-
PML-flow effect, with and without the Forchheimer term, on théor is thicker than on the rotor, the required torque change

change in friction factor, i.e., increases. The maximum Darcy number for which the required
Af . . torque decreases, shifts to the left or decreases with thinner stator
observed ! theoretical PMLs.
fr= ftheory: fiheory % 100% (18) _The Darcy n_umber _effect on the change in torque is shown in
Fig. 11. Each line depicts the effect of the stator-side Darcy num-
wheref eoreticalls Obtained from conventional theory, i.e., ber on the required torque variation for the fixed Darcy number of
the rotor PML. The maximum variation is about 1.5%, which is
f _ 2Tyl (1%) calculated based on the required torque for the case that the stator-
theory™ " /52 side roughness layer has the same Darcy number as that for the
rotor-side roughness layer. The required torque increases when the
u=Q/(rgm) (1%) stator-Da is greater than that of the rotor-Da.

and fpenveq fCt(SR,Da,Re) results from our computer experis Conclusions
ments, where SR represents relative surface roughness (SR

=h/D},). Clearly, the Forchheimer term is important for signifi- Laminar flow of liquids in micro-conduits, such as straight
cant relative surface roughness values and Darcy numbers, i¢@annels, tubes and rotating cylinders, may differ in terms of wall
SR=0.02 and 10%<Da<1, even for low Reynolds numbersfrictional effects, and hence flow rates, when compared to macro-
(Fig. 7). When using only the Brinkman term, 2(Dagje?, the channels. Specifically, some experimentalists claimed that friction
Reynolds number has no measurable influencé*ors already factors in mlcroch_annels are higher, and perhaps require a new
implicit in Fig. 6, the Darcy number affects in a major fashion (molecu_la) mo_dellng approach, Where‘?‘s others noted tha_t the
(see Fig. 7. For example, for SR0.02, the friction factor in- conventional, i.e., macro-scale t.heory is adequgte to pred|c§ all
creases about 12.7% for low PML Darcy numbers and decreal@0SPOrt phenomena. Clearly, higher uncertainties are associated
by 3.6% for high Darcy numbers. The reason is that when i mlcrp-gcgle measurements, and experimental errors may lead
— oo the cross sectional area increases slightky o+ h/2) while 0 ggéﬁi!fg%;}nﬁgggﬁgmi:: fflljl)l‘;/v_gg\%}gr;ee dnﬁbw of a liquid in
tg?lhsz:sj?e velocity is somewhat reduced and heggea different micro-conduits, relative surface roughness and actual di-

" ameter(or channel heightvariations are captured in terms of a
Acccl)_rdlggft_o I_aboratory mefsgrfements ]E)y Mala_ anfily], the porous medium layefPML) model. The new approach allows the
tnorzrgoa/lzfe dr]ifctlon tclgnstar:g (= 06359”'60( th‘if“géh'ggroe(afss UP evaluation of microfluidics variables as a function of PML char-
Ig 1 020c())r |d§_:_en | ef);not S nurr? ers, up .? inlet O\(ﬁ. acteristics, i.e., layer thickness and porosity, uncertainties in mea-
€=1,20U, addilional €flects, such as nonunitorm in'et condi 'O'EQUring hydraulic diameters, as well as the inlet Reynolds number.
and complex conduit geometries, may come into p&g]. Spe-

o . . Specifically, realistic values for the PML Darcy number, O
cifically, Mala and Li[13] reported relative roughness vaIues<Da<oo’ relative surface roughness, &5R<2%, and actual

varying fr_om 1.15% for the 152m d_iameter tube to 3.5% for t_he flow area,D =D, nominai= 4%, are taken into account to match
50 um diameter tube. For a particular case study, asSUumINg ,pserved friction factor values in micro-conduits.

=10 %, the PML model predicted a 20% higher friction factor,” e model predictions compared well with measured data sets

exactly as observed by Mala and [1i3], using their definition of [7-9,13 where the relative roughness were measured to be sig-

the nominal tube diameter. Data from Qu et[8ll, who were part ificant Although other surface effects may have influenced the

of the Mala and Li research group, as well as Xu e{26,26  o,perimental results as well, surface roughness is found to affect

showed a measurable dependence of the friction factor on friction factor and hence the flow parameters in relatively

Reynolds number. Thi$* (Re) effect can be captured with theyggh channels, which are made of aluminum or stainless steel by

Forchheimer term in Equatiofi2). _ . way of micro-cutting processes. However, further experiments to
In contrast, Judy et all9] measured mostly smaller friction ,,5vide accurate values for the drag coefficiedt, which de-

factors than the corresponding theoretical values without any 4§snds on the configuration of the surface roughness elements,

pendence on the Reynolds number. Our PML model can repigauid be desirable to refine the PML model.

duce this observation by means of a high Darcy number; for ex-

ample, when Da» their largest friction factor deviation, i.e.,

f* = —15%, can be simulated. Clearly, their photographs of tHaCknowledgments

tube cross sections indicate “wavy” surfaces, which imply strong The authors want to express their thanks to Dr. Joseph P. Archie

uncertainties with respect to the measured nominal tube diamed@d Mrs. Sarah Archie for the endowment of the McDonald-

and hence possibly larger actual flow areas than observed.  Kleinstreuer fellowship, presently awarded to Junemo Koo.
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Interfacial Electrokinetic Effect
on the Microchannel Flow Linear
Sedat Tardu Sta b | I |tv

Laboratoire des Ecoulements Géophysiques et

Industriels, LEGI The electrostatic double layer (EDL) effect on the linear hydrodynamic stability of micro-
B.P. 53 X, 38041 Grenoble, Cedex France channel flows is investigated. It is shown that the EDL destabilizes the Poiseuille flow
e-mail: Sedat. Tardu@hmg.inpg.fr considerably. The critical Reynolds number decreases by a factor five when the non-

dimensional Debye-Huckel parameteiis around ten. Thus, the transition may be quite
rapid for microchannels of a couple of microns heights in particular when the liquid
contains a very small number of ions. The EDL effect disappears quickly=*dt50
corresponding typically to channels of heights 4pfn or larger. These results may
explain why significantly low critical Reynolds numbers have been encountered in some
experiments dealing with microchannel flo®OI: 10.1115/1.16379237

Introduction The velocity profile under the electrokinetic EDL effect ob-

Both the rapid development of MEMS, and the need for hig emsl?t ?%/ mﬂij?ngggg]o':;hf%r?ne%?anel approximation, can

rates of heat removal of micro electronic devices require a clear

understanding of micro flows in channels of heights ranging from

some 100 to a couple @im. It is not clear whether the classical u=1-y?—4 =l 1—

macro-approaches are still valid or not in such small devices. K2 sinhk 4(| Iy )
—_— + —

sinhk y‘
sinhk |

Several experimental studies published so far are quite inconsis- - .
tent, and no clear answer to these questions has been given yet. G sinhx
(Gad-el Hak[1], Tardu[2]). 1)
In liquid flows, the molecular effects inducing slip boundar . I . . .
conditions become important only for microchannels of hydrauli he_re the scaling V.eloc'tg is the centerline veloc_ny of the I.DO"
diameters smaller than am [1,2]. Thus, it is rather difficult to seuille component, I.€-a dp/dx/2u and the scaling Ieng_th IS
explain the large departures from conventional transport the %f h‘?‘lf chan.nel heigha. There azre severa_1| paramete_rs in this
observed in some microchannel flows of larger heig@td]. One €duation, for instanc&= (nyz e g/Aou , with n, standing for
of the micro-effects that may play an important role is the intef1® ionic number concentratio, for the valence of positive or
facial effect caused by the electric double lagEDL) at the solid/ N€gative ionse for the electron chargk, the electric conductiv-
liquid interface. The electrostatic charges present on the solid s|i-©f the fluid, andu for its dynamic viscosity. One of the most
face attract the counterions to establish an electrical field. In tHgPOrtant quantities involving in(1) is 2'[he2 non d|m1(/ezn3|pna|
compact layer next to the wall and less than 1 nm thick the iof€bye-Huekle parameten=a k=a(2ngz” e“/esok;, T) " with
are immobile. In the diffuse EDL layer however, the ions are le€s@Nd€o being respectively the dielectric constant of the medium
affected by the electrical field and can move. The counterion cofi?d the permittivity of vacuur;, the Boltzmann constant and
centration near the wall is larger than in the bulk of the fluid. Thdp'® absolute temperature. The characteristic EDL thicknesk.is 1/
results in a net charge density in a unit volume resulting from thhe non-dimensional Zeta potential reads {or z e//k,T. The
concentration difference between cations and anions, accordingittntitiesl in (1) are given by:
the Boltzmann equation. The electrostatic potential at any point

near the surface, provided that it is small compared to the energy; _ _COShK*l I S _ 3

; ; . A ; l1=13= , I,=| =+ —3|coshk— —sinhk— —3,
of ions, may be obtained by a linear approximation of the Poisson- K K K K K
Boltzmann equation. Its value at the wall can be related to the
Zeta potential between the compact layer and diffuse layer, when sinhk coshx 1
the EDLs near the opposite walls do not overlap. The Zeta poten- li=——— "3 2

tial is a property of the solid-liquid pair and can be determined

experimentally[5]. The imposed pressure gradient accumulatgsg. 1a compares the velocity profile of an “EDL flow” with the
the mobile ions downstream and sets up an electrical field whasghyentional Poiseuille flow, whem=41, G=12720 and{
potential is called the streaming or electrokinetic potential. The2 1254 This case corresponds to the flow ofrdimitely diluted
streaming potential and the net charge density induces a streg{figeous  KCI  solution Mo=3.764<10° m™3, \,=7.89

wise external force. In the steady state, the streaming current dugn-o S/m) through a microchannel of height 10 subjected
to the transport of charges is in equilibrium with the conductio a Zeta potential of 50 mV. The paramet@sz and « are

current in the opposite direction. That allows the determination Hi( .
. : . ' actly those used by Mala et §] who analyzed the electroki-
thﬁe sIr(leamlng potenltla}ll and (t); the V?flOCtlty profllesl_ u_rtl)(ljer the EIIID%'etic effects of the double layer. The Debye length is A

eltect. In macro scale flows, these €fiects are negiigivle, as we ich is close to the value corresponding to the de-ionized ultra-

the thickness of the EDL is very small compared to the height Altered water experiments of Ren et &) The first impression

the channel. one has from Fig. 1a is the close similarity between the EDL and
Poiseuille profiles with a decrease of the centreline velocity typi-

Contributed by the Fluids Engineering Division for publication in ticeJBNAL cal to the EDL flows. The important difference however is the
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division . . . . .
May 16, 2003; revised manuscript received September 11, 2003. Associate EditoP£Sence . of .an |aneX|onaI. point ‘aty~ 1/K.arCS|nh
S. Marshall. {— 2Ir k? sinh(x)} in the EDL profile wherer is the ratio of the
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Fig. 1 EDL and Poiseuille velocity profiles (a), and the inflex-
ional instability of Fjortoft type  (b). The parameters of the EDL
flow are given in the text. The broken line in (b) corresponds to

Poiseuille flow with k=% and the circles to the «=41 EDL flow.

The inflexion point is shown by |. The inviscid instability is of
Fjortoft type because after the inflexion point near the wall, u
>0 and the velocity is smaller than the velocity at the inflexion
point u,, resulting in u”"(u—u,;)<0 in this zone.
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Fig. 2 Neutral curves of the EDL flow compared with the Poi-
seuille flow. The open circles correspond to Poiseuille flow
with x= . The results of Grosh and Salwen [9] are shown by
small bold squares. Bold circles correspond to k=41, G
=12720 and {=2.1254. The rest of the results are obtained by
changing the microchannel height and keeping constant the
rest of the parameters.

appears quickly when the height of the channel is increased by a
factor of 4 (400 um) (triangle in Fig. 2 corresponding t&
=163). This goes in the same line as previous experimental re-
sults showing the lack of micro-effects for the microchannels of
height larger than typically 10@m. For smaller values ok, in
return, the effect of the interfacial effects caused by EDL on the
transition may be much more severe. For instance, the critical
Reynolds number decreases up tqRE042 for a channel with a

40 um separation distance subject to the same condititms
square in Fig. 2 withkx=16), and to a value as small as Re
=496 whenk=8. This effect, combined with the influence of the
roughness that can be critical in microchannel flows, may be the
explanation of significantly small transitional Reynolds numbers
reported in some studies, and the decrease QfviRin the de-
crease of channel siZ8,4].

The second parameter that plays an important role in the stabil-
ity mechanism under the EDL effect@(? (Eq. 1. It is clear that
EDL will play a negligible role ass7%>—0, that is, when the Zeta
potential becomes very small. Yet, the inflexional instability effect
is so strong that the critical Reynolds number is affected even
when the electroviscous effects are negligibly small. Figure 3
shows the critical Reynolds number variation ver&& for «
=16 anda=1.02. It is seen that there is a decrease of 30% in Re
already aiG/?=100. The EDL and macro-Poiseuille velocity pro-

EDL and Poiseuille flows centerline velocities. This makes thfides coincide almost perfectly at this low value®t? (not shown

flow inviscidly unstable, according to the Fjortoft's criteria.

herg. The second striking feature of Fig. 3 is the rapid decrease of

The linear hydrodynamic stability under the EDL effect is studthe critical Reynolds number &2 increases, before reaching a
ied through classical methods. The Orr-Sommerfeld equatlonpﬁateau region aG§2~1O4

solved by a Galerkin-like proceduf&]. The stream function is

expanded in a Chebyshev polynomial series with up to 256 terms.

The ~method described by Orsz48] is used. The disturbances
with symmetric streamfunctions are considered only. The eigetoue
values of the matrices were numerically computed by the Q
algorithm. The method gave very close results to Grosch and S

wen [9] who used different sets of expansion functions.

Figure 2 shows the neutral curve corresponding to tk °
microchannel-flow with the parameters given below, together wi
a “macro” Poiseuille flow(i.e. {=0 or k—»). It is clearly seen
that the critical Reynolds number decreasesabfactor nearly
equal to 2under the effect of EDL: the critical wave and Reynold:s
1.10 and Rg
=3190 to be compared with,=1.02 and Rg=5772 of the con-
ventional Poisedille flow. Due to its inviscid inflexional instability T 0% 1! 102 w3 w0t 1
(unstable for Re»x~ for a givena), the band of unstable wave
numbers of the EDL-microflow is significantly larger comparegtig. 3 The critical Reynolds number versus

numbers of the microflow are respectively,=

o -
o Ge?

1000 T

G2 for k=16 and

with the Poiseuille-macroflow. The destabilizing EDL effect disee=1.02.
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The macroscale Poiseuille flow imetastable i.e., the corre- Table 1 Estimated values of the transitional numbers under
sponding stability issubcritical. Nonlinear analysis shows thatthe EDL effect compared with some experiments and the
the instability may occur with finite amplitude when all infinitesi-"ange of Re numbers that can be reached in microchannels.  ~ 1:
mal disturbances are stabl&0]. There is a significantly lower ('\22?0?3%:;; [ﬂfszl'c”;'lﬁiﬁtn“bﬁségngég‘nsét't%”aﬁfzn_“Z“Sbi;rﬁf 12§%a0
critical value of the Reynolds number Reompared to Re e ; e iy
above which the flow is unstable and below which there is rheqt): I;n[iiﬁo]'cﬁagnrg;g_rc,’frré%?:f:t‘ 3'D?,u2(_at7flﬁ[nl]g(]t’hté?rpgé?'gil zllljlg_
b|furcatlon The exact theOfetICEd determlnat|0n OfGRE Stl” a gest a transitional number of 200. 4: Wang and Peng [4] micro-
matter of research. Experiments show thag R, ~1000/5772 channels. This is a particularly low transitional Reynolds
~1/6. The transitional Reynolds number depends on the shapenber. The exact value of D,/2 is 150 um. The value of & is
and shape factors of the channels. larger than 120 for other microchannels these authors investi-

The Poiseuille flow is monotonically stable only for R&00 to  gated. Although their experiments have been conducted with
be compared with 5772. The lower limit of the transitional Reydistilled water (so that roughly 1 /k=1um) the low transitional
nolds number Reof channel flows is about 400 according to?xeg’lg?rigz E‘;Trf’:Eljtteg'ﬁgt’ogt:g;g'gfrf‘ggtcg‘fa:)’:gﬁn‘::snsnﬁfttr’]i
experiments and the growth_ rate__of three-dimensional d'StLI'ﬁ'Iet region is suspected in these experiments.
bances of linear secondary instabilit¢1] (1100 based on the

hydraulic diameter and channel averaged velgcitus, the ratio

Re/Re.< 1z in macroscale Poiseuille flows. Channel Critical Reynolds | Rereached insome |  Reynolds
The main non-linear stability mechanism in macro-Poiseuill¢ height or « number experiments reported in | number in early
. . L. . Dpl2 (pm) l—l ) (Transitional the literature (Exact transition
flow is due to a secondary instability with the development o s Reynolds number, | D ,/2valuesin gm) | reported in
mean spanwise profiles inflexion with strong shig,13. In the pitimated) inveonamions
. . . . . . e =00
EDL flow there is already a streamwise inflexion point in the basfF—5; i TI90 @13) | 4007 (102.3), 400° (1007 | 50 Y(see the
flow. Thus, the Reynolds numbers Rand Re should be much text) 2007 (see
H e i the text)
lower under_the I_EDL effect. _A nonllnear analysis is necessary t—— 5 1042 G70) 60T (303, 707 53), 5o
check out this point but the first stage is then the determination _95°(33) ‘
the marginal curve which is done here. The nonlinear saturation 20 8 496 33) 250 (25).23 @3.5) 36-170

the primary stability and formation of a secondary flow, together

with the secondary instability processes have to be analyzed in

EDL flow similarly to the Poiseuille macro-flopd1]. Some argu- L .

ments on the reinforcing effect of the EDL on the subcritical nghents are limited to small Reynolds numbers for microchannels
ture of the macro Poiseuille flow may however already be givef height smaller than 2@m, because very high pressure is then

The square of the amplitude of a finite disturbance is given by:necessary and the channels will then break.
The last column of Table 1 shows transitional Reynolds num-

d|AZ] ) 4 bers reported by some authors indicating early transition in micro-
gt = 2aCil Al (ky kot k) A (3)  channel liquid flows. All of these experiments have been con-
ducted with DIUF-W but the channel wall material may be
according to Stuaiftl4]. The flow reaches a subcritical equilib-different from one experiment to the other. In lack of experimental
rium state wherk; +k;+k3>0. The coefficienk, represents the details it is hard to give definitive conclusions. Yet, there is a
distortion of the mean motion: it is related to the eigenfunctions ghtisfactory agreement between the estimated theoretigairde
the linear stability problem, and it is negative. The coefficient the measurements, in particular with those of Mala andl15i.
is linked to the generation of the harmonic of the fundamental anghere is only one value reported by them on which we are sure,
is also likely negative. The wall normal distortion of the fundabut unfortunately other details are not available. They, however,
mental ;) must “be positive and outweigh the combined negaclearly indicated that “there is an early transition from laminar to
tive effect ofk; andk, to reach a subcritical statg¢14]. Now,k;  turbulent flow at Re=56— 168" and that “the range of Revalues
is proportional to Rg¥? (Eq. 6.3 of[14]). It has therefore a sig- varies somewhat, depending on the diameter and the material of
nificantly smaller negative contribution 1o, +k,+k; under the the wall” pointing at a plausible EDL effect. Note that these ex-
EDL effect. Furthermore, part of the terms involving in the coefperiments have been conducted in micro tubes, and that the
ficientk, is inversely proportional to Reaccording to the Eq. 6.5 Poiseuille-Hagen flow is linearly stable. That does not matter for
of [14] and the EDL presumably reinforces the positive charactédre qualitative comparisons made here, since the nonlinear char-
of k5 in the subcritical state. acter of the stability is similar in planar and cylindrical channels.
The experimental verification of the linear stability results is To conclude, the EDL destabilizes the linear modes of the Poi-
difficult because of the subcritical character of the stabilitgeuille channel flow and early transition in microchannels is plau-
mechanism, and the difficult control of the level of turbulence able. This effect can be experimentally checked, provided that the
the inlet. That also rises the question of the EDL effect on tHiuid contains a very small amount of ions, the Zeta potential is
stability in the developing region. It is also somewhat difficult tdnigh enough and the channel height is sufficiently small. In prac-
reach such high Reynolds numbers in microchannels, even thoduigle that would require the use of DIUF-W or organic liquids, and
one may consider the possibility of Debye lengths larger thanchannel heights larger than 20n (but smaller than typically 100
um, thus higher channels compared with the numerical examplen) for feasibility problems(microchannel failure at high pres-
given before. Well-controlled experiments are certainly more difures. There is no effect on stability for liquids with high ionic
ficult in microchannels. Yet, it should be possible to detect th®oncentration and/or mini channels. The nonlinear stability analy-
EDL effects on the transitional Reynolds number by classical Rsis of the EDL flow is necessary, although physical considerations
pressure gradient curves. Table 1 shows the expected transitiandicate a much more rapid transition compared to macro flows.
Reynolds numbers under the EDL effect as a functiom.ofhe Direct Numerical Simulations can also be helpful to this end.
ratio Rg/Re.=1/15 is taken same as in macro channels, aGontrolled experiments in a way similar to those reported by Ren
though, it is more than likely that RiRe, is presumably smaller et al.[5] have to be conducted, by keeping the same channel with
under the EDL effect according to the arguments given abowithe same roughness distribution, and changing the ionic concen-
Table 1 also shows the Reynolds numbers achieved in some &ation of the liquid. The fact that the channels cross-section
periments. It is seen that the expected transitional Reynolds nushape, in particular the corners have important contribution to the
ber is within the range of experimental possibilities. For largeEDL field have also to be considerédang et al.[16,17]). These
channel of typical height 10xm or so, the critical Reynolds results may imply important industrial applications, in particular
number should also be measured, at least in principle. The expémi-the control and manipulation of the heat transfer process in
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Low-Reynolds Number
Turbulence Models: An Approach
tonas Bredbers ¥ for Reducing Mesh Sensitivity

Engines Division

SE-461 81 Trollhattan, Sweden This study presents a new near-wall treatment for low-Reynolds number (LRN) turbulence
e-mail: jonas.bredberg@volvo.com models that maintains accuracy in ‘coarse’ mesh predictions. The method is based on a
. thorough examination of approximations made when integrating the discretized equations
Lars Davidson in the near-wall region. A number of modifications are proposed that counteract errors
Chalmers University of Technology introduced when an LRN-model is used on meshes for which the first interior node is
Department of Thermo and Fluid Dynamics located at y'~5. Here the methodology is applied to the-k turbulence model by
SE-412 96 Gothenburg, Sweden Bredberg et al. [1], although similar corrections are relevant for all LRN models. The

modified model gives asymptotically, in the sense of mesh refinement, identical results to
the baseline model. For coarser meshigs <10), the present method improves numeri-

cal stability with less mesh-dependency than the non-modified model. Results are included
for fully developed channel flow, a backward-facing step flow and heat transfer in a
periodic rib-roughened channe[DOI: 10.1115/1.1638791

1 Introduction has also frequently been questiorfedunder{4]). In spite of their

i . y . lack of physics, they have often out of necessity been employed
tur\é)vsjl[lrelzr:teﬁg\?vmtvtv% %ci)frfg Fr)g::tn%é?ﬁogia;rgfggﬁgx;oreﬂ ?gnézlﬁgnd have in many cases performed admirably. It should also be
/ y empioy! phasized that in many cases of industrial relevance the use of

e e s e el functons s the oly aforaabl method -
| A simple and yet effective improvement for the wall function is

type necessitates a low-Reynolds numb&RN) turbulence i o . . A
model in which modifications are made to account for the visco%% substitute the usage of the friction velocity,, with C,"JK in

effects found in the wall vicinityviscous sub-layér LRN-models e scaling for the velocity log-law. In flows that involve re-
require that the near-wall region is resolved using a sufficiefi'culation, for whichu, is unsuitable as a velocity scale, the
number of computational cells to capture the strong gradients udfiProvement is significant. In addition, Launder and Spaldbig
ally found there. The end result is enhanced predictions, especidfty?) Suggested that the turbulent kinetic energy should to be
for near-wall sensitive parameters such as the Nusselt number AYed in the first interior node, rather than being a priori set using
skin friction. The computational efforts are however substantialfy Wall function. The latter is especially importantlasaries con-
higher than when using the alternative wall function approachiderably in the near-wall region, hence the cell-averaged values
With the latter strategy, high-Reynolds numibBiRN) turbulence (@S diven in a finite volume methods difficult to specify in a
models are employed that utilize algebraic functions to bridge thgiversal manner. o .
near-wall region, that substantially relax the mesh requirements, N @n attempt to improve the initial assumption of a constant
Wall functions(Patankar and Spaldirig]) are derived assum- sh_ear-stress a_tnd a linear length-scale variation across the first in-
ing that a Couette flow prevails, i.e. that the variation of the dderior cell, Chieng and Laund¢6] (CL) extended the wall func-
pendent parameters with respect to the streamwise direction &gR treatment to a zonal approach. Their method assumes that the
be neglected. For impermeable walls the flow equations can Bgar-wall region can be divided into two layers, for which the

solved analytically to yield the well-known, law-of-the-walls: ~ Sublayer thicknessy( ~11) acts as a partition line. Johnson and
Launder[7] (JL), and also Ciofalo and Colling3], further im-

1 proved the model by making the viscous sub-layer thickness de-
U*=;In(y*)+B (1)  pendent on local turbulence levels. The zonal idea was taken fur-
ther by Amano and his colleagug8,10]. In addition to solving

Pr the k-equation Amano et al. also included cell-averaged genera-
T+:—tln(y+)+BT (2) tion and destruction terms in theequation. In their 1983 paper

K [9], the treatment was extended to a three-layer model, where the
efirst interior cell was divided into three regions: the viscous sub-
%yer, the buffer layer and the fully turbulent layer, in whiche
dpuv had their respective variations.
Acharya et al.[11] evaluated the three models proposed by

Similar wall functions can be derived for turbulence quantiti
(Wilcox [3]). Employing these equations permits us to simpli
the near-wall treatment to an one-dimensional analysis for whi

the solution of the dependent variables is only a function of the

normalized wall-distance. Naturally such a simplification reduc giunn ddg;\IEtrr?;(rLisr{a(I:él_iﬁglr_)erig[a:bseﬂi(;?w mgul_néegngbth%aé?_ ?r?c()j d-
the computational storage and time, through a reduction of t y 9

number of nodes, in addition the convergence rate is increaseae%ﬁ both yielding an gnde.rest.lmanon of the he.at.tran'sfer. The

a result of the sirﬁplified equations. JS nso_n-Launder modification !mproved the pred!ctlons in the re-
The universality of these wall functions is however limited, a |rculat|ng zone but resulted In an overestimation of the heat

they are derived from simplified governing equations Their’ us(raansfer in the downstream region. Heyerichs and Pollad]

) compared the LS, CL and the two-layer Amano model for the
Comtributed by the Fluids Enaineering Division f blication in tHANAL same BFS-case with good agreement in the predicted Stanton

OF FLUIDS ENGINEERING Manuseript reteived by the Fluids Engineering DivisionUMPer. Despite the documented improvements made through the

March 13, 2002; revised manuscript received September 11, 2003. Associate Ed¥gH10US refinements, the LS model is still the standard wall func-

I. Celik. tion for commercial CFD-codes. It should be noted that it is nu-
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merically awkward to implement the most elaborated zonashown that the source terms in the transport equations can be
schemes, and the authors have reported problems with numeraadlytically integrated. To diminish the sensitivity to the location
stability for nontrivial flows using these modglBredberg[13].)  of the near-wall node, some empirical corrections are applied to
An alternative to the wall function approach is to solve for #hese terms. The DNS database for channel flow, Reynolds num-
parabolic equation in the near-wall regidbaunder[4]). In the ber of 13,750, is used for validation and numerical optimization of
mid-1980s researchers at UMIST developed the parabolic sube integrating functions. Considering previous studsdberg
layer (PSL) schemglacovides and Laundé¢fi4]). PSL assumes a et al.[21], and Rautaheimo and Siikong®3]), the range of ap-
constant static pressure across the wall affected region where [@iigability for the present model is limited to the viscous sub-layer
pressure-velocity coupling is neglected and the wall normal veloand the lower part of the buffer layer;” <10.
ity is given from continuity. While such a scheme is computation- Predictions are included for a higher Reynolds number case, a
ally more expensive than a wall function approach, it is still sigdackward-facing step flow and a rib-roughened channel flow,
nificantly cheaper than LRN-models. For complex situations, sug¥here the new model produces very good results as compared
as the simulation of a U-bengChoi et al.[15]) it was, however With DNS-data and measurements. The inclusion of the near-wall
found that the PSL approximation introduced serious errors. ~ treatment shows improved mesh independence with little sensitiv-
A third methodology for reducing computational requirementdty to the first near-wall node location. Compared to models based
can loosely be denoted as an enhanced representation of theQfewall functions the present method still requires a finer mesh.
pendent variables through analytical integration of the near-w&lowever, the number of nodes may be significantly decreased
region. This may be done at two levels) ihtegration of the compared to an LRN approach. The nodes employed within the
individual terms or 2integrated solution of the differential equa-Viscous sub-layer can be reduced fr¢7s-10, as recommended
tions. The former route is used for the zonal models, in which & Wilcox [3], to only one through the use of these analytically
cell-averaged, i.e., an integrated value, is required in the specfierived modifications.
cation of the source and sink terms in the solved turbulence equa-
tions. The analytic solution, via integration of the differentiab \Model Formulation
equations, was experimented with in the beginning of G5pal-
ding [16], Wolfshtein[17]). The complexity of the equation sys- 2.1 Flow Equations. The governing equations for an in-
tem however necessitates that severe simplification being mamenpressible flow are the continuity equation, the momentum
for the successful conclusion of such a project. The law-of-thequations and the temperature equation. These are respectively:
wall may be given as an example. Only recently have there been U
attempts to incorporate a more advanced scheme in which con- —'-0 (3)
vective terms are included in the analy$Graft et al.[18,19). IX;
The route embarked upon here is however to improve the analytic DU, P 9 aU.
. : i : ) i i
integration of the individual terms in the transport equations. - —(,U«—
In a previous investigation the authors devised a model based Dr I X\ T X
on the Chieng-Launder zonal approach, however applied to the DT & (,u aT

—pFuj) (4)

Wilcox [20] standardk— w model (Bredberg et al[21]) (BPD). — = ___Pu_it) (5)
Although there are similarities between the BPD model and the D7 x| Prox

CL model, a significant difference is the treatment of the generghis equation system is not closed due to the Reynolds stress
tion and dissipation terms for theequation. In the BPD model tensor,u;u;, in the momentum equations and the heat flux vector,
the integration of each term is d(?ne separately in the ViSCOU'ﬁ, in the temperature equation. Employing an eddy-viscosity
sub-layer and the fully turbulent region. The two volume-averaggflodel (EVM), the Reynolds stress tensor is modelled through the
values are then blended together using an exponential functi@gussinesq hypothesis:

that ensures that an LRN-model is obtained in the limit of a fine

mesh while wall functions are retrieved for a coarse mesh. A e K DA A B ®)
complete discussion and analysis of the model is found in Bred- R axXj I 37

gglrg[ii]élﬁggo/?%n ethgirr: nge|apfs]cgg:]e?nf;z%ts'ti:ﬁgsﬁrov;gr ;5:: or:\:/fgﬁere the eddy-viscosity is de_scrlbed using a turbulence model.
e turbulent heat-flux vector is modelled as

fulfilled.
In finite-volume method codes the evaluated source terms in the — 1 dT
transport equations represent the volume average of a cell. In —ut= 5o — (7)
Pr, 9x;

cases when the source terms are composed of non-linear variables,

the simplified assumption that the cell-centered value is equalwiere the turbulent Prandtl number, Pran either be set as a
the volume-weighted average of the cell could lead to large digonstant, or as a function on some flow quantity, see e.g. Kays
crepancies in the predicted results. Rautaheimo and Siik@2gn [25]. For the predictions in this paper,Pi0.9.

however showed significant improvements in the predicted skinFor fully developed channel flow, the Reynolds-averaged
friction for cells with the node location of §y*=10, through Sfreamwise momentum equation and temperature equation can be

studying higher order differencing schemes and the near-wgilmplified to(Tennekes and Lumlej26]):

variation of the dependent variables. The method is based on a y du

flux-correction scheme which was also adopted by Grotjans and TW( 1- —) =(u+p) = 8)
Menter[24]. By shifting the computational domain, the boundary h dy

condition is applied at the edge of the viscous sub-layer, and the woop) dT

effect of the near-wall region is modelled using modified wall qW:Cp(E+ P—)d— 9)
fluxes. They showed a significant improvement in grid- r i/ ay

independence as compared with standard wall functions. Neglecting the molecular viscosity, assuming an eddy-viscosity

Using a slightly different approach the present study investigavariation of v,=u,«y, and with the definition of the friction ve-
the effects of numerical approximations made to the voluméscity, u,=7,7p, the law-of-the-wall, Eqs(1) and (2) are ob-
averaged terms when coarsening the mesh. On the basis of siaimed, see e.g. Bredbefd2].
plified flow equations, functions for the near-wall variations of the If instead the eddy-viscosity is set to zero, as in the limit of the
turbulent quantities and velocity are established. In cases in whiafall, these equation&Egs.(8) and(9)) reduce to the definitions of
these functions depend only on the wall normal distance, it ike wall-shear and heat-flux as:
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3 . , fashion, that is with no or linear variation. Using the results of
— DNS - Hanjalic and Laundef27], it is possible to derive the near-wall
--- Eq (10) dependency of the important variables as:
25r - - Eq. (8)
v U~yh o weys k~y? e~y0 o~y 2 (12)
ot 7 Thus terms involving the eddy-viscosity, , the turbulent kinetic
e energy,k, or the specific dissipation rates, may be inaccurate
P unless the variation are resolved on a fine mesh, as is done with an
7t 1.5¢ o LRN-model. The integration of the production and dissipation
PR term in the turbulence kinetic energy equation gives, using Eq.
4 B - | (12):
el av Ay (du\? wi=Cyy?
0.5} R jo Pde_AXAZJ; Mt(d_)’> dy_(dU/dy: Czyo}
Ay o (Ay)® y)3
0 , . . :AXAZJ C.y3(C,)%dy=C,C5——AV
0 5 10 15 20

i

(13)

Fig. 1 Total wall shear stress, evaluated at y1+ . yT-value of cell

center along abscissa. DNS-data [28], fully developed channel

AV Ay
f st:AxAzJ' edy={e=Cgyy"'=C;AV  (14)
flow at Re ,=395.

0 0

The assumed relations for the velocity and eddy-viscosity are a
fair approximation, however less so for the dissipation rate. Data
of Moser et al.[28] indicate that the boundary condition fer

_du depends on the Reynolds number, and that the constant relation is
Tw:l“d_y (10)  valid only in a very thin layer close to the walMansour et al.
[29]). An alternative tce as the length-scale determining equation
uCpdT is the specific dissipation rate, For w,, ande;, we can write:
Aw= 11)
Pr dy| _ \
y=0 N v: 6v v 6
The above definitions are used for computing relevant wall pa- Ow=Ow 2T =12 27 Cyt2 (15)
; ) S . u; Ky~ uz kY
rameters when the first node is located within the viscous sub-
layer (y"<5). v ! K v K+
Employing LRN-models with no-slip conditions at the wall, the ew=ewa=2V—3—2=2—3 (16)
discretized equations will predict a linear relation for the velocity u: yru. oy

and temperature proflles at the first interior node. In situations
when the first node is located outside the viscous sub-layer, fghere the identities, %) assume common approximations made
which the linear law is no longer valid, CFD-codes will underegh CFD-codes. An alternative to E@19) is used in the newly
timate the velocity and temperature gradients at the wall, ardgvelopeck— » model by Bredberg et a[1]. The boundary con-
through the usage of Eq&L0) and (11) also the shear stress anddltlon for g, in contrast tow, is coupled to thé&-equation, which
heat flux. may be of concern in coarse mesh simulations where a high de-
It is here investigated whether the use of E@.and(9) may gree of accuracy for the first node is not guaranteed. Harjjglic
possibly improve the results when applied to coarse mesh compiso noted that, although boti™ and=* are Reynolds number
tations. The shear stress and the wall normal heat flux are calependent, their ratidi.e., o*) is less flow dependent. Conse-
stant, as long as the advective terms are negligible. Thus if locgliently, we believe that improved numerical stability can be
ized values are employed, it is equally valid to use e.g.(Bgas achieved through the use @f as the length-scale determining
it is to use Eq(10). equation. Previous studiésluang and BradshayB1]) have also
Figure 1 compares the estimated wall shear stress using DNBowed that th&k— » model is preferable to thk—e model in
data for fully developed channel flow, via E¢8) and(10). It can  wall-bounded turbulent flows. On the grounds of this it was de-
clearly be seen in the figure that neither of the two formulations &ded to adopt the present treatment to kiew model of Bred-
accurate beyong =5, with the standard proceduf&0) being berg et al[1]. Using ak— » model, the destruction term is mod-
the preferable one. The laminar relation is thus used throughalied ase =Cykw, with the integration as:
the paper, with the wall shear stress calculated =7

- AV Ay k=C 2

- lu'Ul/yl . X ) j Ckkde: AXAZJ Ckkwdy=[ _ 4y72] = CkC4C5AV
For the temperature equation, E®) is used however, as a Jo 0 w=Csy

slight improvement in the predicted Nusselt number for coarser 17)

meshes can be notetsee Fig. 10 No degeneratlon is apparent

for refined meshes as the eddy-viscosity is negligible at the fir '%lge exact integrationéEgs. 13 and 1yshould be compared with

node. e numerical approximation using cell-centered valugg) (in a

CFD-code:

2.2 Turbulence Equations. The above discussion is of im- U2 Ay (Ay)?

portance in estimating the correct wall shear stress and wall he ~ ., | 2P _c 2 270\ — 2

flux. The flow equations do however not include any volume ave‘:!)_AV yp AV=Cy 2 (C"AV=C1Cy 8

eraged source or sink terms, whereas the generation and destruc- (18)

tion terms in the turbulence equations do. The standard method is e 212

to use the cell-centered value multiplied with the cell-volume to 2y a _

represent the integrated quantities. This praxis fails for a coarse’ $AV=CluphV= Ckc“( 2 ) CS(Ay) AV=CCaCstV

meshes if the quantities involved do not behave in an orderly (29)
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Fig. 3  in first near-wall computational cell.  y*-value of cell
center along abscissa. DNS-data [28] and k—w BSL model [1],
fully developed channel flow at Re ,=395.

Fig. 2 Averaged production in first near-wall computational
cell. Numerical integration  (NI) versus point-wise (PW) evalua-
tion (using node value ). y*-value of cell center along abscissa.
DNS-data [28] and k— BSL model [1], fully developed chan-
nel flow at Re ,=395.

dimensional wall distance, using the Kolmogorov velocity scale,

u,=(ev) as suggested by Abe et &82]. A comparison with
In the case of the production term, the finite-volume code unddPNS-data on the proposed model for the near-wall specific dissi-
estimates the volume integral by a factor of two as a result Bfition rate is given in Fig. 3. Note that the above modifications
using cell-centered values. The present study includes this fac&@ applied only to the first interior node, substituting procedures
in the numerical scheme. To extend the accuracy of the model4ged for wall function based models. The additional implementa-
regions in which the near-wall relatigiq. 12 fails, an empirical tion complexity is marginal, as most codes already include special
damping function is added to the production term. A similar nuoutines for walls, eg. in the specification af, . It should be
merical optimization was attempted for the dissipation term, bfieted that the assumed near-wall variations in &g} are strictly

improvements were restricted to the channel flow. Thus the onf@lid only in the viscous sub-layer, and thus the use of the current
modification made to th&-equation is given as: model when the first node is located in the logarithmic layer is

strongly discouraged.

2
P?Odzm petd (20) 2.3 The Baseline Turbulence Model. The new boundary
T treatment is applicable to any turbulence model. However, when
whereR,=k/(vw) is the turbulent Reynolds number. The accumated with ak— w, there is a numerical advantage in the speci-
racy of this model is evaluated for fully developed channel flowication of the secondary turbulence quantity, as discussed above.
The numerically integrated production term on a refifeBN) In this paper, th&— » turbulence model by Bredberg et gl] is
mesh is compared in Fig. 2 with cell-centered, point-wise valuessed. The model was developed in the following form:

on coarse meshes. The importance of the additional factor on a Dk J o\ ok
y;=5 mesh is evident. The standard methodP, ( — =P~ Ciko+ — (,,+ _t)_ (24)
= u.1(U11y,)?) overestimates the production outside the viscous Dt IXi k) X
sub-layer and will commonly result in non-convergent solutions if Do w v v\ 0K dw
used on a7 ~10 mesh. Bt = Corpe P.—C,,0°+C,, ot ?)5 o
Using ak— w model, thew-equation is not solved for the first 1o
near-wall node and hence the above manipulation is not appli- v\ do
cable. To improve coarse mesh predictions, a route similar to that + a_x,- (V+ a_)ﬁ_xj (25)
w

one used in Bredberg et §21] is adopted. The wall value @ is
set by combining a low-Reynolds numb@&RN) and a wall func- with the turbulent viscosity given by:

tion (HRN) approach: K
oy=fornt (1-F)oyry (21) Vt:C”f"Z
where w| gy @and wyry are the solutions to the-equation, Eg. 27
; ; : 1 R;
(25), in the viscous sub-layer and fully turbulent regime, respec- f,=0.09+ 0.9+ —5 |/ 1—exp — > (26)
tively: t
2y R; is the turbulent Reynolds number definedRs-k/(wv). The
wLRN:WZ (22) constants in the model are given as:
K
C=0.09, C,=1, C,=11, C,;=0.49,
uT
OHRN= —T—— 23 C,»=0.072, =1, o0,=18
HRN \/C—kKy ( ) w2 Ok g,

Following Launder and Spaldind], the friction velocity,u,, is 3 Results and Discussion
substituted by,KCE“. The smoothing functiorf, is numerically  The new near-wall treatment is evaluated for four different test
optimized to f=exp(-y*/17), wherey*=u,y/v is the non- cases: fully developed turbulent channel flow at-R&95 (Moser
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Table 1 Predicted skin friction, friction-velocity and y7 using different number of cell  (N).
DNS-data [28] and k—e BSL model [1] fully developed channel flow at Re ,=395.

Mesh DNS k—w BSL N=100 N=50 N=50 N=20
yf 0.03 0.14 0.14 1.0 4.0 10.0
u /Ug 0.0575 0.0573 0.0573 0.0569 0.058 0.0582
1000x C; 6.61 6.57 6.57 6.48 6.73 6.77
et al.[28]), and at Rg=250, 000, the backward-facing steRFS) u ] U/ U
flow, Re,=5100 (Le et al. [33), and a rib-roughened channel yi =" (Eq. (10)}= YiNTwle _ YN wUalys \/Y1 !
flow, Rg;=30,000(Rau et al[34]). v v v v

The modifications were implemented in the incompressible @7

finite-volume method code CALC-BF(Davidson and Farhanieh
[35]). The code employs a second-order bounded differencing Ut= Ul_{Eq (10)}= U Uy yiUg
scheme(van Leer[36]) for the convective derivates and second- 1= U - : T T oo
order central differencing scheme for the other terms. The U Twlp vUilys "
SIMPLE-C algorithm is used to deal with the velocity-pressur:
coupling. CALC-BFC uses Boundary-Fitted-Coordinates, on
non-staggered grid with the Rhie-Choj@87] interpolation to
smooth nonphysical oscillations. In order to improve the diagon
domination in the TDMA solver, the cross-diffusion teriis the
w-equation are added to the left-hand side if they are negative
and to the right-hand side otherwise. For the fully developed
channel flows and the rib-roughened channel flow, periodic
boundary conditions were used for the inlet and outlet section 3¢
All variables were prescribed in the inlet for the backward-facing
step flow, while the Neumann condition was used at the outlet. .
no-slip condition was used on the wall$;=0k=0. The bound- 15
ary condition forw was set using the relation in E(1).

The objective of the present study is to validate the new bounc
ary condition’s insensitiveness to the location of the first interio. 10}
node through a comprehensive mesh study. The performance .,
the baseline model, i.e., the asymptotic result using the prese
method, and comparisons with contemporary turbulence mode 5r
are discussed in Bredberg et Hl).

Pghe deviation fory; = 10 is 20%, which must be considered when

jofile, via Eq.(10). The work by Georgé38] suggests alterna-
Ives to this simplified idea.

3.1 Fully Developed Channel Flow, Re=395. The model 0
was validated using DNS-datdim, 1988, unpublished work,
also Moser et al[28]) for a fully developed turbulent channel
flow with Re,=395. It is attractive to include this test-case in spite . ‘
of its simplicity, since the important wall effects are present in the 1 10 100
flow. Only half of the channel needs to be simulated, with sym gt
metry conditions applied along the centerline of the channel. The
number of nodes in the wall-normal direction range frbls20  Fig. 4 Fully developed channel flow at Re  ,=395. Velocity pro-
(uniformly distributed to a near-wall clustered 100-node meshiile (left) and error (U*— U}/ UY, (right).
The location of the first interior node is given in Table 1. Both the
streamwise velocity, Fig. 4, and the turbulent kinetic energy, Fic S— ——
5, are normalized using the friction velocity,., which is also
found in Table 1. DNS-data give,/Ug=0.0575, which is excel- 1Y
lently reproduced by the baseline model. The deviation ifUg
using the new wall treatment is zero for the refined mesh ar
small for coarser meshes, as indicated by the table. The skin fri gl yi =10 -
tion, C;, is calculated a€;=217,/pU3=2(u,/Ug)>.
The normalized streamwise velocity," =U/u,, is shown in
Fig. 4, while the normalized turbulent kinetic energy,=k/u§,
is found in Fig. 5. The figures includes both DNS data and th
results of the non-modifiedk— w turbulence modelBredberg
et al.[1]). The predicted results using the near-wall modificatior e
are shown as the deviation as compared with the non-modifie M
model and listed as a percentagé,~ ¢,c1)/ ¢, ON the right- o 10
hand side of the figures. For both parameters the discrepanc 5
with a low-Reynolds number mesh are negligible. ‘ . . . . ‘ , 5
The velocity profile is severely overestimated for the mesh witt g 50 100 150 200 250 300 350 400
ay; =10. This can however be explained as a direct consequen yt
of the definitions ofy* andU* and the relation used for the wall
shear stress, Eq.10). This equation will inherently predict a Fig. 5 Fully developed channel flow at Re  ,=395. Turbulent ki-
linear-law for the velocity, regardless of the first node location, asetic energy profile  (left) and error (k*—k7)/k} L, (right).

DNS [28]
k —w BSL (1]
yi =02 .

——

+
—— Yy =
—— 1":4

% error

k+ 2 N = 4
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30

k— wBSL (1], 5 = 0.2
k—wBSL[1], y7 =5

Table 2 Re-attachment point, BFS-case. Present model com-
pared with DNS-data [33] and k—w BSL model [1].

25 Mesh DNS k—w BSL 200<180 100<90 100<70 100<30
i 0.1 0.22 0.21 11 3.9 10.0
x./h  6.28 6.34 6.32 6.25 5.90 4.68

20

U+ 15t

10

Fig. 6 Fully developed channel flow at Re

profile.

3.2 Fully Developed Channel Flow, Rg=250,000. For in-

+—=250, 000. Velocity

tion. The computation made using the 20080 mesh(stream-
wise by wall normal with a first interior node ay*=0.2 can be
considered as a mesh independent solution.

The computed skin friction coefficien€;=2r,/pU2, using
the different meshes are shown in Fig. 8. Included in the figure are
the results of the baselife- w turbulence mode(Bredberg et al.
[1]) and DNS-data. The comput€z} with the modified near-wall
treatment gives only a marginal difference for the two most re-
fined meshes (200180 and 10& 90). Coarsening the mesh fur-
ther to a first node location gt" =4 gives a small deviation in the
predictedC; and a slight re-location of the reattachment point.
The result with the 108 30 mesh gives a substantially smaller
recirculation zone. One of the commonly used quantities to justify
the accuracy of a turbulence model in a BFS-case is the re-
attachment length of the main separation. The present model gives
results close to those of the DNS data/h=6.28, for all meshes

dustry application it is of interest to validate the performance @fpart from they; =10 mesh, see Table 2.
the modification at a substantial higher Reynolds number. In Fig.
6 the predicted velocity profile on different mesh refinement with
the baselin&k— w model is compared with the near-wall modified!
k— o model as given in the previous section is shown. Using t)ié . - . -
baseline model no converged solution was achievable for mes g mean velocity and the channel heigh, is Rg,=30,000. A
with a first node location at; >5. Modifying the near-wall treat-
ment, as proposed here, greatly improve the stability and also
accuracy when coarsing the mesh.

3.4 Rib-Roughened Channel. The heat transfer perfor-

3.3 Backward-Facing Step. For a backward-facing step gX 10
(BFS) case, the flow undergoes separation, recirculation and re:
tachment followed by a redeveloping boundary layer. In additior
this case involves a shear-layer mixing process, and an advel
pressure gradient. The BFS is thus an attractive flow for evalui
tions of turbulence models.

The case used here is the one studied by Le €t38]. using
DNS. In the present computation the inflow condition is specifiet
using DNS data ak/h=—10. The Neumann condition was ap-
plied for all variables at the outlet locatedxdt=30. The overall
calculation domain ranges fromh= —10 to x/h= 30, with the
step located at=0. The channel height istbin the inlet section
and & after the step, yielding an expansion ratio of 1.2, see Fic
7.

Due to the relatively low Reynolds number, R&100, a fair
mesh comparison is difficult to make as the number of node
spanning the step will be too few to resolve even the larger floy ‘ ‘
structures when coarse meshes are employed. Thus the mes _‘%0 -5 0 5 10 15 20
used in the present computations, presented in Table 2, all have z/h
significant number of nodes, especially in the streamwise direc-

> " DNS [33]
— k-wBSL 1]

f

Fig. 8 Friction coefficient, BFS-case

Sh

CYCLIC
CYCLIC

ance of the present method is evaluated in the rib-roughened
se of Rau et aJ34], see Fig. 9. The Reynolds number, based on

constant heat flux boundary condition was applied at the walls,

10h

Fig. 7 Geometrical conditions, not to scale, BFS-case
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Fig. 9 Geometry, rib-roughened channel
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Table 3 Re-attachment point, rib-roughened channel. Present 3 . T : . T . . r
model compared with experiment  [34] and k—w BSL model [1].

Mesh Experimentk—w BSL 100x120 100<120 50<60 50x55

y; - 0.2 0.2 1.0 4.0 10
X, /le 4—4.25 4.1 4.1 4.2 4.2 5.7

with the rib insulated. The rib-height-to-channel-heigfti, is
0.1, and the pitch-to-height ratid?/e, is 9. The single rib is
located along the lower wall as shown in Fig. 9. r
The measured Nusselt numbers are normalized with the Dittu: ——
Boelter equation(Dittus and Boelter[39]), as introduced by ;
McAdams[40]: 05 -~

Nu..=0.023 Re;%. P4 (28)

The computations were made using a periodic boundary conditic 0 1
at the streamwise boundaries. z/e

The following meshes were used for this case: two>0Q0 ) )
meshes, one 5060 mesh and one 5055 mesh (streamwise Fig. 10  Nusselt number, rib-roughened channel
X wall normal). The two 108 120 meshes were constructed us-
ing different stretching in the wall normal direction, resulting in a
first interior node distance gt =0.2 andy; =1, respectively. In identical_ results to thos_e of th_e_ baseline model. The present
a ribbed channel, the use pf is unsuitable as an indicator of themethod improves numerical stability for coarser meshes, and also
wall distance. The definition of* uses the friction velocity, shows less mesh dependency than a non-mod}fled model. Results
which will be undefined in reattachment and separation point@' fully developed channel flow, backward-facing step flow and

Thusy™* will vary substantially along the lower wall even thoughrlb-roughened channel are presented. For the four cases consid-

the nodes are located at the same distance from the wall. To §Fgd: the predicted resuits are only weakly+grid dependent for
able a valid comparison with the other casgs, for the upper meshes with a first interior node located belpw< 10. This is a

wall is used instead. The non-normalized distance for the fidfat improvement over traditional low-Reynolds number models,
interior node is the same for the upper and lower walls for all ich necessitate at least five nodes within this range.

h dh h | f the | 0 will The proposed modifications can give a twofolded reduction in
meshes used here. The actydl value of the lower wall will computational resources needed in each dimension with main-

generally be smaller, owing to the reduced velocity in recirculagsineq figelity in the predicted results. It should be noted however

ing areas. ) that the method is not a substitute for turbulence models based on
The predicted normalized Nusselt number along the lower wally|| fynctions, owing to the limited validity of the near-wall cor-
using the different meshes is compared in Fig. 10 with the basé(ions used.

line model of Bredberg et al.1]. The zero heat transfer for 4

<x/e<5 indicates the location of the insulated rib. Employing

the modified wall treatment on the samgé =0.2 mesh yields Acknowledgments

results identical to those of the baseline model, with the curvesfFunding for the present work has been provided by STEM,
overlaying each other. For thg; =1 andy; =4 meshes the Volvo Aero Corporation and ALSTOM Power via the Swedish
present predictions are within 5% of the grid independent resukas Turbine Cente(GTC).

Note, however, that there is a qualitative difference using the

coarsest mesh, with a downstream shift of the location of th¢omenclature

maximumNu that is accompanied by a similar shift in the reat-

N
Wl
IS

tachment point of the main recirculating bubble, Table 3. C, = Specific heat
Two different relations were used in the estimation of the wall C = Various constants
temperature corresponding to Eq8) and (11). In Fig. 10, the h = Step-height

H = Channel height
Nu = Nusselt numbergv/Pr(T,— Tyui)
p = Static pressure

r = Prandtl number
g = Heat flux
e = Reynolds numbetJH/v
. = Turbulent Reynolds numbek/(wv)
e, = u, based Reynolds numbery, /v
T = Temperature
4  Summary —U,' = Velocity

This study presents an improved near-wall treatment for turbu-LI ' Ld’ = ,Bﬁé/t?grl,d\s,’;g;tsf eﬁﬁ;
lence models. The method is based on a thorough examination of v, — \wall normal distance
approximations made when integrating the discretized equations
in the near-wall region. A number of modifications are proposedréek Symbols
which counteract errors introduced when using an LRN-model on ¢ = Dissipation rate
meshes for which the first interior node is locate¢ at=5. Here x = Van Karman constant
the methodology is applied to thie—w turbulence model by v = Kinematic viscosity
Bredberg et al[1], although similar corrections are relevant for p = Dynamic viscosity
all LRN models. For a fine mesh, the model gives asymptotically p = Density

result using the former is labeled with . For they] =1 mesh,

the difference between the two formulations is negligible. How-
ever, with they; =10 mesh, the inclusion of the eddy-viscosity,
vy, improves the predicted Nusselt number. Even though the re-
sults in the case of the coarsest mesh deviate by more than 25%
from the experimental data, they are still encouraging as com-
pared with other turbulence models, especially when using wall R
function based models, see Bredbgt§).
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Multi-Modal Forcing of the
Turbulent Separated Shear Flow
Past a Rib

Experiments have been conducted to study the development of flow behind a surface

P. K. Panigrahi mounted rib under different phase controlled excitation. Single mode excitation and multi-
mode excitation with different relative phases are studied. The results presented include
S. Acharya the coherent and random components of the turbulent energy and shear stresses, the

energy exchange with the mean flow and between the modes, and the phase decorrelation
of the coherent components. The fundamental-subharmonic excitation does not provide
any significant improvements in the shear layer growth over the fundamental excitation.
The shear layer growth correlates with the subharmonic mode development. The large
scale structures are significant even after the reattachment region as evident from the
magnitude of the coherent components of the turbulent energy and the shear stress. The
binary exchange terms are significant in the near-field region whose sign is phase depen-
dent, i.e., it reverses its sign based on the phase difference between the fundamental and
1st subharmonic mode. The location of the fundamental and subharmonic peaks are
different from the peak location of their respective energy exchange with the mean flow;
this is attributed to the significance of the binary energy exchange between the fundamen-
tal and the subharmonic mode in this region. The excitation regularizes the flow leading
to low phase jitter in the near field region. The origin and development of phase decor-
relation is attributed primarily to the subharmonic instabilifyDOI: 10.1115/1.1637634

Department of Mechanical Engineering,
Louisiana State University,
Baton Rouge, LA 70803

1 Introduction has also been investigated by several investigatR®os and
It is a well known fact that coherent, vortical structures play §€9¢/man(5], Bhattacharjee et a[6], and Hasar{7]). Bhatta-

dominant role in the development of shear layers such as pldrféiee et al6] observed that the spreading rate can be increased
mixing layers, jets, and reattaching shear layers. The growth, evBost effectively by forcing at a non-dimensional frequerSty
lution, and interaction between these vortical structures is primdased on step height and free stream velodigtween 0.2 and

rily responsible for the near-field development of the shear lay&.4. Roos and Kegelmab] observed sufficient reduction in the
The most extensively studied shear layer is that of a plane mixingattachment length when forcing &t, greater than 0.25 due to
layer past a splitter plate. Ho and Huafitj observed that the the completion of at least one stage of pairing prior to the reat-
spreading rate of a mixing layer can be greatly manipulated lychment. Hasaf7] for a backward facing step, observed two
low level forcing at the subharmonic of the most unstable frefistinct modes of instability: the shear layer modgt,&0.012)
quency, which was attributed to the merging of vortices. Yang anghq the step modeSt;,=0.185). The above-noted studies dealing

Karlsson[2] studied the_ _|nstab|I|ty of a plane shear layer InfluWith the effect of excitation on the development of reattaching
enced by the superposition of the fundamental frequency and Iis L .

i . . shear layer past a back-step are all limited to single frequency
first subharmonic frequency. For the two mode forcing, greaté Ldies

shear layer growth was observed relative to the single-mode fo ! ) ) )
ing, and was attributed to the vortex merging mechanism. Th_e'n the present paper, th_e configuration of_lnterest is that of a
vortex merging termed as either “pairing” or “tearing” was ob- ribbed duct flow characterized by a reattaching shear layer. This
served to be dependent on the phase difference between the fi@y configuration is different from that past a backward facing
modes. step due to flow separation upstream of the rib. The effect of
Raman and Ric¢3] studied the axisymmetric jet under con-single-mode and multi-mode excitation on the reattaching shear
trolled perturbation with fundamental and subharmonic tones anrg/er past a surface-mounted rib has not yet been investigated, and
observed that the two frequency excitation is more effective th@fithe main objective of the present paper. In order to investigate
the single frequency excitation. Gordeyev and Thofddsnves- he periodic and nonperiodic aspects of the reattaching shear layer
tigated the temporal aspects of fundamental-subharmonic phg lution, the pattern recognition techniqhou et al. [8],

locking of a jet shear layer excited using single-mode forcing a . . . L
dual-mode forcing. They characterized the temporal amplitudeCh"’lrya.1 and Panigraf]) is applied to the velocity-time data for
and phase behavior of the subharmonic from application of yRLesenting the coherent and rar_“?"’m component of “”k?‘%'e”t en-
wavelet transform and observed intermittenshifts in phase be- €9Y and shear stresses_. In addition, the pattern_recognltlon tech-
tween two fixed values. This temporal phase behavior of the subdue (Acharya and Panigralib]) and the method introduced by
harmonic was considered to be responsible for intermittently dislo et al. [10] (HZFB method are applied to study the phase
rupting the phase lock with the fundamental. decorrelation evolution. Detailed information regarding the modal
The influence of shear layer excitation on the development addvelopment, the energy exchanges of the mean flow with the odd
evolution of coherent structures behind a backward facing stapd even modes as well as binary energy exchange between the
modes are presented. The effect of excitation on the phase jitter or
Contributed by the Fluids Engineering Division for publication in ticeJBNAL phase decorrelation magnitude is also reported to show the zone

OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division _. . sy . . .
April 30, 2002; revised manuscript received August 8, 2003. Associate EditoQ:f influence within which the control S'gnal 1S phase locked to the

M. V. Otugen. vortex shedding or vortex merging.
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Fig. 2 Schematic of the flow excitation arrangement
Fig. 1 Schematic of the experimental setup  (top) and coordi- The laser-Doppler velocimetry measurements were performed
nate system of the rib  (bottom ) using a two-color DANTEC fiber-optic system. The Argon-lon

laser beam was split into a pair of 488 rlivlue) and 514.5 nm
(green wavelength beams using a color separator and a beam
. . splitter. One beam from each of the two pairs was shifted by 40
2 Description of the Experiment MHz using a Bragg cell to eliminate the directional ambiguity in
The schematic of the experimental setup is shown in Figure \elocity measurements. A 400 mm focal length lens focused the
Air is drawn into a rectangular channel of 0.3 m by 0.06 m croggsulting pair of beams to a measurement volume of less than 0.2
section through a 5.25 to 1 contraction section, honeycomb amun waist diameter. The flow was seeded with an aerosol mist,
wire-mesh screens by a blower operating in the suction mode. Tdlgtained by heating a fog fluid supplied by Rosco Inc. Backscat-
Reynolds number based on the average velodity, ] and hy- tered light was collected by photomultiplier tubes and processed
draulic diameter of the channel is set equal to 14,600. The frasing the PDA signal processor and SIZEware software supplied
stream turbulence at the exit of the contraction section measuisdDantec. The sampling rate of the LDV signal was varied de-
using a hot wire anemometer is equal to 0.4%. The ratio of thpending on the rate of supply and diameter of the seeding particle
channel width to rib heighth)) is 47.2, which is larger than the and was within the range of 100 Hz to 2000 Hz. For the LDV
required aspect ratigl2) to minimize three-dimensional effects.measurements, the total number of filtered samples with high sig-
The blockage ratio due to the rib is 9.5%. At R&4600, the nal to noise ratio per point was 10,000 or greater. The reattach-
boundary layer thickness in a smooth channel is 6 mm at the ritent length was determined by measuring the velocity at a loca-
location and the corresponding shape factor is equal to 1.42. Ti@n close to the bottom wall2 mm away from the surfageat
rib is located near the entrance of the channel, i.e., about 18 viérious streamwise locations(h). The location where the ve-
height from the exit of the contraction cone. The developinlpcity changed sign from negative to positive was termed as the
boundary layer at the location where the rib is mounted companesittachment point. From the LDV measurements, it was observed
well with the law of the wall and therefore is turbulent in naturethat the reversed flow intermitten¢fyaction of time for which the
Hotwire anemometry and laser-Doppler velocimethDV) flow is negative is zero for the transverse location whétéU .,
were both used for the velocity measurements. The two-chanielgreater than 0.65. Therefore, the hot wire measurements were
hot wire anemometer was operated in the constant temperatarade at or above the transverse location wHere ,,,=0.65.
mode with a 70% overheat ratio. The anemometer output wlike Reynolds stresses and the shear layer growth measurements
connected to a Keithley Metrabyte data acquisition ¢@#S-16) have been acquired using both hot wire anemometry and laser-
through a screw terminal accessory bog@A-16). The Streamer Doppler velocimetry. The maximum differences in their peak
package supplied by Keithley Metrabyte was used to enable direecagnitude were observed to be within 5% and this paper has
storage of data from the DAS-16 board to the hard disk of theported these measurements from the hot wire data. The coherent
computer. The X-wire was calibrated using a Model 1125 calibraentribution of the total turbulent energy, modal energy exchange,
tor supplied by TSI. The calibration accuracy was confirmed Hyinary energy exchange and phase jitter results reported in this
comparing the hot wire data with the LDV data and the measurgdper have been calculated from the hot wire measurements. The
mean velocities with the two different techniques were within 1%eattachment length has been measured using laser Doppler ve-
The hot wire data acquisition sampling rate was 4160 Hz/chandetimetry.
and the total number of samples recorded per channel was 16,384zor flow excitation, a loudspeaker was used in an arrangement
The voltage input to the loud speaker was simultaneously calimilar to that of Fiedler and Mensirid1] in their study of plane
lected with the two channel output from the X-wire. Thus, théurbulent shear layer excitatiofsee Fig. 2 Excitation using a
total number of samples for a single point measurement was 48&udspeaker was chosen because the arrangement is simple and a
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repeatable range of amplitude and frequency can be obtained. The 0.04
two channel PCI-312 signal generator from PC Instruments pro-

vided the required type of signasingle mode or two modes at 0.03 -
different phase differencego the loudspeaker through a power
amplifier from Velodyne AcousticéModel OLD-12-N. The loud-
speaker was connected to a rectangular cavity of dimension
0.5969 m<0.3048 m<0.0222 m. The cavity was padded with
styrofoam to minimize the effect from multiple reflection of 0.01
acoustic waves inside the cavity. The acoustic beam enters

through a 4.76 mm wide slot located at abott @stream of the 0.00 hea st

fib. 0.00 0.05 0.10 0.15
2.1 Forcing Criteria. It is expected that both the forcing
frequency and the forcing amplitude would play an equally im- 0.04
portant role in the modification of the large scale structures. The
fundamental frequency of 52 Hz is observed to be the dominant 0.03
frequency(see Fig. 2 in the near field of the rib and has been
selected for single mode fundamental excitation. The subharmonic 0.02 - 1
(26 H2 manifests at a later stage in the downstream direction. )
Phase difference between the fundamental and subharmonic is J
expected to play a crucial role in the shear layer development and 0.01
therefore, for the fundamental-subharmonic excitation, phase dif-
ferences of 0°, 90°, 180°, and 270° have been used. The phase 0.00
angle here is defined as the difference between twice the phase 0.00 0.05 0.10 0.15
angle of the subharmonic wave and phase angle of the fundamen-
tal wave. f(KHz)
The forcing level is defined here as the ratio between the root-
mean-squarérms) velocity of the large scale fluctuations due td™i9. 3 The power spectrum of the streamwise  u-velocity be-
the excitation and the average velocity measured at the dovitid the rib turbulator for the unexcited flow
stream edge of the rib at\Wh equal to 2.0. This location repre-
sents the external free stream at the downstream edge of the rib.

0.02 -

Ul m2) ]
X/h=1.5

=9.0

Ul m?/s)
X/h

Different forcing levels were obtained by adjusting the voltagéombination of coherent shear stress and velocity gradient uncer-
input to the power amplifier of the loud speaker. For a desirdg@inty. The uncertainty of the binary energy exchange with the
amplitude and phase difference, the input to the function generafggan flow from the combined uncertainty of coherent shear stress
depends on the frequency response of the loud speaker cham®¢ the gradient of the coherent velocity is equal to 6.4%. The
Hence, initial calibration of the loud speaker was performed byncertainty of phase jitter from modified HZFB method is equal to
plotting and curve fitting the forcing level versus the voltage sug-6%, which has been estimated as the combined effect of the
plied from the function generator. This helped in the selection §ffor in the estimation of the normalized time period and the error
the correct input from the function generator to the power ampllue to log-normal curve fitting. The uncertainty of the phase jitter
fier for a particular forcing frequency and forcing level. To seledfom the pattern recognition approach is equal to 3.3%, which has
the forcing level for this study, the momentum thickness<At been estimated as the combined effect of phase estimation error

=8 was examined at different forcing level. It was observed thafd normal curve fitting error.
the rate of increase in momentum thickness reduces significantly .
after the forcing level reaches 2%. Therefore, the 2% forcing levdl Data Analysis Procedure

is consider_ed as the_ opti_mum forcing level and the flow is ex_cited In the following sections, the data analysis techniques for the
at 2% forcing level in this study. For the two frequency forC'ng(e)avaluation of the coherent structure magnitude and phase jitter
the forcing level for each mode was selected to be equal to 1¥§ggnitude are discussed. For the coherent structure magnitude

such that the total forcing level was 2%. calculation, the pattern recognition meth@hou et al.[8] and
2.2 Uncertainty. The uncertainty in the measurements werécharya and Panigrati9]) has been used. For the phase jitter

obtained using the method described by Moffs2]. The uncer- mag_nltud'e calculation, the modified HZFB meth@tharya and

tainty in momentum thickness is calculated to be 7.1%. The Strog@nigrahi[13]) and the pattern recognition methoéicharya and

hal number based on momentum thickness has an uncertainty°8igrahil9]) have been used.

about 8.0%. Uncertainty of the most amplified frequency is esti- 3 1 coherent Structure Magnitude. Both the random and

mated to be the spectral resolution of the power spectresip-  coherent eddies contribute to the total velocity fluctuation of a
rocal of signal observation time in seconde., about 1.0 Hz. rpylent flow. The pattern recognition technique calculates these

From the repeated measurements of the reattachment length,;

idual contributions. The advantage of pattern recognition

uncertainty in reattachment length is observed to be 4.0%. Th&hnique over traditional ensemble average technique is that the
maximum uncertainty of the Reynolds stresse§.{,v%.,u'v’)  former is insensitive to phase jitter while the later is not. The
from repeated measurements is estimated to be 4.5%. The uneeherent velocity component is approximated to be the combined
tainty of Yo7, Yo, i.€., theY-location at whichJ/U,,,=0.7 and  contribution from several modes and to identify these dominant

0.9, respectively is estimated from the uncertainty of velocithodes, the power spectral density wkelocity at differentX/h

measurements to be equal to 2.1%. The uncertainty of the shemations have been presented in Fig. 3. The fundamental and
layer growth parameter Yo~ Yo7)/h) is equal to 3.0%. The subharmonics are observed to be the dominant modes. In addition,
uncertainty of the coherent component of Reynolds stresuﬁes the 3/2 fundamental may show up due to the nonlinear interaction
and U;v;) is equal to 5.6%, which has been estimated as tlgetween the fundamental and its subharmonic. Similarly, the 5/2
combination of uncertainty in the Reynolds stress measuremefitsdamental may result due to the nonlinear interaction between

and the error in assumption of the coherent mode in the pattéhe 3/2 fundamental and the fundamental. The se¢tfAtifunda-
recognition approach. The uncertainty of energy exchange withenta) and third subharmoni€l/8 fundamentalmodes may re-
the mean flow is equal to 6.0% which has been estimated as thdt from vortex mergings, while the®tharmonic(2 fundamental
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may appear from vortex breakup. Therefore, the coherent velocitgperturbed freestream are relatively snfetimpared to the peak
is assumed to be the combined contribution of the 5/2 fundamenrbulence levels in the shear layethey do not have any addi-
tal, the 1st harmonic, the 3/2 fundamental, the fundamental, ttienal discrete frequency components, and are therefore not ex-
1st subharmonic, the"® subharmonic and the"8subharmonic. pected to significantly alter the natural dynamics of the coherent
Any contribution from frequency larger than the maximum frestructures in the flow. With forcing, the discrete forcing frequen-
quency (here the 5/2 fundamenjals regarded as the randomcies introduced into the freestream are expected to interact with
small scale motion. The details on the evaluation of the individutie coherent structures, and the effect of this interaction is pre-
modes of the coherent component have been discussed in Achawgated later.
and Panigrah(i9]. The total coherent structure amplitude is calcu- With flow development, the intensity values drop off rapidly
lated by summing the amplitudes of all mod&#2 fundamental, betweenX/h=6 and 9, with a nearly twofold decrease in the peak
1% harmonic, 3/2 fundamental, fundamentaf subharmonic, 2  value of u2,JU2, andv? JU2 . Thus, there is a fairly strong
subharmonic, and '8 subharmonik recovery in the flow downstream of reattachment till abxin

. . =9, beyond which the recovery appears to be considerably re-

/3.2 Phase Jitter Magnitude. Ho et al.[10] used a tech- g coq. Yl'he turbulent shear streﬁsepspalso show the same be);]avior

nique (referred here as HZFB techniqu® evaluate the phase

i, . o ) ; : ith nearly a threefold reduction in the peak shear stresses be-
jitter magnitude of mixing layer. In this technique, the period of,cenx/h=6 and 9.

the coherent structure passage is calculated from the fluctuating

velocity signal as the distance between the positively sloped zerod.2 Modal Energy Development. The large scale structures
crossing points. These time periods of structure passages are thenassumed to be composed of several instability wavesles
used to construct a histogram of the normalized time periods. Tiwhich propagate, interact with each other and amplify in the
log-normal probability distribution is used to curve fit the histodownstream direction. The growth of the shear layer is best ex-
gram. The standard deviation of the log normal distribution iglained by the streamwise development of the fundamental &nd 1
used as a measure of the phase jitter in the signal. Acharya audbharmonic modeéHo and Huang[1], Nikitopoulos and Liu
Panigrahi[13] observed that the small scale structures can errft4]). In this section, we try to correlate the growth of the reat-
neously affect the coherent structure histogram and proposedaehing shear layer to the development of fundamental and sub-
simple modification of the HZFB method. This modified HZFBharmonic modes.

method has been used for phase jitter calculation. The (Yoo~ Yo7)/h value plotted in Fig. 5 is used here as a

The pattern recognition techniq@Acharya and Panigralib]) measure of the shear layer growth, whafg; and Y, 4 are the
for coherent structure magnitude calculation has been used fespectiveY locations corresponding 19/U,,,=0.7 and 0.9. The
phase jitter determination. In this approach, the phase jittslope of the plots in Fig. 5 may be assumed to represent the shear
present in the large scale structure is assumed to be mainly fréayer growth rate. AX/h=11.5, the forced flow exhibits values of
the discrete large scale modes predominant in the fluctuating s{g¥, — Y, 7)/h) in excess of 0.9 while the corresponding values
nal. For a single-frequency forcing, the jitter manifests in the forder the unexcited flow are only about 0.6 indicating greater growth
ing wave frequency itself. For the two-mode forcirige., funda- of the excited flow. Both the unexcited and excited flow exhibit an
mental and 1st subharmonithe phase jitter manifests in bothinitial region of slow growth(in the range of 8&X/h<1.5
modes. A histogram is constructed from the whole population ef2.5) followed by a region of nearly linear growttX(h=1.5
the phase angles and the standard deviation of the histogram-ig2.5). To compare the growth rate for different excitation, the
calculated by fitting the histogram with a normal distribution usshear layer growth (o 9— Yo.)/h) is linear curve fitted in Fig. 6.
ing the least square method. The standard deviation of this distfhe excited flow exhibits higher growth rate (slep@.056
bution is used as a quantitative measure of the phase jitter. —0.067) than the unexcited flow (slop®.038) and the funda-

mental excitation exhibits the maximum growth rate (slope
. . =0.067) among all excitation. For the fundamental-subharmonic
4 Results and Discussions excitation, the phase difference=90° exhibits higher growth

The results are discussed in the following sequertagun- rate (slope=0.063) in comparison to other phase differences i.e.
forced flow, (b) modal energy developmer(g) energy exchange A#=0°, 180°, and 270° (slope0.056-0.058).
with the mean flow,(d) binary mode interactions, ar@) phase  In Fig. 7, theYy7 and Y4 locations and the corresponding
decorrelation. magnitude of fundamental and subharmonic mode are presented.

) . An upward rise or positive slope of thé,, and Y, g location

4.1 Unforced Flow. Figure 4 presents the streamwise vepgicates that the shear layer is deflected in the upward direction,
locity spectra of the unforced flow at twi/h locations; X/h j e  away from the bottom channel surface. For both the unexcited
=1.5 corresponding to a location downstream of the rib, anghq excited flow, the upward deflection of the shear layefoat
X/h=9 which is downstream of the reattachment pointXXh  occurs till a laterX/h location in comparison toY,, location.
=15, the spectrum reveals the presence of a clear shear layggre is no appreciable change in tig, variation of the excited
instability at about 52 H#fundamental The spectrum is taken at oy in comparison to that of the unexcited flow. The positive
aY/h location where this instability peak is the strongest, and th§ope ofY,, ; for the fundamentally excited flow is observed till
background turbulence is relatively low. No other peaks are seh~1 in comparison tox/h=3 for the unexcited flow indicat-
in this spectrum indicating a relatively clean flow with lowing that the downward deflection of the fundamentally excited
freestream turbulence uncontaminated by other spurious frequgRaar layer begins about two rib heights earlier in comparison to
cies arising from the blower or the honeycombs. As the flow dene unexcited flow. The reattachment length of the shear layer
velops, additional frequencies manifest themselves, and/lat (obtained based on LDV measuremgrfsr the excited flow is
=9, the fundamental has diminished considerably in magnitudg;h—4.0 compared to 5.5 for the natural unforced flow and this
while the first and second subharmonic appear to have manifesgggp in the reattachment length correlates with the earlier down-
themselves. ) o . ward deflection of the excited shear layer.

Figure 4 shoyvs the turbulence intensity in the streamwise andgrom the modal energy development at ¥, location for the
cross-stream directions and the turbulent shear streX$hat6  fyndamental excitatioliFig. 8), the fundamental wave is seen to
(close to reattachmenand atxX/h=9 and 11.5(downstream of oy and attain a maximum value ¥th=0.5 and then decreases
reattachment In all cases, the freestream values are quite loy| x/h=3. BeyondX/h=3, the energy in the fundamental mode
(u%,JUZ%,=0.0003, turbulence intensityl.8%). The peak is almost constant and the subharmonic shows a weak growth till
streamwise turbulence intensity a&/h=6, by comparison, is X/h=3 after which it grows at a faster rate before saturation at
nearly 30% (12, JUZ =0.09). Thus clearly, the fluctuations in theX/h=6. The maximum modal amplitudes ¥ is larger than
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that at Yy location due to the larger velocity gradient at the

former location. AtY,g, the maximum fundamental amplitude Natural 50Hz (26-52)Hz, AG—0"
takes_ place ak/h=3 compared toX/h=0.5 va_lue for theY, ; 12 TS a7-0088xn| T o.164:0067xh] T 0168200560
location and after that the fundamental magnitude dropstit - 09 ] 3 ol
=5.0 where the subharmonic starts growing at a larger rate. Thus, % ]
the growth of the subharmonic ¥ g location is delayed relative " 06 7 os | E
to the Y location (note the different vertical scales in the two = 03] M ; 1
plots). For a mixing layer, Hajj et al.15] observed that the sub- © ]
harmonic mode grows at a faster rate after the saturation of the 0.0 “rrerrrrrrrree AR MR A e
fundamental and the saturation amplitude of the fundamental and 0 3 6 9120 3 6 9 120 3 6 9 1
subharmonic have same order of magnitude. Similar to the mixing X/
layer, the subharmonic mode grows at a faster rate after the satu- (26-52)Hz, A®=90" (26-52)Hz, A®=180° (26-52)Hz, A®=270"
ration of the fundamental for botl,4 and Y, ; locations. The "2 T s 1em006axm] 10171500580 1 o.152+0.008xm
saturation magnitude of the subharmonic has same order of mag- _ o 1 E E
nitude as the fundamental fd%, g location while forY, ; location, =
the saturation amplitude of the subharmonic is smaller than that of % 061 E E
the fundamental. Z 5] E 3

In fundamental-subharmonic excitation, the subharmonic mode ]
is a stronger function of phase differen@eg) in comparison to 0.0 e T T

the fundamental mode. The maximum subharmonic mode magni-
tude atY,; is highest forA ¢$=90° and lowest forA ¢=270°.
Similarly, the shear layer growth is highest #ip=90° in com- Fig. 5 The streamwise shear layer growth  ((Yg.9— Yo7/ h) with
parison to that for\ ¢=270° indicating some kind of correlation its linear curve fit for the unexcited and excited flow
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between the subharmonic mode and the shear layer growth. Tt ° P i e s 10 12
subharmonic has one peak in the near field due to the natur:
amplification and has a second peak in the far field possibly due t
random pairing. It may be mentioned that for a backward facing
step, Eaton and Johnstfh6] observed a drop in Strouhal number
value by about 50% at around the reattachment region suggestir Or000 o A A A B
the importance of subharmonic after reattachment. Our preser  -c.cos 3 Wilmex=0-7
observation also support the importance of the subharmonic afte";=
reattachment for a shear layer behind the surface mounted rib. = 1
To supplement the above observations, Fig. 9 shows the deve  -°-012

max’

-0.008

opment of theU, s, Vims, U'v’ and their coherent and random -0.01e -} r T . . :
components for the fundamentally excited flow. Boththgand 0.002 7 = == = = = -
Vms increase withX/h, but reach their peak values at different 0.000 Fa S .
X/h locations. AtY, ;, theU, s peaks just downstream of the rib, _ -o.c0z —'\’\ -

then decays to a minimum x¥h=2. At this location,V,,s peaks 2 oo0s | N\ 7 RN I -

. . = E \ » N A g
followed by a decay. Along with the decay M. there is an -0.006 PVl i pd —
increase inU s which again peaks at Z/h location of about -0.008 \ ~
eight. A similar behavior is observed fof g except that the first -0.010 o T > DR " - o

U,ms Peak occurs further downstream. The growth of the forcing

frequency(the fundamentalat Y, ; and Y, g occurs at a different Fig. 7 The development of turbulent energy  (both stream-wise

rate in the streamwise direction. TR&h location at which the and cross-stream ) (top), coherent energy and its constituent
saturation of the fundamental takes place is ear@h&0.5) for  modes (middle ), and coherent and random shear stress  (bot-

Y, 7 location in comparison to th¥/h=2.5 for Y 4 location. This tom) for the fundamental excitation, at Y7 and Yy location

may be due to the larger mean strainygt, location, which leads

to a larger growth rate resulting in earlier saturation. After the

completion of fundamental growth, the subharmonic growth rataodes with the mean motion, i.e., the production of the modal
increases and is the primary contributor to the total coherent twhergy is discussed. The energy exchange of different modes with
bulent kinetic energy. The random scale motions are small evée mean flow is calculated from using

after reattachment. The coherent and random Reynolds stress at S

Y, and Y, locations plotted in Fig. 5 indicate that most of the oU

Reynolds stresses are due to the large scale structures. Similar to B U”U“W @

the coherent energy in the streamwise fluctuatsee Fig. 5, the
coherent Reynolds stress ¥t ; takes place at an earliet/h
location than that foiY 4.

where “n” represents the index of predominant modes present in
the flow. A positive value of the energy exchange term indicates
the transfer of energy from the mean motions.

4.3 Energy Exchange With the Mean Flow. In the previ- The modal energy exchange with the mean flow for the funda-
ous section, the coherent component of turbulent energy waental excitation and the fundamental-subharmonic excitation are
shown to be the dominant contributor to the total energy in ttghown in Fig. 8. For the fundamental excitation, the energy ex-
shear layer. In this section, the energy exchange of differecttange of the subharmonic with the mean flow grows after the
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Fig. 8 The modal energy exchange with the mean flow at

location for the excited flow

For fundamental-subharmonic excitation, the energy transfer
from the mean flow to both the subharmonic and the fundamental
frequencies is equally important in the near field regiofih(
<4) (see Fig. 5. The energy exchange with the fundamental
peaks first aiX/h=2 and that for the subharmonic occurs later at
X/h=4. The maximum magnitude of the subharmonic energy ex-
change with the mean flow is larger than that of the fundamental
for A¢p=0° and 90°. The maximum magnitude of the fundamen-
tal and subharmonic energy exchange are equal to each other for
A$=180° and the maximum magnitude of the subharmonic en-
ergy exchange with the mean flow is lower than that of the fun-
damental forA ¢=270°. The maximum fundamental and subhar-
monic magnitude in Fig. 5 correlates with the magnitude of
energy exchange in Fig. 5. However, the subharmonic energy ex-
change with the mean flow and the subharmonic mode do not
correlate with each other in the far field indicating the possible
role played by other mechanisms, i.e., convection and diffusion.

For all the two-mode excitation cases, the mean-fundamental
energy exchange increases rapidly in the near field region reach-
ing a peak aX/h=2, and decays monotonically downstream. The
fundamental energy levels shown in Figs. 5 show a similar trend.
The energy exchange of the subharmonic with the mean flow
occurs more gradually with a flat peakXdh=4 and is observed
to be more sensitive to the phase difference. Rajaee and Karlsson
[17] for a mixing layer, observed that the energy exchange of the
subharmonic with the mean flow is negligible for the tearing type
of vortex merging, and substantial for the pairing type of vortex
merging. Gordeyev and Thom&4] in their bimodal forcing ex-
periments of jet shear layer, observed that the subharmonic ampli-
tude remains virtually constant for a broad range of phase differ-
ence, i.e., mosi ¢ favors vortex pairing. For a limited range of
A¢, the subharmonic amplitude decreaseound 260° in their
experiment From Fig. 5, the subharmonic production is observed

energy exchange with the fundamental reaches its maximum vatoéhave the lowest magnitude farp=270°. It should be recalled
at X/h=1.6. The saturation of the fundamental mode takes plabere that among all the fundamental-subharmonic excitation cases

at an earlier X/h=0.6) location(Fig. 5 than the K/h=1.6)

studied here, the\ »=270° case had the minimum mixing en-

location at which the mean flow energy exchange with the fundhancement, possibly due to the relatively small subharmonic pro-
mental reaches its maximum val(Eig. 5). This indicates the duction(see Fig. 5.

possible importance of binary energy exchange which has bee

presented in the following section.
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r11.4 Binary-Mode Interactions. The evolution of two wave
interactions is expected to explain the dominant physical mecha-
nism in the growth and decay of the fundamental and subhar-
monic disturbances and the significance of initial conditions and
phase angle. The mode interaction term, i.e., the rate of energy
transfer from the fundamental to the subharmonic is given by
(Nikitopoulos and Liu[14]):

o 05uie (2)
—u’u;y —
I ex;

where, the superscriptd” stands for the subharmonic mode and
“e” stands for the fundamental mode. This energy interaction
term represents the work done by the Reynolds stress of the sub-
harmonic mode with the strain field of the fundamental modes.
The estimation of spatial derivative&(?/&xj) of the fundamen-

tal mode is only possible when the instantaneous spatial fluctua-
tion can be measured with the help of large array of probes. In this
work, the spatial derivatives of the even mode are calculated as-
suming the validity of Taylors hypothesis. Thus, the binary mode
energy exchange is calculated from:

su? 5uf)
Vot T Uat @)

0,0
7uin

The validity of Taylors hypothesis is justified as follows. Anto-
nia and Luxton[18] investigated the structure of boundary layer
which forms downstream of a sudden change from smooth to
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rough surface by mounting roughness elements of 1/8 inch square 08

cross section with a pitch of 1/2 inch. They obtained the longitu- 06 ToT panel

dinal length scale by using autocorrelation and two-point space 04 3

time correlation measurements. The length scales obtained from E

the two techniques were in good agreement with each other. Tay- a0 1 . . . . ) s2rz
lors hypothesis assumes that the correlati¢ii)u(t’ —t) (where 08

- represents averaging with respecttt) must be identical to 0.6 3

u(Q)u(Z—x) (where, represents averaging with respect o 0.4

The comparable length scale results obtained from autocorrelation 0.2 4 fg'f;?"'z
and space time correlation indicated the validity of Taylors hy- gg . T T . T T -

pothesis even in a region where mean velocity gradient and tur-

bulence intensities are high. Antoniou and Bergélel assumed 06
the validity of Taylors hypothesis and presented the length scale 04 5
obtained from autocorrelation measurement behind surface- 0.2 52'5;)][]*2

mounted prism of varying length cross section and compared with 0.0 A= : : : : :
the integral length scale results obtained by Antonia and Luxton 08
[18]. The agreement between the length scales obtained for differ- 0.6

ent size of surface roughness from separate measurements indicate ¢ 4 1

the general validity of Taylors hypothesis in these geometries. 02 (26-52)Hz
Therefore, in the present case, the general validity of Taylors hy- 00 Ad=180°
pothesis is assumed. 0.8 —— i i ' ' i

The subharmonic-fundamental energy exchange for the & . i

. . . . £ 06

fundamental-subharmonic excitation at different phase differences 5
is plotted in Fig. 5. The positive sign of the energy exchange § 04
terms indicate the transfer of energy from the fundamental to the & %2 fgfi;';f
subharmonic while the negative sign indicates the loss of energy 0.0 == T T . . T
to the fundamental. The effectiveness of the phase angle differ- 0 1 2 3 4 5
ence can be observed in the near field of the separated shear layer X/h

region X/h=<3), while away from the separated regioK/f Ei
>3), the binary exchange of the coherent modes is small and Png
effect of phase difference can be ascertained. The importance of[
the binary exchange term in the near field region indicates the
importance of the nonlinear interaction close to the downstream ) ) ) L L
edge of the rib. The small values of the binary exchange terms%the forcing S|g|_1al. Subharmpnlc forcmg_ls effective in increas-
the far field may be attributed to the phase decorrelation in tied the zone of influence. This zone of influence or region of
near reattachment region. This will be made clear in the followirﬁﬂase locking can be represented by showing the evolution of
section describing the results of phase decorrelation. phase jitter. The evolution of phase jitter in a reattaching shear
The mode interaction term is mostly positive fary equal to layer undergoing both single frequency and two frequency excita-

90° and 180°, and negative for 0° and 270°. This behavior {on are discussed in this section. ) .
consistent with the mode interaction integral behavior of a mixin%l-,rhe effect of fundamental and fundamental-subharmonic exci-
layer (Nikitopoulos and Liu[14]), where, it was noted that the [ation (A¢=0°, 90°, 180° and 270%) on phase jitter evolution at
Y7 location is presented in Fig. 10. The phase jitter values of the

sign of the intermodal energy terms was phase dependent i.e! ;
J 9y P b |_?J rced reattaching shear layer are larger than that of the un-

10 The development of phase jitter from modified HZFB
hod at Y, location for the unexcited and excited flow

reverses its sign based on the phase difference. Comparing Fi
with Fig. 5, it may be observed that in the near field region, t

binary energy exchange and the energy exchange with the m . : : .
flow are equally dominant. Thus, the net amplification rate a ase jitte=0.53 observed in the far field{(h=5) of the reat-

modal energy development is not primarily dependent upon tHaeiNg shear layer is greater than phase 238 observed in a
production ?r)clnm the rﬁean flow onls but a?lso opn the binelaory exiee shear layefHo et al.[10]). There is a drop in the phase jitter
change terms. From Fig. 5 it is observed for the fundamenté’ﬂagn't“de due to excitation in the near field region indicating
subharmonic excitation that the 1st peak of the subharmonic mdggater coherence. When forced at the fundamental, the phase
takes place at about/h=1.6. However, Fig. 5 shows that thelltter in the near field region of the reattaching sh_ear Iayer_and free
maximum energy exchange of the subharmonic with the me?ﬂear layer(Ho et al. [10)) are comparable in magnitude

flow takes place at a later locatioiX(h=3.6). The binary ex- ~Th | h d lati K | Noh
change terms in Fig. 5 peak at aboth=0.6. Thus, the shift in e complete phase decorrelation takes place earkgh (
=2.5) for the fundamental excitation in comparison to the

peak of the subharmonic mode to an earlier location in compafi - g _
son to the peak of the energy exchange with the mean flow may gdamental-subharmonlc excitatiod/f=3.5). The fast subhar-

attributed to the importance of the binary exchange terms. For tI2NIC growth at an earliex/h location for the fundamental ex-
A $=180° case, the binary energy exchange term shown in Fig® ation than the fundamental-subharmonic excitation in Fig. 5

is positive, and correspondingly the subharmonic mode show thilicates a possible correlation between the phase jitter and the
highest amplification in Fig. 5. Similarly, for th&é=270° case subharmonic. For the fundamental-subharmonic excitation, the

the binary energy exchange term is negative in Fig. 5 and tgi@nificant increase in phase jitter takes plac&#t=3.5 in Fig.
nary gy ex g 'S hegatve in *19 e%at about same location where the subharmonic mode has steep

subharmonic mode has minimum growth. This is directly relat M . X
to the transfer of energy from the subharmonic to the fundamentj%ffcé\:’ma'gn'i:t'g d el%).f met?ﬁnr(]j(z\?rr]efggl re?(%i?:t(igmgiszig\)/éetrhti;r:]?ﬁ; of
since both modes draw energy from the mean. the fundamental-subharmonic excitatiom ¢=0°, 90°, and

4.5 Phase Decorrelation. In the mixing layer studies, it has 180°) in Fig. 5; which correlates to the corresponding lower sub-
been observed that the spreading rate changes due to forcingnanmonic magnitude for the fundamental excitation in comparison
the region where the flow is locked to the forcing sigfe@e Ho to the fundamental-subharmonic excitation in Fig. 5. The phase
et al.[10]). Forcing loses its influence when the flow is not lockegitter magnitude of the fundamental excitation and fundamental-

grced mixing layer, presented by Ho et Ell0] indicating weaker
pe Herence of the former than the later. The maximum value of
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Fundamental mode Subharmenic mode decorrelation is supported by the results from Gordeyev and Tho-

mas[4] for a jet shear layer case. However, no intermittershift

in subharmonic phase is observed in this work. This may be due to

eaapeeperesetoses, 9424040408, | X/N=5.0 the difference in geometry of study between the two investigations
NV and the reattaching shear layer investigated in the present work is

—0=1.496 —o0=1.755

:030'945 :°=1‘196 strongly influenced by the recirculating region and is turbulent in
_“”“’,_,.',_".‘1‘._“ aonsuutt00 0o aayy X/N=0 nature as opposed to the laminar nature of the jet shear layer.
—10=0.654 —0=1.159

5 Summary

Lbeepeepaastantorety X/N=5.0 The effect of the singléfundamentgland two frequencyfun-
damental and subharmopiexcitation on the development of the
reattaching shear layer past a surface mounted rib has been stud-
7‘".'“."‘.‘ . Sosqetarens®tenty, LX=25 ied in this paper. Phase differences of 0°, 90°, 180°, and 270°
between the fundamental and subharmonic have been considered.
i i The modal energy development, energy exchange with the mean
el X/h=2.0 flow, binary energy exchange and the phase decorrelation behav-

oo ot ior are discussed. The main findings from this work can be sum-
—0=0.331 -6=0.651 .
i i marized as follows:
(4
T—Teseseqecy s » The large scale motions are significant even after reattach-
~6=0.226 - 0=0.207 ment, which is evident from the magnitude of coherent component
. . /\ het of turbulent energy and the coherent component of the turbulent
p=TReqesqeeq poof——eqesy o shear stress.
—0=0243 —0=0.395 » For the fundamental excitation, the subharmonic mode grows
. . after the saturation of the fundamental and for the subharmonic-
3 Jeespeet—veqese —deeqeeqeoen|X/N=0.5 fundamental excitation, the subharmonic and fundamental modes
52 {0=0227 - o=0301 grow into one peak in the near field at about saxib location
a1 -7 j\ and subsequently the subharmonic mode grows again after reat-
0 POOPET 0004 POST—TOOR00% Xh=0.0 tachment.
0123456 012342586 » The binary energy exchange is significant in the near field
o ¢ and its sign is phase dependent i.e. it reverses its sign based on the
phase difference. The significant value of the binary exchange
Fig. 11 The development of fundamental and subharmonic terms in the near field region is responsible for the location of the
mode phase decorrelation for fundamental-subharmonic exci- fundamental and subharmonic peaks being different from their

:sggtri‘or(]Aﬁ]: gsgxb“;'s”%;?r‘zgsgﬁég ;?&%nggﬂ ;pg;?:g?]gtthe Yo7 respective peaks of energy exchange with the mean flow.
solid lines correspond to the curve fit and the o is the standard . E.XC'tatlon IMproves .the coh_erence with low value of phase
deviation (phase jitter ). jitter in the near field region leading to complete phase decorrela-
tion in the far field region X/h>3).
* From the phase jitter evolution of the fundamental and sub-
_ o harmonic mode, the origin of phase decorrelation is attributed to
subharmonic excitation N¢=270°) are comparable aK/h the subharmonic instability.
<1.5 region in Fig. 5 as they have similar subharmonic magni- « The fundamental-subharmonic excitation does not offer sig-
tude in Fig. 5. Therefore, it may be construed that the phase jitigificant improvement on the zone of influence compared to the
and the subharmonic mode development are correlated. fundamental excitation.
To better illustrate the role of subharmonic mode on phase jitter
magnitude, the phase jitter evolution of fundamental and subh@i-
X b - eferences
monic mode using pattern recognition approach have been pre- ) ) o
sented in Fig. 5 for the fundamental-subharmonic excitation'™] nc_),_c. M., and Huang, L. S., 1982, “Subharmonics and Vortex Merging in
T ano . ixing Layers,” J. Fluid Mech., 119, pp. 443-473.
(Ap=90°). The cqmplete phase decorrelation of the fundame_ntalz] Yang, Z., and Karlsson, S. K. F., 1991, “Evolution of Coherent Structures in a
mode occurs earlierX/h=2.0) than that of the subharmonic Plane Shear Layer,” Phys. Fluids &(9), pp. 2207-2219.
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quency .Is .Con.SIStently hlgher than that of th.e funda.mental fre 4] Gordeyeyv, S. V., and Thomas, F. O., 1999, “Temporal Subharmonic Amplitude
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Compressibility Effects on the
Extended Crocco Relation and the
Thermal Recovery Factor in
Laminar Boundary Layer Flow

B. W. van Qudheusden

Department of Aerospace Engineering, The relation between velocity and enthalpy in steady boundary layer flow is known as the
Delft University of Technology, Crocco relation. It describes that for an adiabatic wall the total enthalpy remains constant
PO Box 5058, 2600 GB Delft, The Netherlands throughout the boundary layer, when the Prandtl number (Pr) is one, irrespective of
e-mail: B.W.vanOudheusden@LR.TUDelft.nl pressure gradient and compressibility. A generalization of the Crocco relation for Pr near

one is obtained from a perturbation approach. In the case of constant-property flow an
analytic expression is found, representing a first-order extension of the standard Crocco
relation and confirming the asymptotic validity of the square-root dependence of the
recovery factor on Prandtl number. The particular subject of the present study is the effect
of compressibility on the extended Crocco relation and, hence, on the thermal recovery in
laminar flows. A perturbation analysis for constant Pr reveals two additional mechanisms
of compressibility effects in the extended Crocco relation, which are related to the viscos-
ity law and to the pressure gradient. Numerical solutions for (quasi-)self-similar as well
as non-similar boundary layers are presented to evaluate these effects quantitatively.
[DOI: 10.1115/1.1637626

1 Introduction The powerful concept of the Crocco relation is that, given the
. o ) ) restrictions mentioned, it has a further general validity, in that it

1.1 The Crocco Relation. The similarity which exists be- applies also under three-dimensional and compressible flow con-
tween the diffusive transport of momentum and heat in a boungitions. The Crocco relation may be further valid for turbulent
ary layer flow establishes a close link between the local values fi§w as well, provided that in addition the turbulent Prandtl num-

flow velocity and enthalpy. This relation is usually reffered to ager is ong3,4]. The case of turbulent flow, however, is outside the
the CroccoBusemanh relation. Its derivation can be found inscope of the present discussid.

several standard text books covering the topic of high-speed vis- ] ]
cous flow, like[1-5], and states, in essence, that for steady lami- 1.2 The Extended Crocco Relation forPr#1. For arbi-
nar boundary layer flow the enthalfii) can be expressed as atrary Prandtl number, the effect &fr is commonly incorporated
function of the velocity(u, in case of two-dimensional flowfor by applying a direct generalization of E@), which corresponds
any viscosity functionu(T). It is strictly valid when the Prandtl to the assumption that a constant recovery factcan be applied
numberPr=1 and with either an adiabatic waltero heat trans- throughout the entire viscous layer, implying:
fer), or zero pressure gradient. For two-dimensional flow and an
adiabatic wall, which are the conditions considered here, the h=h +r1(u2—u2) (3)

. e e
Crocco relation reduces to: 2

1
h=h.+ E(US—uz) 1) H:He+(r—1)%(u§—u2). (4)
where a subscripg refers to the conditions in the external strea
Hence, the Crocco relation reveals that Far=1 and in the ab-
sence of heat transfer at the wall, the total enthahby h
+(1/2)u? is constant across the boundary layer. Accordingly, t
(wall) recovery factor is equal to one, whereis defined as:

Mrhe above result is exact facompressible Couette flow with
constantPr, see e.g.[6], in which case the convective derivatives
are zero. The recovery factois then equal to the Prandtl number
r.
For boundary layer flows this “generalized Crocco relation”

h. —h has no exact validity, and is obtained only in an approximate sense
=W e (2) [7]. In this approach the value ofis based on the thermal recov-
Euz ery at the wall, derived from theoretical studies of self-similar
e

2 boundary layer solutions in constant-property flow to be approxi-
tg1atelyr: Pr*2, also in pressure gradief—10,5, while being

with h,,, the adiabatic wall enthalpy, which is equal in this case to_. ;7 . L . .
L valid with good approximation for compressible flow in zero pres-
H., the constant total enthalpy of the inviscid freestream. This re gradient as weltl1,17.

result visualizes the concept of "recovery” as the conversion 05qu serious objection to this modification of the Crocco relation

meanflow kinetic energy into thermal energy in the decelerat ; :
viscous flow. In the case of the recovery factor being one, a p%r'%.i- b(_)tl)Jn(_:iary _Ialyer flor:/vs, however_, IS tfhat the resultlndg_ entha:]py
fect energy conversion hence takes place istribution violates the conservation of energy. According to this
' principle, the reduction of the total enthalpy near the wall due to
Commibuted by the Fluids Endineering Division f biication in oA the incomplete heat recovery<1 for realistic gases wherer
ontributed by the Fluids Engineering Division for publication in NAL ; dHe
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division<1)‘ must be balanced by a flow region wh He‘ see

Feb. 20, 2003; revised manuscript received Aug. 27, 2003. Associate Editbf13], an effect which is not reproduced by an expression like Eq.
T. B. Gatski. (4). The creation of nonuniformities in total enthalpy in a flow is

32 / Vol. 126, JANUARY 2004 Copyright © 2004 by ASME Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.153. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



also known as “energy separatiofif3]. Apart from the diffusive of mechanical into thermal energy and is therefore in itself not
effect considered here, unsteady pressure work may be a furthesponsible for an incomplete recovery. Rather, it is the imbalance
and powerful mechanism for this, but unsteady effects are nottween thermal and mechanical diffusion which occurs when
considered here. Pr+# 1, which gives rise to variations in the total entha[fd].

In an earlier papell4], a modified expression was derived for The present study addresses the effect of compressibility in a
the Crocco relation withiPr different from one, which establishessystematic approach, based on the analysis of the transformed
an asymptotically-complete first-order extension of the originaiquations for generahon-similay boundary layer flow. To reveal
Crocco relation. Its derivation was based on a perturbation analhat are believed to be the basic mechanisms responsible for the
sis of self-similar solutions of the constant-property boundagompressibility effect, the analysis allows for variable density,
layer equations, but showed to be valid for nonsimilar flows a®nductivity and viscosity, while keeping the Prandtl number and
well. The result of the analysis further confirmed the generapecific heat constant, a common assumption in non-hypersonic
asymptotic validity of the approximation= Pr/2. flow applications. Apart from this limitation, the analytical ap-

o proach is not restricted to small Mach numbers, in contrast to

1.3 Compressibility Effects on the Recovery Factor. In  Herwig's study[15], of which some results will be used to cor-
the above mentioned study it was found, furthermore, that thghorate findings of the present analysis. For comparison the
effect of compressibility on the extended Crocco relation was onjixalysis of constant-propert§incompressible”) flow is included,
small in the case of zero pressure gradient flow. This result agre@sich reproduces the results for general, non-similar flow ob-
with other analytical and experimental findings on the laminagined earlief14]. In the case of compressible flow, two major
recovery factor, as mentioned above, and which have led to thfechanisms are identified that may invalidate the incompressible
common notion that the= Pr'/2 approximation possesses a simiresults, viz. the variation of fluid propertiésensity and viscosiy
lar validity in compressible flows as well. As suggested by a nunthemselves, and a direct Mach number effect through the pressure
ber of sources, the compressibility effect may then sufficiently hgadient. Numerical computations @fuasiy self-similar as well
described by taking only the temperature dependenderahto  as non-similar boundary-layer solutions are presented to evaluate
account(“the reference temperature method,” sg2-4]). How-  and illustrate the extent of these effects.
ever, this effect is known to be only small in real gases and may
be of the same order as the viscous effect for larger Mach num-
bers, as shown_b_y_ Van Driept3]. Furthermore, t_his finding of % Governing Equations
small compressibility effect may be only a fortuitous result, no
amendable to more general compressible flow situations, as thdhe continuity, momentum and energy equations governing
flat-plate case on which it is based contains only a limited asp&dgady two-dimensional laminar compressible boundary layer flow
of compressibility, in that only thermal effects are present but ntith respect to a Cartesian coordinate framgy§, with (u,v) the
pressure effectgl5]. corresponding velocity components, are given by:

Relatively little attention appears to have been given to the

systematic study of the pressure-gradient effect on the recovery (9p_u+ aﬂ: (5)
factor in compressible flow. In the investigation of Herwjd5], (228 Iy

see alsd5]) the effect of compressibility on the boundary layer ou au dp 4 au

was treated as a perturbation of incompressibgf-simila) so- pU—+pv—=——+ —pu— (6)
lutions, by allowing for variable propertigsiscosity, conductiv- X ay dx ay " dy

ity, density and specific heatEquations were derived with which oh oh dp au\2 d u oh

the sensitivity of thgvelocity and temperatuyesolution to prop- pU—+pv —=u— +M( _) +——— (7)
erty variation can be assessed, as function of the Prandtl number X ay —dx ay ay Pr ay

and the pressure-gradient paramegeNumerical data were pro- wherep is the pressure the density ang the dynamic viscosity.
vided for a limited number of combinations &fr and 8. Al-  The external flow is adiabatic so thatp/dix= — pu.du,/dx
though quite general in its approach to the possiiridependent =, dh,/dx. Constant Prandtl number and specific heat is as-

variation of fluid properties, the scope of the study is limited tgumed, and the fluid is considered to behave as a perfect gas with
small Mach numbers, while also the effect of pressure gradient BRthalpyh=c,T and y the ratio of specific heats.

recovery is not clearly revealed. As to the effect of compressibility o . )
on recovery, only the flat-plate case is discussed explicitly, in 2.1 Compressibility Transformation. The equations are
which it agrees with other studies in literature regarding the effegébjected to a standard compressibility transformation, see e.g.,
of the variation of viscosity. The data provided in the paper furthé?] or [4], with transformed coordinatex) and »(x,y) defined
allow only a limited assessment of the effect of pressure gradiepgcording to:
as results are given only for a selected number of self-similar d
solutions with positive3. These results indicate that with increas- _g = peptel ’9_77 _ Y p (8)
ing Mach number there is an additional decrease of the recovery dx e gy \2g
factor, but that the effect is rather small. . . '

An example of possible evidence of a noticeable effect of preEltrOOIUCIng the transformed stream_functm(f, 7) defined by
sure gradient on the recovery in compressible flow, on the othel 7) =U/Ue, and the enthalpy functiog(¢, 7) =h/h,, the mo-
hand, was discussed by Whita]. Results were given of numeri- MeNtum and energy equations are given by:

cal computations of the laminar boundary layer with a linearly ' 9
decreasing freestream Mach number, which can be seen as the (Cf”)’+ff"+,8(g—f’2):2§(f’——f”—) 9)
compressible extension of the Howarth boundary layer. An inter- 9% 9%
esting result in particular was that the recovery factor near sepa- (cg')’ ug ig of
ration was reported to drop significantly, from the vahse0.84 By +fg'+ h—eCf"Zzzg(f’a—g—g/&—g) (10)

under incompressible conditions to a value ef0.51 for a refer-
ence freestream Mach number of 6. White explicitly attributes this prime denotes differentiation with respect 40 The Chapman-
effect to the pressure gradient. His explanation, viz. that the viRubesin functionC and the pressure-gradient paramegeare
cous dissipation at the wall is reduced near separation, howewfined by:

cannot be the reason as this would equally applgtmnpressible

flow with Pr=1, for which the strict Crocco relatiofl) still C(& )= mp B(&)= Edie (11)
applies. Moreover, viscous dissipation represents a direct transfer ' MePe ue dé
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For the present study it is convenient and more appropriate dpproximate description of the variation afover a limited tem-
replace the enthalpy functianby an enthalpy recovery functioh perature range. Note furthermore fraf9), thatC increases with

[5,15,14: T whenw>1 and decreases whesn<1.
h—h 2.3 Asymptotic Solution Approach. A perturbation ap-
0= € (12) proach is used to investigate the effect of Prandtl number on the
Euz solution of the energy equation fd?r different from unity, in
2°¢ which the enthalpy function is expanded in an asymptotic series:
It may be noted that the value 6fat the wall corresponds directly 0(7)=0o(m)+€0:1(n)+ €0 () + . .. (20)

to the recovery factor. The momentum Eq(9) and the energy it respect to the perturbation parameterPr — 1. Substitution
Eq. (10) can now be written as: of the series into the enthalpy equation and collecting equal pow-
_ o of ers of e then provides the equations which the subsequent terms
(CF")' +ff"+B(G—f'?)= gg( fr—— f”_) (13) have to satisfy. For each functigh the same boundary conditions
9é ¢ apply, viz. 6/ =0 at =0 and 6,=0 for 7—.
B 90 Jf The particul_ar purpose of this anglysis is to rglate enthalpy di-
+fo —2Bf 6+ 2cf~2:2§< fr— 9’_) (14) rectly to velocity, by finding expressions for the first two terms of
23 23 the asymptotic series fatin relation tof. This approach provides
L~ . . . a consistent asymptotic extension of the Crocco relation for
with B expressing the pressure gradient in terms of the freestre@yyndtl number different frorfbut neay unity. The procedure will

Mach numbeM. : first be applied in the next section to constant property flow, after
2¢ dM which the case of variable properties will be addressed.
~ e

ﬂ:M—ed—gz(lJrfm)B (15)

(Co")’
Pr

The boundary conditions at tiadiabati¢ wall are: f=0, f'=0 3 Constant Property (Incompressible) Flow

and #' =0, while near the external flowsy(=) f'=1 and 6=0 In constant property floy ar_1d,u are tak_en constant o=1.A
apply. The scaled enthalgy=h/h, and total enthalpyfa=H/H, nhecessary requirement for this assumption is that the Mach num-
relate to# as: Qer becomes vanishingly smalM—0). Hence,g=G=1 and
=3, so that Egs(13) and (14) simplify to:
=1t ey0 ae PP as(13) and (14) pfyf f
of' J
" " _f12y— r____ _ fr___
G=1+ay(6+f2—1) 17) "+ +B(1—1'9) Zg(f % f ag) (21)
where ey =(1/2uZ/h.=(1/2)(y—1)M?2 and ay=(1/2)u2/H, 0" , 90 of
=ey/(1+€ey), S0 thatay<1. Note thatey=ay=0 for M, py HO 2Bt o+ 21" =2¢ f’a—g— G’E (22)

=0, and that as the Mach number increases to infiragy,in-
creases indefinitely as well, whereag, remains bounded. Re- Applying the asymptotic solution approach in this case, yields the
garding the above expressions, the same appligsand G, re- following equations for the first two termg, and 6, of the ex-
spectively, asd remains@(1) for an adiabatic wall. Because of pansion, Eq(20):
this, the Mach number effect on the solution through the pressure 90 pr
gradient, as expressed in eit8y or (13), is likely to be smaller Op+f0,— 2B 0o+ szzzzg( fr20_ 06—) (23)
for the latter. Indeed, for a linear viscosity law and unity Prandtl 23 23
number(henceC=1 andG=1), this form of thef-equation then
reduces exactly to the incompressible Falkner-Skan equation, cf /1 ! ' " — 901, O

y | P q , Cf. 01+ 101-2B1" 01— 65 =2¢| F'——— 61— (24)
[16]. This indicates thaB, rather thang, is the proper choice for § §
the self-similarity pressure-gradient parameter for compressibiée equations for subsequent terms can be obtained in a recursive
flow, in that similarity may be obtainedapproximately for a  way, as was shown ifiL4]. The zero-order solutioH is identical
constant value of, rather thans. to the solution forPr=1, so in correspondence with the original

) . . . . Crocco relation:
2.2 Viscosity Law. As will be shown later on, the viscosity-

temperature relation is very important for the compressibility in- o=1—1"2 (25)
fluence on the Crocco relation. For Sutherland’s viscosity Gw

can be evaluated as: which can be verified by evaluating ER3). Substituting 6

o =—2f'f" into Eq. (24), the first-order problem reads:
1/zl—l-S

= /’ ! ’ rENNT ! (901 ! af

=g RS (18) 07+ f0;—2Bf 0, +2(f' ") =2§(f v ela_g) (26)
where:S=S/T,=(1+€,)S/T,, with T, the total temperature in 1he solution for6; found in[14]:
the external flow and5=111K for air. For a general viscosity 1
law, such as Sutherland’s, the solution is a function of bdth 01=§(1—f’2)—ff” 27)
and T, but when the viscosity is expressed as a power law,
ulwe=(TITy)?, the direct effect ofT , vanishes: can be verified to satisfy Eq26) in general.

C=g“ 1 =(1+eyb(n)° " (19) 3.1 Interpretation in Dimensional Properties. Returning

to dimensional properties, and with substitution of the results that
Itis for this convenient reason that the power-law function is oftewere obtained fos, andé,, the Crocco relation and the recovery
employed in analytical studies of the effect of varying propertiesactor are expressed explicitly up to first orderdias:
It should be remembered, however, that the accuracy of this ex- 1 1 v au
pression is only limited in describing the true viscosity behavior, —hot (U= U2+ €1, 2 o _You + 2
although an appropriately chosen value @wfmay suffice as an h=h, 2 (Ug=u%) 2 2(ue u p ay O(e?) (28)
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€ source terms allows already at this point of the analysis a prelimi-
5 +0(€?) (29) nary assessment of how the effects under consideration will quali-

tatively affect the incompressible results.
where ¢ is the stream function defined pyu=dy/dy, with p
constant in the case under consideration. The resul{Z¥.con-
firms the expression~Pr? as an asymptotically correct first-
order approximation for two-dimensional constant-property flo
in general. After truncation of both series by neglecting@te?)
terms and subsequent elimination ©fthe relation between en-
thalpy and velocity can be written alternatively as:

r=1+

1. The first term expresses the direct effect of varying proper-
ties, which are the consequence of the temperature variation
cross the boundary layer. The fact that it is only the variation of
e productpu which is relevant, alleviates this “thermal com-

pressibility effect” to a large extent, gs and u show opposite
thermal behaviorp decreases with temperature whergasn-
creases. Indeed, for a linear viscosity-temperature relation the ef-
1, ., W du fect vanishes completely3=1). With the temperature gradient
h=he+r 7 (ue—u9)—(r—1) 5oy (30) being negative everywhere in the boundary lag@f,is positive
P when the temperature-dependence of the viscosity is less than

1, L, ¢adu linear (w<1) and negative whew>1. Combination of Eq(19)
H=Het+(r=1)| 5 (ue—u)— 5y (31) and(25) yields for the first source term in E¢34):
Comparison with the classic forms of the modified Crocco rela- (C'ff")' = —2en(w—1)(g" *ff'f"?)'+O(e)  (35)

tion, see Eqgs(3) and (4), reveals that the classic modification ear an adiabatic wallg®~2ff'£"2)" is positive. As a result, this
incorporates only the first recovery part of the first-order term, b% ct will be to increase the local value ﬂf_l.' and henc'e to

:E:t(:gteefﬁgevn?sp;gtséz?tir?)t(ﬁé;sses the energy migration towa}n ease the P_randtl number effect on the recovery factor, when
’ ' w<1. Concluding, forPr<1 a decrease of the recovery factor

. . with freestream Mach number is predicted to occur whenl,
4  Variable Property (Compressible Flow and similarly, an increase whem>1F.)

The analysis of variable-property flow starts by the observation2. The second term reflects the effect of pressure gradient in
that also in this casé,=1— f'2 must be the correadd(1) term of combination with a direct Mach number influence througf .
the expansion, as a direct consequence of the fact that the origilt@lcontribution to the recovery effect is easily interpreted, as to
Crocco relation(1) for Pr=1 is valid for compressible flow as increase with bottB and a, . For positiveB (negative pressure
well. The equation for the first-order perturbation tefimis now gradien} the compressibility effect therefore increases the Prandtl
obtained by the same asymptotic solution approach, i.e. SUbSti&é'pendence, whereas for a negaﬁa\/epositive pressure gradient
tion of the expansion fop, Eq. (20), into Eq.(14) with 6, given i has a decreasing effect. Hence, again o<1, the recovery

explicitly by Eq. (25). ) factor is expected to decrease in a negative pressure gradient, and
When, following the constant-property analysis, we add to thi§ increase in a positive pressure gradient.

the momentum Eq(13) multiplied by 2f’, all terms ofO(1) are
cancelled, where with reference to Efj7) G has been substituted
by: G=1+ eayb,+O(€?). Grouping in the remaining expres-5  Numerical Investigation

sion all terms ofO(e) then yields the following equation faf; : ) ) T )
A numerical investigation was made to obtain accurate solu-

(C6oy)’ +f01—223(1—aM)f’ 0,+2(Cf'f")’ tions to thef- and 6-equations, in order to quantify the compress-
ibility effects on the extended Crocco relation, in particular the
_ / ‘9917 , of influence of the pressure gradient and the viscosity relation on the
=2¢ ' —— 01— (32)
9€ € recovery factor.

Numerical solutions are first presented fguasiyself-similar
flow solutions, with the purpose of evaluating and illustrating the
extent of the different effects that have been identified in the the-

1 oretical analysis. This may then serve for comparison when inter-
9125(1—f'2)— f"+ 6, (33)  preting more general, i.e. nonsimilar, boundary layer solutions of
which two examples will be considered in the present study.

To investigate the compressibility effects @q, let the incom-
pressible solution Eq27) be enhanced as:

whered, . is the additional component @, due to compressibil-
ity. By substituting Eq(33) into Eq. (32) and adding to it, again
following the constant-property analysis, the derivative of the
product of the momentum E@13) andf, the following transport  Self-Similarity in Compressible Boundary Layers:rom an
equation foré, . is obtained, neglectin@(e) terms: analytical point of view the study of self-similar solutions is es-
1 pecially attractive as this allows the boundary layer problem to be
—(1 treated in the form of a set of ordinary differential equations. A
2 first requirement for self-similarity to be obtained in thg €)

00y, of formulation is thatg is constant, implyingM ¢ gﬁ’_z. However,

(9_6_ 1*°(9_§) (34) for compressible flow th_e addltlonal requirement is tBaaind C,
henceg, must be self-similar as well. Regarding Eq%6) and

The last two terms on the left-hand-side of the equation act ék7) this means that botl,, and a), must be constants. Strict

source terms in the transport 6f ., and hence reveal the mecha-self-similarity in compressible flow is therefore only possible

nisms responsible for deviations from the incompressible solutiomhen M, is constant, i.e. for zero pressure-gradient flow.

To have these terms vanish irrespectivd, of is necessary that For a linear viscosity law, heng@= 1, further possibilities exist

is constant and either,, or 3 is zero. This is indeed obtained forfor self-similarity for the boundary layer problem in essentially
the incompressible limitwith C=1, a);,=0 and g arbitrary), in the (f,G) formulation, as shown by Chapman and Rubgsin.

which case Eq(32) reduces to Eq26). Under compressible flow In the present case, the use of a linear viscosity law relaxes the

conditions it is fulfilled only in the case of zero pressure-gradiefditional requirement to onls being self-similar, which can be
achieved when any of the following conditions is satisfied:

flow (E:O) in combination with a linear dependence of viscosity
on temperature@=1). A further interpretation of the individual 1. M~0: incompressible flow, witlG~1 asay~0.

5.1 Self-Similar Boundary Layer Calculations

(COL) +10;,.—2B(1— ay) ' Oy +[CF1"] +2Bayf’

—f’z)—ff”:|_2§:(f’
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Fig. 1 Self-similar solutions for the transformed profiles of the velocity f’, the enthalpy @ and the total
enthalpy @+ f'2. Symbols indicate calculations with Sutherland’s viscosity law, lines for the power-law,

see legend in the figure (Pr=0.7, [}=0, M=5).

2. Pr=1: in that cas€5=1 according to the original Crocco T,=300K or T,=300 K constan{representative of either wind-
relation. The equations become identical to their incompressililennel or free flight conditions as well as the power-law expres-

form. sion with different values for the exponeat _
3. Mg>1: ay~1 remains nearly constant at large values of AS an illustration, the(transform_eal pr_oflle_s of the velocity,
the Mach number. Henc& = 9+ f'2 is self-similar as well. enthalpx and total enthalpy, are given in Fig. 1 for the dske

. . L ) =5 andB=0 (flat plate flow. Note that for this specific case, the
Evidently, for our present interest, which is the combined effect @fgyt for the linear viscosity law=1) is identical to the incom-
compressibility and Prandtl number on thermal recovery, only ”i!ﬁessible(=BIasius) solution, and all compressibility effects are
last case bears relevance. . o contained in the coordinate transformation, Eg).

_ The possibility of_ obtalnlr_lg_strlct self-S|m|Iar|t_y IN COMPress- e yjiscosity law is seen to have quite a strong effect on the
ible flow, therefore, is very limited18]. However, if the effect of o ngary layer scaling, notwithstanding the use of transformed
changingM. on the solutior(in the transformed variablgss only  cordinates, with the thickness scale increasing with approxi-
small, self-similarity may occur in an approximate sense, referreghte proprotion ta/C,,, see[3]. This stretching can be explained

to as “local similarity” [2]. It assumes that the solution is d»(‘)mi-by introducing in Eq(13) the approximatiorC(»)~C,, (for the
nated by the effects which are represented by the local valygs okdiabatic wall case the temperature in a large part of the boundary
andM, and that history effects, expressed by the terms involvinigyer is approximately equal to that at the wallhe solution is
&-derivatives, may be neglected. This concept will be exploitetlen given byf (%)= JC,fo( 7/ JC,,) Wheref is the incompress-
here for the study of the effect of the pressure gradient. ible solution satisfying the Blasius equatidff+ f,fg=0.

Results of the Calculations.For the calculations of the Although this stretching evidently affects the value f6{0)
(quasi) self-similar solutions a 5-point equidistant finite-directly, the recovery factar= 6(0) is seen to vary only slightly.
difference scheme with fourth-order accuracy was employed. THemay be noted further, that the result for Sutherland’s viscosity
coupled equations are solved iteratively by means of subsequiiy With ;=300 K resembles closely that for the linear viscosity
approximations. Convergence of the solutions is assumed wHaW. Whereas forT,=300K the results are close to the high-
the value off”(0) between subsequent iterations does not chanffgnPerature approximation=0.5. The lower graph confirms that

S . : ffect is basically a stretching of the normal coordinate and
within a prescribed small valugypically taken 10°8). Outer flow ee ; X .
boundary conditions are applied at a finite valgg,, taken suf- that the normalized velocity-enthalpy correlatiomhere the en-

ficiently large so as to ensure that the final solution does nfjl2lPy variation has been scaled with its value at the jwill

depend on it within the desired numerical accuracy. The resu\fgtua"y the same for all cases. Very similar results were obtained

reported here have been obtained mostly with,=10 andAz for other values of3.

=0.1 or 0.05 with grid refinement studies verifying that the error The compressibility effect ori”(0) andr, as a function of

in the recovery factor was less than f(for all cases considered. Mach number, pressure gradient and viscosity law, is further illus-
All calculations have been performed fBr=0.7 andy=1.4, trated in Fig. 2 for three different values @ viz. 8=0 (top),

with variation of the free stream Mach numiddr, and pressure- Z;: 1 (centej and73= —0.15 (bottom). The labeled curves corre-

gradient parameteB. Different viscosity relations have been ap-spond to the power-law viscosity with different valuesugfwhile

plied, such as Sutherland’s law with=111 K and taking either the dashed line indicates the results for Sutherland’s law With
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Eig. 2 Effect of~Mach number, v~iscosity law and pressure gradient on f”(0) and recovery factor r; top:
B=0, center: B=1, bottom: B=-—0.15; dashed lines indicate results for Sutherlands’s law with T,
=300K (Pr=0.7).

=300 K. The latter is seen to agree approximately with the powebserved that thé solution does not vary strongly withl., as
law for w=1, as had been also observed in Fig. 1. The influence gfidenced by the values &f(0) which are nearly constant. This
the viscosity law is most clearly revealed for the zero pressurg- i, agreement with the remarks made earlier regarding the

gradient cas@= 0, where only the thermal compressibility effec ; y P } ;

is present. The effect on the recovery factor is seen to agree V\t/(ftrﬁome Of_’B .as the p.roper S|m|Iar.|ty pressure: grad'e”t Parameter.

the predicted behavior, viz. thatincreases witiM, whenw>1, ~The prediction that increases wittM. when 3 is negative and

whereas decreases witiM whenw<1. thatr decreases wittM, when 3 is positive is indeed confirmed
Comparing in the diagrams for differeftthe specific curve for by the numerical results.

the linear viscosity laww=1) is of special interest to the present The other curves reveal the results of combined thermal and

study, as here only the pressure-gradient effect is present. It carpbessure-gradient compressibility effects. It is observed that when
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Fig. 3 Normalized recovery factor data and Mach number scaling; left: effect of viscosity-law exponent

w in flat-plate flow (B=0); right: effect of pressure-gradient parameter B with linear viscosity law  (w=1),
dotted line indicates M= «. Symbols apply to numerical data for ~ Pr=0.7. Lines in the bottom diagrams
represent the exact (solid ) or approximate (dashed ) results of the perturbation analysis.

B<0 andw>1 both effects act to amplify each other in increasingPrmulation allows to take the theoretical limi =2, hence

the recovery factor, whereas whgn-0 andw<1 they both act to ay=1, W.'thOUt introducing singular behavior of the bounda_ry

decrease the recovery factor. Igyer scallr.lg. For a c~onstan.t value of the Mach number, theT varia-
In the lower Mach number range, up to about 2, the present déi@n of r with  (for =0) is observed to be very nearly linear,

find quantitative support from Herwig's resulf45] under the whereas for the variation witl8 (for «=1) there is a distinct

same conditionsRr=0.7, y=1.4), for example regarding the ef- nonlinearity.

fect of viscosity law on the flat-plate recovery factéterwig: r An analysis of scaling effects is undertaken by a further scruti-

=0.8358-0.0032(1+ w)M2) and the stagnation-point recoverynization of Eq.(34). It has to be noted that, although the pertur-

factor with linear viscosity lawHerwig: r =0.8356-0.004MM2).  bation expansion approach of H0) has removed the direétr
_ _ dependence, the coefficients in Eg4) still contain an implicit
Normalized Results and Mach Number Scalinghe results dependence oRr, through the function§ and C, in addition to
for these two cases that reveal each of the compressibility mechgs explicit and implicit dependence g8 Mach number and
nisms separately, that is variation@fwith =0 or variation of8  \jiscosity law. For the flat-plate cas@€0) it was already ob-
when w=1, have been normalized in Fig. 3. The recovery dalgyed that the major effect of the visosity law is that of producing
have been scaled as<ro)/(1—ro), wherer, is the incompress- 5 gyretching of the boundary layer scale. Introducing the same
ible recovery factor at this value &fr. According to the preced- gyretching into Eq(34) together with the approximatior@~C,,
ing theory this removes the first order dependencé onas: applied to the first term an@’ ~(w—1)C,(g'/g) applied to the

r—ro fourth term, yields:

1—I’0

~—=20,.(0)+0(e) (36)

B - 2fofofe? |
making the results only a function aé, 8 and M. The left 01+ fob1c—2B8(1—ay)fobic—(0—1Day a2
diagram on the top row shows the effect of the power-law expo- @m'o
nentw on the recovery factor, for different values of the Mach + Bayfyl1- 52— 2f,f0]=0 (37)
number. The right diagram similarly shows the effect of the

pressure-gradient paramej@r The dotted line indicates the resultwhere Eqs(19) and(25) have been used to evaluaeneglecting
for infinitely large Mach numbefnote that withC=1, the present terms of O(e) and higher. Similarly, withG=1+ O(e), to the
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Table 1 Sensitivity parameters for e and 8 effect on the recov- Regarding the present formulation of the equations, the external

ery factor according to the approximate approach of Eq. (37).  flow is most conveniently expressed lsls(£), as this allows all
= — — relevant freestream-related parameters required for the computa-
B=-0.15 B=0 B=1 tion to be determined without the need to explicitly evaluate the

(Mach number and viscosity-law dependecwordinate transfor-

Cc (o3 Cc C Cc (03 . . ¢ .

' 2 ! 2 ! 2 mation, Eq.(8). Two different cases will be consideredi,
ay=0 0149 0724 0131 0518 0.110  0.183 =My(1+&) andM.=My(1—&). Both start as a flat plate flow,
g,v,;g.gs 8%; 8'&%’2 8'%2? 8'2%3 8'%82 8%% but the first is an accelerating flow, while the second is a flow
am=0:75 0216 0665 0206 0518 0213 0237 decelerating toward; separatjon. .Folr in.com.pressiblle iy, (.
ay=1 0.229 0.647 0.231 0518 0.297 0.265 =0) the corresponding velocity distribution in physical coordi-

nates areu,=Uye* and u,=Uye %, respectively, starting from
x=0. The accelerated flow is compute~d on the intervak&l,
over which the Mach number doubles gfdncreases from 0 to 1.
The decelerated flow is computed until separation occurs. The
same order of approximatidi corresponds to the incompressibleresults of the computatioriagain withPr=0.7 andy=1.4) have
solution for this value ofg, satisfying the equatiorfj +f,f been depicted in Fig. 4. The diagrams on the left show the devel-

+B(1—,2)=0. In the above approximate form of the transpor@Pment of f”(0), the nondimensional velocity gradient at the

equation foré, . the dependence qja  and Mach numbefthe wall, while the diagrams on the right give the results for the re-
1c ’

latter througha),) has been made explicit, apart from the implici overy fgctorr. _The s_olid lines ino!icate the computational results
~ M ’ ~ or the linear viscosity law, for different values of the reference

effect of B on fo. This means that for a given value gfthe  n\ach numberM,, with the dotted line corresponding thl,
equation is linear ing, ¢, allowing the effect of the source terms_ ., The dashed lines depict the results for=0.75, for two

to be evaluated independently of each other. This observation sygp,es of the Mach number. '

gests the following functional form for the normalized recovery Tpq computations show that the Mach number effect on the

factor: velocity solution is small, due to the use of transformed coordi-

rer _ _ B nates, especially for the_linear_ _viscosity laim that case it is
O ~(w—1)ay-cy(B,ay)— Ban-Co( Bay)  (38) Ccompletely absent when in additid?r =1, see[16]). The results
1-1g for the recovery factor confirm the findings of the self-similar
~analysis, in that the recovery factor decreases in a favorable pres-

where the parametecs andc, are positive-valued functions @f  sure gradient and increases in an adverse pressure gradient, to a

anday, (henceM,). Table 1 gives some computed valuesdor similar extent as in the self-similar solutions.

andc, obtained from solving Eq37).

To illustrate the Mach number scaling the diagrams in the bot-
tom row of Fig. 3 display the normalized recovery data vesys )
for the two cases considered. The symbols refer to the exact fu- Conclusions

merical data obtamed_&trzO.? v_vhlle the I_mes indicate the re-  The effect of compressibility on the validity of the extended
sults of the perturbation analysis; solid lines are for the exagyocco relation for laminar flow was investigated. The original
approach of Eq(34), while the dashed lines indicate the approxicyocco relation, which applies whd?r =1 is valid for both com-
mate approach of Eq37) using the incompressible velocity pro-yressible and incompressible flow alike. For constant-property
file. It is seen that for the viscosity-law effect the exact perturbgmy a generally valid, first-order extension of the Crocco relation
tion approach corresponds closely with the numerical dagan be formulated, which describes the effect of non-unity Prandtl
indicating that the contribution of the higher order terms of thaymper. Two compressibility effects were identified, which give
perturbation in Eq(36) is small. The approximate approach, alyige to deviations from this general constant-property result.
though capturing all basic features, differs notably as a result OfFirSﬂy, there is a thermal compressibility effect, which is
the approximate modeling of th€-terms in Eq.(34). For the caysed directly by the variation of viscosity and density across the
pressure-gradient effect, on the other hand, there is only litdgyundary layer. In flat-plate flow, this is the only effect present.
difference between exact and approximate perturbation resulige way in which this affects the Crocco relation, and in particu-
which is not surprising as th€-effect is absent here and thejyy the recovery factor, depends on the viscosity law. For a power-
approximation only involves replacing the true velocity profile by, relation between viscosity and temperature, and assuming that

the incompressible solution, which are very similar. The deviatiosy < 1, we find thar increases wittM . whenw>1, and decreases
between perturbation results and the numerical data, howeveryggh M, when w<1.

larger in this case, suggesting that here higher-order terms have ghe second compressibility effect is that of the pressure gradi-
larger |nf|u_ence. The latter assumption was verified by repeatiggt in combination with a direct Mach number influence. As a
the analysis for a value d?r closer to unity(results not shown result of this, the recovery factor is expected to decrease in a
where indeed resulted in smaller differences between the numeyégative pressure gradient, and to increase in a positive pressure
cal data and the first-order perturbation results. gradient, again foPr<1.

5.2 Nonsimilar Boundary Layer Calculations. In orderto _ 1hese analytical predictions were confirmed by numerical solu-
investigate nonsimilar boundary-layer development the numeridigns for (quas) self-similar boundary layer solutions. These re-
scheme was extended by replacing thderivatives in Eqs(13) vee_ll the_ magnltude of both effects to be of the same (_)rder for
and(14) by backward finite-differences, which allows the boundt_yplcal situations. For the_ range of parameter values studied, these
ary development to be computed by means of downstream mar€ffects are observed to increase or decreasétheffect on the
ing from the appropriate self-similar solution at the initial statiof€cOVery factor by an amount of 10% to 20%. In absolute sense,
¢=0. For the present computations, a three-point backwagnce, the pres§ure-grad|ent effe(;t is concludgd to be only limited.
scheme was used, which is second-order accurate in the step 52&&xa@mple, wittPr=0.7 and a linear viscosity law, the recov-
A¢. Grid studies were used to verify that the results obtained féfy factor in stagnation point flog=1 is found to decrease from
the recovery factor remained accurate within 40with the pos- 0.836 at incompressible conditions to a minimum value of 0.798
sible exception of the direct environment of the separation loch the limit of M=, which is a change of 4.5%. Similarly, for
tion where the boundary layer equations develop singular behg~= —0.20 which is for a self-similar laminar flow near separa-
ior [3]. tion, it increases to a maximum value of 0.8664% changge
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Fig. 4 Nonsimilar boundary layer development (Pr=0.7); top: M.=My(1+£); bottom: M =My(1—§).
Solid lines are for w=1 (dotted line indicates M=), dashed lines are for @=0.75.

Additional computations for non-similafdeveloping boundary  Tan/Te—1 (L+ro(n+1)ey) -1
layers revealed no significant effect of nonsimilarity on the above r= = (39)
conclusions. €M €M

. With the values used by Whitd®r=0.71,n=0.144 and taking
Reduceq Recovery Factors Near Separatloﬁq come backto | = /PT=0.84, the apparent recovery facforwould then be
the reduction of recovery factors near separation, as reportedf Yind to drop to 0.71 aM,=6 (e, =7.2). Also, expanding Eq
White and referred to in the introduction, the present results ) for small Mach nur;bers '\gn;ives. an ap[,)roximatiBFFro '
not in support of suc_:h a trel_wd. Flow separation occurs in an a%h 07 M2, which is similar to what is obtained when evaluating
verse pressure gradient, which on the contrary is predicted to jp-"— i e,r lts [15] for th nditions F~0.836
crease the recovery factor. The present analysis further sugg —%v(\)l%i/lz e_?_z, S F Oth i tise bco do sd (; i f th
the pressure gradient effect to be only moderate, and that theré 8- o). This confirms that the observed reduction of the
no strong effect of nonsimilarity. recovery factor is not to be attributed to the effect of the pressure

Closer study reveals that this discrepancy with White’s findin%ad'emr as originally suggested, but to that of varying specific
can be attributed to the difference in the modeling of the tempera@at:
ture dependence of the fluid properties, notably that of the specific

heat. In the present analysis both the Prandtl number and fReferences
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Circular Dynamic Stereoscopy
I and Its Application for Fluid
e-mail: k!clwal:uel@?c.miyaam“ﬁe&l:g IVI e a S u re m e nt

Miyazaki University,
1-1 Gakuen Kibanadai Nishi,

Miyazaki, 889-2192 Japan By attaching a refractor to the lens of a Video Capture Device (e.g., CCD Video Camera)
it is possible to record optical displacements from the original position of any object
Yuichiro an (tracer particle) within the image plane. If the refractor is physically rotated around the
Japan Fluid Enginesring Laboratory, optical axis at high speed, the tracer particles create annular streaks due to the effect
339-30 Kosasa, Kitamatsuura, caused by the refractor’s circular shift. The perceived displacements are added to the
Nagasaki 857-0401 Japan image being recorded by the Video Capture Device (VCD). Additionally, these displace-
ments are directly related to the distance between the VCD and the particle being mea-
Takakazu Ishimatsu sured: the magnitude of displacement on the image plane being inversely proportional to
Nagasaki University, the distance between the VCD and point of measurement. Since the radius of each annular
1-14 Bunkyo, streak, of a point being measured, is inversely proportional to its distance from the VCD,
Nagasaki, 852-8521 Japan it is therefore possible by analyzing these annular streaks, to determine the three dimen-

sional positional information of the point. Thus the radius of the annular streaks on the
image plane determines the z coordinate, while the geometric center provides the x and y
coordinates. The theory and setup of such a measuring system is subsequently presented,
and the measurement of a moving surface, such as moving water, is used to demonstrate
a typical application of such a systedDOI: 10.1115/1.1637632

1 Introduction illuminated point, which is not in the plane of focus, is viewed as
circle in the case of the annular-aperture mask method and as
ultiple points in the case of the multi-pin-hole aperture mask
ethod. The diameter of the circle or the distance between the
Sints in the(CCD) image gives the deptfz), and the geometrical

The use of 3-D information obtainable by computer imaginﬁ1
systems is attractive in various fields. Moreover, automatic dete
tion of such information has been, and continues to be, one of {

grlfrg \i‘/r); aliT;l Or;g(t)lfzg ggtiraigggf;”%gévg%wg\ée;’or%é?a?;\g’ o:r;_ nter provides the andy coordinates. While the system is com-
; yp . P Iy '9 3%t and consists of a low number of components, lack of clarity
information. One such system is based on stereovision, using two

or more CCD camerafdl,2], yet another is based on the S”t'rayblutrr;ﬁl én;?]%i (;:r?}relr;](())ht;g g;)/:)al\?neﬂssar;c‘)(eththls method relies on the
girf?éergtr']?:z rt;]eettwhggr?,;]étz E?nstzr;?swz:‘ogo?r):tssteirr? frrT;?ﬁsgrSisevtvhe; In this paper, a new technique for measuring the instantaneous
from different angles. However, one difficulty related to this typg; ree-dimensional positions of multiple points by analyzing a

f system i telv determining th tchi irs of point ngle image is introduced. The main feature of this technique is
of system IS accurately determining the matching pairs ot pointS gfle" ,se of 5 single VCD attached to an image shifting apparatus

each frame. This can also be proble_matic fqr computer processiigy By introducing a refractor onto the VCD lens, the image of
because_there may b? several possible ch0|ces (.)f matching poi point being measured is displaced on the image plane; this
In the slit-ray projection mthod, the object be_mg mea_sured ('ﬁsplacement is directly related to the distance between the VCD
reconstructed from multiple images each of which consists Ofa?\d the point being measurEt, 13. The magnitude of displace-
sllcg_(sllt-ray) of_th_e original image tgken at various d'ff‘?ref? ent on the image plane is inversely proportional to the distance
positions. _Quanutauve measurement Is established by taking | Stween the VCD and the point being measured. When the refrac-
conS|derat|o_n the geometrlc_relathnshlp between the .VCD ar_1d is rotated physically at high speed, the points being measured
structured Ilght(sllt-ray_). US”?g this me_thod, the object bgmga pear in the image as annular streaks. This is due to the change
measured must remain stationary while the strgctured IIghti focal position induced by the rotational shift; which is added to
scanned over the surface of the object. Therefore in general, m & image by the VCD during the recording process. Since the
ing objects cannot be measured using the s!lt-rgy projec“?&dius of each annular streak is inversely proportional to the dis-
_method. H_owever, some systems are capable_z of_|nd|rect|y meastiice of the point being measured from the VCD, each annular
ing a moving surface, such as water, by projecting a color-codg ak thus describes the 3-D information of the point. Three-

pattern onto the surface which is subsequently used as pOIntSd ensional information can therefore be calculated by analyzing
referencg5-8]. These systems are capable of measuring the greaEI

dient of the water surface at hiah spatial resolutions. but as su ych of the annular streaks. That is, the centers and radii of each
gh sp ' Shnular streak in the image can be converted into their respective

systems_ are easily influenced by outside Iightdigturbances, speglg_l) world coordinates X,y,z). A high level of confidence and
precautions must be taken. Other three-dimensional measuremg Elbility is possible because the difficult task of matching the

systems, that use a single CCD-Camera e.m.ploylng .speC|aI|zr% tive points between different frames is not necessary. This
aperture masks, have been used in robot vision applicaf@ns

and in fluid measuremei10], etc. These are based on the use ﬂethod has been applied to the measurement of moving tracer

a pattern proiected onto the obiects and an annular-hole or m articles in flow analysis—with satisfactory results being ob-
P Proj - J ined. The measurement of a moving surface, such as moving
pin-hole mask placed in the aperture of the camera lens. A

Water, is subsequently presented as an application of the proposed
measurement system. Measurement is possible using the phenom-

Contributed by The Fluids Engineering Division for publication in the ASME, B ; ; : _
JOURNAL OF FLUIDS ENGINEERING. Manuscript received by the Fluids Enginec—:-rim‘;].enon of this circular dynamlc method and a multi laser spot pro

Division December 4, 2002; revised manuscript received September 11, 2003. Ad@to'r; the results obtained suitably demonstrating the feasibility
ciate Editor: A. K. Prasad. of this method.
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Fig. 1 System setup Fig. 3 Experimental setup using multiple laser spots

ircul . spots on the surfaces of more distant objects, while the bigger
2 Circular Dynamic Stereoscopy annular streaks are indicative of laser spots on nearer objects.

A simplified setup of the imaging system is shown in Fig. 1.
Introducing a refractor onto the VCD lens displaces any poi .
being measured in the image by a distance corresponding to #le Image Processing

distan_ce between t_he VC_D and _thg actual point be_ing measureds 1 Analysis of the Streaks in a Single Image. Image pro-
The displacement in the image is inversely proportional to thecessing is relatively easy if the points being measured are rela-
distanceD between the point being measured and the VCD. Thigely sparse. In cases where the points being measured are more
is given by: densely grouped, for example tracer particles used in Particle
f.d Tracking Velocimetry(PTV), the streaks in the image can easily
D=— (1) overlap each other. However, by taking into consideration that the
r segments of annular streaks are concentric, each streak can be
wheref is the focal length of the VCD and is the magnitude of extracted automatically using the following procedure.
the image shift caused by the refractor. As the refractor is physi-An intensity gradient is first estimated for all locations in the
cally rotated at high speed around the optical axis of the VCimage and then graded at a certain threshold level in order to
lens, the points being measured appear as annular streaks ineigact the positions of the most significant edges of the annular
image. streaks. Vector lines normal to the segment of the annular streak
Figure 2 shows two examples of the streak effect. The tw&re then generated two-dimensionally. The slope of the normal
distinctive circular image streaks are produced depending Bies, along the streak edge, can be calculated using the compo-
whether the point being measured is stationary or moving, In thents of intensity gradient for each segment of the annular streaks
case where the point being measured is stationary, a circular strégkn:
is produced having a diameter inversely proportional to the dis- o=tan X(g, /g,) @)
tance between the actual point and the VGBe Eq(1)). yoiox
However, nonstationary points describe a spiral streak. If tihere g, and g, are the local components of the intensity
point being measured is moving from left to right, the spiral stregiradient.
is drawn from left to right, and the radius of the streak varies The calculated point data from along the normal lines are then
depending on the distance to the actual point. The locations astdred in a cache called a “Parameter Space.” Figure 5 shows an
radii of the spiral streaks in the image are related to the thre@xample of overlapping annular streaks and edge vector normal
dimensional locations of the points being measured, i.e., the pitiéhes. Since the edge normal lines converge at the center of the
and size variations of the streaks are directly related to the thr@enular streaks, peaks resulting from this data accumulation in the
dimensional “velocities” of the points. Parameter Space can be interpreted as possible centers. The Pa-
Figure 3 shows an example of the system set-up. Multiple las@meter Space is then graded at a certain threshold level to extract
spots are projected onto the surface of objects to be measured and
these spots are recorded by the circular dynamic stereoscopic sys-
tem. Figure 4a) shows multiple laser spots projected onto the
surfaces of a set of objects and Figb¥shows the circular shifts
produced by the system. The smaller annular streaks indicate las

(a)

Stationary point Moving point Fig. 4 Example images of multiple laser spots:  (a) Multiple
laser spots projected onto the surfaces of objects; and (b) Im-
Fig. 2 Spiral image age with circular shift.
Journal of Fluids Engineering JANUARY 2004, Vol. 126 / 43
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F(r)$

Threshold value

Ip r

P

Fig. 5 Annular streaks showing lines projected from edge Fig. 7 Accumulation of pixel intensities along a streak

normals

from the center position. The positon of each peak in the graph

therefore directly relates to the radius of each annular strgak
any concentrations of data called “blobs” that include a peak. The position of each peak iR(r) is calculated to sub-pixel
Each concentration blob is then labeled and peaks in each blob ageuracy by:
identified as the centers of annular streaks.

The positions of the peaks in the blobs are calculated to sub- r =M, (5)
pixel accuracy by: POSF(r)
s x-f, The center X.,y.) and radiug, of each circular streak obtained
Xc= using this procedure are converted to world coordinates
2 fp . b .
sy.f fp>certain threshold value (3) (Xw.Yw.Zw) by:
_ p
Ye= s fp Xw d Xc
. . . Yw|=—]|Yc (6)
wherep is a point located atx,y) and f, is the accumulated 2 Mol ¢
W

amount of possible centers pt Once all of the centers of the ' ) ' _
annular streaks are found, each streak can then be easily extrattbéred is the magnitude of the shift of the refractor aiis the
regardless of overlapping. focal length of the VCD.

Since each streak is circular, streak diameter can be measureg2 Analysis of Streaks on Consecutive Images.Dynamic

e e St e e aiprmaton can be obtained by analyzing consecue mages
. ; / . - en the points being measured are in motion, spiral streaks
various angles. This set of mathematical operations enables h'gg;/pear in tt?e field image. If the rotation of the refrac?or is faster

accurate measurement. To s_lmp!lfy the operation, the fOlIOqu an the movement of the points being measured, then the points
two-step method is adopted in this system.

. ) AR . . appear as annular streaks in each successive image, and the ap-
In the first step, th? accumulatlon of pixel intensity at a dIStanCpe‘?oximate center and radius of each streak can be calculated as
r from the center point Po is calculated from:

described in Section 3.1. To process the image data of this type,

2m use is made of the approximation technique as shown in Fig. 8. If
F(r):E f(r,6) (4) the rotational frequency of the refractor is synchronized to the
6=0 frame rate of the VCD, the streaks and blobs, generated by the

wheref(r,6) is pixel intensity at £,6). This method is also il- accumulation of “edge normal line” data, have similar shape and
lustrated in Fig. 6. value between consecutive images. The position of the blob indi-

In the second step, the graph Bfr), as shown in Fig. 7, is catés the position of point being measured without any circular

plotted from the results ). Pixels on the annular streak directlyShift, i.e., its absolute position in space-time. Corresponding

correspond to the center point, i.e., they have the same distafe@iching pairs are determined by using the correlation method
between blobs, and in some cases between annular streaks. If the

. O O

% 0o
e ~ ' /
Po(Uc,Ve) Result

Field 2 Approximation

"o,
o
"\, =
e

Fig. 6 Measurement of the size of an annular streak Fig. 8 Analysis of spiral streaks
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Fig. 9 Examples of the streaks associated with tracer par-
ticles: (a) Recorded image; and (b) Analysis result.

Screw propeller driven by a motor

-
&a
= 1

. .

Halogen lamp

Video capture device
with an image shifting apparatus Experimental tank

Fig. 11 Experimental setup

matching points. In these cases, the size and shape of the annular
streaks must be taken into consideration in order to determine the
appropriate points.
After identifying the corresponding streaks, spiral equations are
generated by considering the radii of streaks, the displacement of
bs between field images, and the rotational frequency of the

. . . lo
points being measured are relatively sparse, the correspondigg, tor. Information extracted from the spiral streaks is thus con-
points can easily be determined by considering the magnitude,\Rliteq into three-dimensional motional data. Figure 9 shows an
the movements and the correlation values between the blogﬁample of this analysis methodology. Figur@9shows spiral

However, if the points being measured are densely position
some difficulty may exist in accurately determining the corre

5 T T T T v T
I o X direction

E 4 i e ydirection ]
;o) :
g52t -
BE o 1
gi 1r 0°® o i
w % F. (') T

O0 100 200 300 400

Distance [mm)]
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10 T T T
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.g g | )
t84 .
=5 |
152
g % i 1 1 1

% 100 200 300 400

Distance [mm)]
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Fig. 10 Accuracy of the measurement system

Journal of Fluids Engineering

Wreaks corresponding to moving tracer particles in flowing water
Gnd Fig. 9b) shows the results derived from the analysis from the

spiral streaks reconstructed on a computer display.

4 Experiments

4.1 Evaluation of Measurement Accuracy. To evaluate
the feasibility of the system, the following experiment was con-
ducted. A plane board was placed parallel to and at a fixed dis-
tance from the image plane of the VCD. Points to be measuring
were illuminated on the surface of the board using a laser spot
beam. The laser spots were observed as annular streaks using the
circular dynamic stereoscopic system. A Pentium Ill, 800 MHz
computer was used to store the image daka resolution of
512x512 pixels, and to calculate the positions of the laser spots.

The depth of the board was varied from 50 mm to 350 mm at
intervals of 10 mm: the results are shown in Fig. 10. The horizon-
tal and vertical k,y) measurements, which are parallel to the
image plane and relate directly to the center position of the annu-
lar streaks, are efficiently determined because the data can be read
reliably and directly from the VCD image array. Since the depth
(2) is measured from the size of an annular streak, the accuracy is
restricted by the resolution and size of the streak.

A small systematic error is also apparent in the original result. It
is constant bias, which occurs in the process of calibration; how-
ever, by taking some know reference point measurements the bias
can be eliminated. Figure 10 shows the res@temdom error
after eliminating this systematic error. This graph shows the accu-
racy of the current automatic measurement system and may be
improved by applying a more optimized processing algorithm.
Almost 10% error as a function of the distance is included in the
results, yet the cause of this error is from inaccuracies in data
extraction from the streaks due to the overlapping or lack of clar-
ity of the image. If even more accurate results are required, the
operator needs to be involved manually in the analysis.

4.2 Particle Tracking Velocimetry Using Circular Dy-
namic Stereoscopy. Measurement of tracer particles in water is
the primary aim of this systenfParticle Tracking Velocimetry
[14]). By measuring the positions of the tracer particles at differ-
ent times, the three-dimensional velocity distribution within a
flow can be measured. Figure 11 shows the experimental setup
used to demonstrate the measuring ability of the system. The dis-
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Fig. 13 Velocity distribution within the cylinder tank

tance between the center of the tank and the VCD is approxi-
mately 250 mm. Polystyrene tracer particles of 0.2 mm or less in
diameter are scattered onto the water. The tracer particles have a
specific gravity of 1.03, so that they may be considered neutrally
buoyant in water. A cylindrical tank of 200 mm in diameter is
placed inside the rectangular tank and both tanks are filled with
water to avoid any distortion of the image. Water in the cylinder
tank is set into motion via a screw propeller driven by a motor
situated on top of the cylinder tank. As the rotation of the refractor
on the VCD becomes faster than the movement of the tracer par-
ticles, the particles are drawn as annular streaks in the image. An
example of the ensuing particles streaks is shown in Figa)12
The accumulation of lines in the direction of edge normal is
shown on Fig. 1¢b). Even though the image was dark, due to the
conditions of the experiment, 80% of the tracer particles were
recognized and there positions measured. The extrapolated infor-
mation regarding the center of the particle streaks and the size of
the streaks is shown graphically in Fig.(&2 The velocity distri-
bution within the cylinder is shown in Fig. 13. Velocity vectors are
interpolated by taking into consideration the position of the tracer
particles and the velocity vector of each tracer particle. This dem-
onstrates the applicability of the system to Particle Tracking Ve-
locimetry for fluid measurement.

4.3 Surface Measurement of Water Movement. The ex-
perimental setup is shown in Fig. 14. Aluminum pow¢20 xm)
was introduced onto the surface of the water. The powder formed
a thin film on the water surface and moved with the wave motion
of the water. Multiple laser spot80 mW) were then projected
onto the surface of the water, containing the aluminum powder,
which subsequently caused the lights to be reflected. Figum 15
shows an image of the multiple laser spots on the moving surface
and Fig. 1%b) shows the resultant stereoscopic image containing
the circular shift. Figure 16 shows two consecutive images recon-
structions of the surface of the water.

5 Conclusion

Circular dynamic stereoscopy has many advantages that enable
three-dimensional measurement using a single VCD. Annular
streaks are recorded using this system, with the radii of the annu-
lar streaks directly related to the distance from the VCD. Radii of
the annular streaks are inversely proportional to distance from the

Fig. 12 (a) Particle streaks; (b) Lines in the direction of edge
normal; and (c) Estimated center and size of streaks.
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Fig. 16 Experimental results of surface measurement of a
water wave
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On the Leak Through a
Spiral-Groove Metallic Static Ring
S. Geoffroy Gasket

M. Prat
e-mail: prat@imftfr The diffusive and viscous leaks through a model spiral groove static ring gasket are
) L . studied analytically. This system is characterized by a transition from a leak through
Institut de Mecanique des Fluides de Toulouse, radial passages to a leak following the spiral groove as the load increases. The study
UMR CNRS-INP/UPS No. 5502 concentrates on the transition. The results indicate a sharp (“critical”) transition with
avenue du Professeur Camille Soula variations of several order of magnitudes in the leak flow rates for small changes in the
31400 Toulouse, France contact area, i.e. the applied load. It is also shown how results for a diffusive leak and a
viscous leak can be combined for identifying the transition. The influence of surface errors
of form (waviness) is also considered. Although generally detrimental to tightness, it is
however shown that errors of form could be beneficial to tightness for the high loads if
their amplitudes are slightly smaller than the groove average depth.
[DOI: 10.1115/1.16376237
1 Introduction leak through this system is circumferential when the flow follows

the spiral groovehigh load$ and radial when passages exist in

_l\_/leta_lll(_: static _gas_kets are used_ exten'_swely as primary sealzﬂj,.% radial directior{low and moderate loaglsWe first conduct an
critical joint applications in many industries where severe con

. : .Jinalysis suggesting that the transition in the type of leak, i.e.
tions such as extreme ter_nperatt(revv temperature asso.c'atedcircumferential or radial, must be sharp, i.e. occurs over a narrow
with cryogenic fluid and high temperature in exhaust ljnies-

. range of loads. Furthermore, the analysis also suggests that the

YFansition could be confirmed by combining diffusion flux and

For instance, these gaskets are widely l.JSEd i_n rqcke_t enginesvi ous flow rate measurements. In a second part of the paper, we
nuclear power plants to seal the successive fluid circuits as well Scuss the influence of errors of forwaviness on the leak. It is '

In Some very specific high tech appllcatl_ons, such as for_ exam Snerally admitted that errors or form are detrimental to tightness.
high energy accelerator]]. Despite their technological impor- \ve show, however, that the presence of an error of form could

tance, studies on static metallic gaskets are scarce in the publispady e tightness if its amplitude is slightly smaller than the
literature. Butchef2] presented the basic principles of static ga: jroove average depth

kets including the effect of applied load to close up the seal and
showed the importance of the plastic displacement of surface

roughness. More recently Yanagisawa et[al} experimentally 2 Geometry Leak Paths

studied the leakage of gas through metallic gaskets and theyrhe system under study is schematically shown in Fig. 1. The
showed that the presence of a soft metal coating is very beneficighg gasket is modelled as a system formed by joining normally a
Most of the studies concentrated on the mechanical aspects of ibggh textured surface and a smooth one. The rough surface is
problem(surface roughness deformation, areas of contact betweepresentative of surfaces obtained by face turning. This machin-
the surfaces, influence of a soft metal cogtin .). The studies on ing process classically leads to a textured surface characterized by
the modelling of the leak are still scarcer and are generally limitetdspiral groove. As discussed for instancg 8 the regular mo-

to a basic leakage path geometry, typically straight tubes or slotisn of the cutting tool leads to a quite regular spiral structure.
e.g.,[4]. This is not surprising since a thorough prediction of th&his structure is illustrated in Fig. 2. Naturally, the spiral is how-
leak involves a series of difficult operations. First, the topograptgver not perfect owing to various phenomesmall vibrations of

of the facing surfaces should be obtained, which generally impligse cutting tool, local heterogeneities .). As schematically il-
careful measurements. The elasto-plastic deformation of the swstrated in Fig. 2, there exist small scale height fluctuations on
faces in contact under given loads must be computed at varidugth the valley and summitres) of the groove, see for instance
scales(from the roughness scale to the ring s¢althese compu- [8] for more details. In particular, this small scale disorder leads to
tations should give the aperture field between the two surfacestlie possibility of radial leak paths as will be discussed further
contact through which the fluid may flow. Then, the leak must Heelow.

computed solving the flow problem through the aperture field, The two surfaces are pressed together by applying a given load.
which can represent a very difficult problem if the system is closEhis process leads to the deformation of asperities and reduces the
to a percolation threshold5]. As explained in[6], the accom- local apertures between the two surfaces. The general problem is
plishment of this ambitious program has been attempted and istiren to predict the leak as a function of the applied load. Obvi-
progress. The results will be presented elsewhere. However, @usly, increasing the load leads to reduce the distance between the
can refer tq 7] for preliminary interesting results. The objectivesnean planes of the two surfaces. It is therefore qualitatively
of the present paper are much more modest and limited to twquivalent to increase the load or to reduce this mean distance.
aspects of the problem. We consider a system characterized blycs the sake of simplicity, the analysis presented in this paper is
spiral groove main structure, which is a representative topograppgrformed using parameters characterizing the distance between
of face turned surfaces. As explained in more details below, tkige surfaces, rather than the load.

Leak Paths. As illustrated in Fig. 2, for low and moderate

Contributed by the Fluids Engineering Division for publication in ticeJBNAL : ; ; ;
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionloads‘ leak is possible through passages associated with the local

June 18, 2003; revised manuscript received Sept. 11, 2003. Associate Edifgpctuations of the crest height between two laps of the valley.
Y. Tsujimoto. These passages represent a series of shortcuts forming radial leak
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Fig. 1 Schematic illustration of a machine turned static ring gasket
paths. For a sufficienthigh) load, the passages on the crest dis- h(x) 2 2
appear and the only leak path becomes the valley of the spiral. —:s+l—cos<—x) if cos(—x <l+e )
This leak path is termed the circumferential leak path. For inter-
mediate loads the fluid will follow combinations of circumferen- 2
tial leak path sections and radial paths. h(x)=0 if cos(Tx)zlﬂa(which is possible foe<0)
Model Gasket. The model ring gasket is depicted in Fig. 3. 3)

is the inner radius of the ring. is the outer radiusAr =r.—r;is  Note thate can be<0, in this model. Foe<0, the mean plane of

the bearing distance. n is the number of laps of the valley.  the smooth surface cuts the rough surface as depicted in Fig. 4. As
The valley is perfectno height fluctuationsand of sinusoidal iy many previous works on flows through rough fractures with

shape(Fig. 3. AssumingAr <r;, the height variations in the ra- contacts, e.9.[9,10], the tops of the asperities are simply trun-

dial direction in the valley is given by: cated as indicated in Fig. 4. Preliminary resylis], indicate that

27
hﬁx)zaco%Tx) (1)

wherex=0 corresponds to a summit of the crest. a is the ampli-
tude of the spiral groove\ is the distance between two crest
summits in the radial directiomnf = Ar).

The radial passages are taken into account in an average sense
by assuming a uniform small gaga between the top of the crest
and the smooth surface. In this model, the aperture variations in
the radial direction are therefore given by:

radial

Fig. 3 Model static ring gasket. The ring width Ar is grossly
exaggerated for clarity. The thin inner solid line shows the spi-

ral crest. The inner dashed line shows the bottom of the spiral
valley. The local slopes are also exaggerated  (in fact a /A<1).

Fig. 2 Schematic illustration of the crest and valley height Fig. 4 For <0, a simple geometric erosion rule is used as
fluctuations depicted in the figure
Journal of Fluids Engineering JANUARY 2004, Vol. 126 / 49

Downloaded 03 Jun 2010 to 171.66.16.153. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



this geometrical erosion model is satisfactory in the case of plastic is defined by

deformation of asperities. It may be surmised that it is also satis-

factory when the smooth surface is made of a soft coating. In the r - 1 9
present model, the geometrical erosion rule models the deforma- £ 1+¢ ©)
tion of the crest. Deformation of the smaller scale asperities, such

as the fluctuations schematically depicted in Fig. 2, is includdegrrying out the integrations in Egi) and(7) involves evaluat-
implicitly in the variation ofe (¢=0) since the radial passages aréng Sommerfeld integrals of the form:

described in an average sense only in the present model.

Another important characteristics of machined surfaces is that 1 (%7 cos"y
o Smm=3= | ——————dx (10)
the roughness local slopes are small, that is in the present context [ Y n
<1 o (1+Ccosy)
a}:\ < .

One can refer to appendix A of RdfL3] for more details.
: . . The circumferential diffusive and viscous fluxes, i.e., the fluxes

3 Diffusive Versus Viscous Leaks through a groove of total length7&n, are easier to evaluate

In this section, we derive analytical expressions giving the leanalytically. They read:
trough the model ring gasket for two different transport phenom-
ena. The first one is the transport by diffusion of a species through d c Ac
a stagnant fluid induced by a concentration difference between the Qc=pD hdx _P DAh;— >arn for =0 (11)
ring inner domain and the outer one. Recalling that the roughness

local slopes are small and assuming dilute concentration and a A2 Ac [—/\
binary system, this transport phenomenon can be studied using the ngpoz( f hdx|—=pD — ﬁ(_, XA)
following governing equation, see for instan¢@] for more Xa 2mrn mrnl 12
details, \a
V-(qy)=0.; qq=-pDhVc; +5-V1=(1+e)*| for e<0 (12)
c=c; atr=r;; Cc=cC. atr=rg 4) 3 Ap
whereqy is the diffusive flux(mass flow rateper unit width.p is QCZF hs( 1+3 FZ) >arn fore=0 (13)
the density of the stagnant flui@, is the binary diffusion coeffi-
cient of the considered speciesis the mass fraction of the spe- 1 AP N o 3
cies. Q= — 2(——XA)h3 1+ —ri)
The second one is the incompressible flow of a Newtonian vis- 12u 27rn{ "\ 2 2
cous fluid induced by a pressure difference between the ring inner 3nah \ad

and outer domains. Again, under the assumption of roughness — 1—(1+e)%(1+e)— =——(1—(1+¢)?)°%?
local small slopes, this type of flow is generally modelled using 2 3

the Reynoldglubrication) equations,

Aa —
h3 +?(a2+3h2)\/l—(l+s)2

Vo(@)=0; a,=- 1 Vpi p=pi atr=r

for e<0 (24)

In Egs.(12) and(14), x, is the contact point at which the aperture
P=pe atr=re (5) field becomes zero, see Fig. #, is given by the equation
whereq, is the viscous fluXvolume flow rate per unit width.p & COS(2AXa)=a(1+e). . .
is the viscosity of the fluidp is the fluid pressure. Taking as reference fluxes, the circumferential fluxes corre-
It is interesting to note that the main difference in the tw§PONding toe=0, i.e.:
problems lies in the dependence of the fluxes with the aperture

field, i.e.gqqch andg,>=h®. QY oi=pDan (15)
Typically, the apertures are of the order of or less thamni. 2mrn

With the explosion of studies in the domain of microflows in

relation with the development of microsystefMEMS), it is now 5\a’ Ap (16)

well-known that special effects associated with the small dimen- cref™ 48,u arn

sions may have to be taken into account for modelling a giv
transport phenomenon properly, see for instaficg for more
details. However, these effects will not modify the essential
qualitative results presented in this paper and are therefore gge
nored for simplicity.

We now proceed to the estimate of the radial and circumfere
tial fluxes.

Under the assumptioAr <r;, the radial diffusive and viscous
fluxes through the gasket read,

Qﬂwe radial and circumferential fluxes are compared in Fig. 5 as a
|§pnction ofe forr;=1.5cm,Ar=0.05cm,a=2.5um, n=5. For
<0, the leak path is purely circumferential whereas a radial leak

comes possible far>0. As can be seen from Fig. 5, the radial
and circumferential fluxes are of the same order of magnitude for

extremely small values of. This indicates that a few radial pas-
sages are sufficient to cause a significant leak compared to the
pure circumferential leak. This is consistent with the very large
aspect ratio of the groove, i.em2n/\>1. If ¢ is the value ofe

d — ar 1 -1 = > corresponding t®, /Q.~1, it can be also seen that the value of
Qr=2mrpD h™“dx| Ac=2mrpDh 1-Txr (6) & in the diffusive case and the viscous case are quite different
0 (£9~5.910% and £Y~3.5 102 respectively. This is a direct
2mr | [Ar -1 27T — 2(1 r2)5/2 Ap consequence of the h ahd dependence of the local fluxes in the
Q?=m f h™3dx| Ap=-— 2. W ar (7) two transport processes. Hence we havesl<e!<1. We recall
0 e thate characterizes the radial path through the spiral crests in an
whereAc=c;—Co, Ap=p;—p, andr= (r;+r4/2) .his the av- @average sense only. Therefore, it is not unphysical to consider
erage aperture, very small values of. _ N
— Since the radial/circumferential transition occurs for very small
h=a(l+¢) (8) values ofe, one can develop general asymptotic approximations
50 / Vol. 126, JANUARY 2004 Transactions of the ASME
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Fig. 6 Total flux (radial +circumferential ) as a function of e.

of the radial and circumferential fluxes fer—0. After some cal- (@) diffusive flux, - (b) viscous flux.

culations(one can refer t¢13] for the detail$, it is found
Asymptotic estimates for radial and circumferential diffusive

fluxes: 1525

el=—0r
29/5

N 4/5
_2WT) 22)

QY=pDa2 \Ewﬁl“% (17)
' As can be seen, in this model, only depends on the geometrical

parametei /27t (ratio of valley width to gasket perimeteThis
Ac (18) parameter is a small parameter of the problem, Nz <1.
Thus, for a given average radius of the riag,only depends oi,

Asymptotic estimates for radial and circumferential viscous fluxd€-, the radial distance between two crest summits. In particular,
. is independent of the number of laps of the spiral. Sixu&rr

2%%° Ap is a small parametes?<1 ands’<1. Also, it may be noted that

v_ 52
= —— 1 — .
Qr 9u AT (19) edeloc(N271) %2, i ed<el<1.

525 A 1 We therefore conclude that the sharpness of the radial—
Ql=——>———Ap (20) circumferential leak transition is a generic feature of this type of

¢ 24 27@r n inti i ;
" system, intimately linked to the existence of the small parameter

Comparisongnot shown herebetween the above estimates and/27T- The exponents of the scaling laws governing the transi-
the exact result¢for representative values of ring gaskets undeion, i.e. Qf/Qfx(e/e$)* and Q¢/Qyx (/)2 in the present
study) indicate that the asymptotic estimates can be used safelymgdel, are naturally expected to depend on the details of the
to values ofe of the order of 10 (with a maximum relative error Micro-geometry(smaller scale fluctuationsn the crest top. For
less than 10% foe~10"* and less than 1% fos<10"2). example, from the results presented[i#], one expect€!/Q¢

The total fluxes(radiak-circumferential obtained from the o(e/eY)? if the crest microgeometry in the radial direction can be
above asymptotic estimates are shown as a functienimfig. 6. assimilated to short-range or long-ran@eactal) correlated pro-
As can be seen, the leak sharply increases witir e=¢., as the files.

- - d/d
leak dbelnlzzomes vconvtrolledv E/y the radial flugwith Q//Qc Leak Regime Identification. In this section, we explore the
< (s/eg)"? and Qr/Qg (s/£7)*?). _ possibility of identifying better the type of leakadial or circum-
The influence of the various geometric parameters ocan be  ferentia) as a function of (i.e. in practice the loadfrom mea-
obtained from the asymptotic estimates. is the value corre- syrements of “diffusive” and “viscous” leaks. We begin with the
sponding to radial and circumferential fluxes of the same order @kfinition of the overall diffusivity D and “transmissivity” K of

Qc=p a271-r_n

magnitude. FromQ%~Q? andQ~QY, one obtains: the gasket,
a (2 )* 21 9=Q¢+Qi=2 _DAC 23
SC_E m ( ) Qt_Qr+Qc_ wrp E ( )
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a)

1 /i radial.

circumferential

K' /D" 1E31

1.E-6 T T
1.E-2 1.E1 1.E+0 1.E+1
2+e
b}
E+0 )
———— | viscous circumferential dial
iffusive radial radia
circumferential Fig. 8 Schematic view of the model ring gasket with error of
K7D 1E3- form on the top surface. Dimensions within the ring as well as
local slopes are grossly exaggerated for clarity.
1.E-6 ‘ ' a generic feature of the system studied, which is a consequence of
118 1E2 1.E-08 1E+*00  the very large aspect ratio of the grooverrda>1.
3 3. it is much better to operate the ring gasket in the circumfer-
. . N ) ential regime
Fig. 7 Evolution of K*/D™ as a function of & 4. the radial/circumferential leak regime transition can be de-
tected by combining measurements of diffusive and viscous leak
as a function of the load.
QU=Q”+QU=27TTEﬂ (24)
toor e u Ar 4 Influence of an Error of Form
Using the estimate& 7)—(20) and choosing aliresp.a®) as char- Errors of form can _be viewed_as flatness sgrfa}qe defects, e.g.,
acteristic diffusivity (resp. transmissiviylead to [15], with characteristic lengths in the plane significantly greater
- 5 than the roughness length scales. For example, measurements on
2_85/2Jr i )\_ the facing surfaces of a model ring gasKétl], revealed a wavi-
K* [K/a%] 9 24\ (27r) ness of angular period of about 30 deg and of mean amplitude 1
D* [D/(aD)] = N\ 2 (25) pm on the metallic rough surface. Consistently with the leak mea-
V2g1/2y 7) surements reported ifl1,7], the presence of errors of form can
(2r) presumably favor the existence of radial passages and therefore

Figure 7 shows the evolution d€*/D* as a function ofe (for May be thought as very detrimental to tightnétise issue re-
£<0, we have used Eq&L2) and(14)). As can be seen from Fig. Mains, however, somewhat controversial since it is sometimes ar-
7, the evolution ofK*/D* clearly reveals the sharp transitiondued:[16], that they could become of negligible influence owing
between the radial and circumferential leak regime. Whereas tifisSurfaces elastic deformation at the ring scale induced by the

ratio decreases asdiminishes(i.e. as the load increasem the applied load; this effect, if any, is ignored in this papen this
dominant radial regimélarger¢) and the dominant circumferen- S€ction, we show, however, that the situation may be more subtle.
tial regime (£<0), the evolution is the opposite in the transitionVVe exhibit a situation where the error of form is in fact beneficial

regime. Also, it may be noted that the variation in the transitiotf ightness, at least for the high loads. _ -
regime is of several orders of magnitude. A more detailed view of The System considered is schematically illustrated in Fig. 8.
the evolution in the transition zone is also shown in Fig)7 The rough surface is identical to the one considered in section 3,

Three main sub-zones can be distinguished, depending on the V& Nheight variations of the forrhy(x)=a, cos(27/A,x) in the
radial direction wherea, is the amplitude of the spiral groovke,

ues ofe. Fors<ag, the circumferential contribution is dominant. : L L
both for the viscous and diffusive leak*/D* does not vary is the distance be“tween t\{yo crest summits in the radial direction
significantly withe in this sub-zone near® . Fored<e<e!, the (nA =Ar). The “smooth® surface bears an error of form of
gni Yy S Er g c- T8¢ c: ©'¢ wave length\. in the circumferential direction. Defining y as a
dominant leak regime is radial for the diffusive leak but it is stilryjlinear co-ordinate in the circumferential directiog~r @
circumferential for the viscous leak*/D* decreases witlz i \here ¢ varies between 0 andm2, the height variations on the
this sub-zone. Fos <&, the radial contribution is dominant both “smooth” surface about its mean plane are given by:
for the viscous and diffusive leakk*/D* increases again with 2
; : ™
in this sub-zone. ) ) . . h,(y)=a. cos(—y) (26)
The results presented in this section can be summarized as ¢

follows; . .
wherea, is the amplitude of error of form.

1. the radial leak is the most critical since it is very sensitive to Definingea, as the distance between the plane intercepting the
a small change in the equivalent apertare top of the rough surface crest and the one intercepting the lower

2. the radial/circumferential leak transition is sh&rp. is ex- points of the surface bearing the error of form, see Fig. 8, the
pected to occur over a small variation of the applied Jodtlis is aperture field between the two surfaces is defined as
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Radial

h(x,y)=¢ea,+a, +ag

1 {277 1+ 2
co )\—rX co )\—cy

if h(x,y)=0 (otherwiseh(x,y) is set to 0; hence again, a simple
geometrical erosion rule is applied when the two surfaces are
contact, which corresponds te<0).

Three main cases can be distinguished depending on the resj
tive values ofa, anda,. Whena,>a_, the error of form does not
affect the leak. This case has been studied in section 3. In 1
opposite case, whem <a_, the leak is controlled by the error of
form and is radial up to full closing of the apertures. Therefore
one expects major leaks and the gasket can be considered as
tally defective in this case. The interesting case is therefore wh
the two amplitudes are of the same order of magnitude.

We now proceed to the estimate of the radial and circumfere
tial fluxes under this circumstandenly the viscous leak is con-
sidered, similar results can be obtained for the diffusive )lelmk
this model, the radial leak is the leak through a series,dfinu-
soidal constrictiongésaddle points The elementary conductance g
of this type of constriction has been the subject of a detailed stu

Circumferential :

a) e=—0

that will be presented elsewhere. It redftsr sufficiently small
hO)!

(28)

wherehy is the aperture at the saddle poing, (resp.hy,) is the

second derivative with respect tqpesp. y of the aperture field at

the saddle pointg is defined by the relatio®@=g/12u 6P where

e=-22a

Fig. 9 “Unrolled” view of contact area  (in black ) and aperture

Q is the flux(volume flow rate, ii¥s) through the constriction and field for the system with error of form. Constrictions along the

SP the pressure difference across the constriction.
Making use of Eq(28) leads to express the radial leak as:

, g Ap 16 ) 3\/§rszA -
Qr—ncmn—r—m7( acteay) a, Ar AP (29)

circumferential and radial paths are shown. For
circumferential leak is possible as shown in

e<—2a, only a
£9 (b).

Combining Eq.(29) with the equation giving, (see below Eg.

whereea, + 2a.=h, is the distance between the plane interceptll)) leads to the following relationship betwednande,

ing the spiral crest top and the one intercepting the highest points

of the error of form(see Fig. 8 n,=2wr/\. is the number of
radial leak paths.

e=(cogmA)—1) (33)
In the presence of error of form, the contact surface fraction has to

The circumferential leak is estimated as the leak through a ¢ determined numerically. As an example, we have taken
ries of n.Xn, constrictions along the spiral groove. Using agair=1.5cm, Ar=0.05cm,a,=2.5um, a,=0.83,, n,=5 andn,

expressions similar to E¢28) leads to:

A 16 a, A\
Qg:i_p:__a?(2+s)3\/; e
12u ngny 120 7 a, 2mrAr

Ap (30)

In what follows, we concentrate on the range of apertures cor

sponding toe<0, i.e. from the “first contact’(¢=0) where the
leak is still radial up to a full circumferential lealassuminga,

<a,). In order to evaluate the impact of the error of form, we"
compare the overall transmissivity of the gasket in the presenc
the error of form &.>0) with the transmissivity in the absence o
the error of form &.=0). This comparison is made as a functio
of the contact area between the two surfaces under the reason
assumption that the same applied load should lead to the s
contact area between the two surfaces. Hence, we compare R.?

transmissivities for identical loads on both surfaces.
The contact surface fraction is defined as

(31

where S is the ring total areaS=2xrAr and S, is the contact
area. In the absence of error of formS,=n,27r2x,

R

Jor of form as a function oA using Eqgs.(29) and (30) and the

=3. The contact area as a functionefs computed numerically
using a classical Simpson method in 2D. The contact area in this
case is illustrated in Fig. 9. Figure 9 shows the constrictions along
both the radial and circumferential leak paths. As shown in Fig.

r%(-b)' for e=—2a (Wherea=a./a,) the system reaches its radial

percolation threshol¢ho radial leak is possible far<—2«). This
corresponds to a “critical” contact surface fractidn, with A,
~0.41 in the example studied.

f'I'he comparison procedure is finally the following. We compute
e total flow rate(circumferential-radial) in the presence of er-

%I%tionship betweer and A determined numerically. Then the
ﬁ%\/ rate in the absence of error of form is determined as a func-
ion of A using Egs(33) and (14).

he comparison is shown in Fig. 1@here the case of the
diffusive leak is also shownForA..~0.6, the system reaches its
circumferential percolation threshold. For this value of the contact
surface fraction, the groove is closed by the error of form and no
leak is possible in the presence of the error of form. As discussed
above A, is the value for which the radial leak path closes up in
the presence of the error of formA{,~0.41 in Fig. 10. This
value corresponds to the radial percolation threshold. Recalling

=Ar27r2xa /N, Wherex, is the contact point between the uppethat the leak is purely circumferential in the absence of error of

flat surface and the grooved surfasee definition below Eq14)
and Fig. 4. Hence, in this case,
XA

A=2—

¥ (32)

Journal of Fluids Engineering

form in the range ot studied, the results shown in Fig. 10 can be
discussed as follows. F&=<A,,, the leak regime is dominantly
radial with the error of form. Consistently with the results of
section 3, the flow rate is several orders of magnitude greater than
in the absence of error of form. Thus, for low and moderate loads,

JANUARY 2004, Vol. 126 / 53

Downloaded 03 Jun 2010 to 171.66.16.153. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



In the examples studied, the transition between the radial and
circumferential regimes is sharp and characterized by leak flow
rate variations of several orders of magnitude for very small ex-
pected variations of the contact area. This appears to be a generic
feature of the system studied, which is directly related to the very
large aspect ratio between the total length of the groove and its
typical width. At least qualitatively, it would be very interesting to
check whether or not this feature, i.e. the sharp transition, is ob-
served in experiments.

The present study suggests that the fact that such a transition is
not observed for a given gasket could be an indication that the
leak is predominantly radial over the range of loads imposed.

Naturally, one must keep in mind that the geometrical represen-
tation of a face turned surface chosen in the present work is very
simplified. Consideration of more realistic models of the surface
local geometry is needed. Work in this direction is in progress.
Fig. 10 Influence of an error of form on the flow rate through Also, it must be emphasized that the analysis presented in this
the ring gasket. A is the contact surface fraction. Qer is the flux paper is based on a somewhat crude model of surface deforma-
with error of form.  Q is the flux without error of form for the tion, i.e., a simple geometrical levelling of the asperities. Further
same contact surface fraction. works is certainly needed for assessing the impact of surfaces
deformation on the aperture field, notably in the presence of errors

of form.
the error of form has a very detrimental effect. However, this is

exactly the opposite for high loads corresponding Ag=<A

<A.. owing to the partial closing of the groove by the error of

form. The error of form is then beneficial to tightness. The valuBcknowledgments
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Unsteadiness of the Port Feed
and Jet Flows Within a Gas
Turbine Combustion System

This paper describes an experimental investigation on a gas turbine combustor geometry

N. J. Hughes

Research Associate

J. F. Carrotte that is typical of current aerospace applications. The isothermal investigation has con-
RR Lecturer in Aerospace Propulsion centrated on the flow approaching and passing through a primary port, and the subse-
quent jet formed by this flow within the flame tube. It is widely accepted that the jet
Rolls-Royce UTC in Combustor Aerodynamics, formed by a port in such a geometry is influenced by the mean approach flow conditions.
Dept of Aeronautical and Automotive This paper, though, addresses whether the high levels of turbulence and unsteadiness, as
Engineering, is typically _found within ;he approach flow of these systems, can alsc_J affect the tlm_e
Loughborough University, dependent jet and flow field generated by the port. Measurements using both hot wire
Loughborough, UK. anemometry (HWA) and a three component Laser Doppler Anemometry (LDA) system

were therefore used to characterize the flow field. Cross correlation of simultaneous
measurements indicated that velocity fluctuations in the feed annulus correlate with fluc-
tuations inside the port and flame tube. The sign and magnitude of the correlations are
presented between various feed annulus, port and flame tube spatial locations.
The results suggest the time dependent external flow field can influence the flow field
within the flame tube and hence, potentially, flame stability, mixing and
emissions[DOI: 10.1115/1.1637629

1 Introduction accepted that the mean flow field in the feed annulus region af-

fects the subsequent jet formed within the flame tube by the flow

Air issuing from the compressor within a gas turbine engine [Rhich enters the port. For example Lefeby@ describes the

initially decelerated by the combustor diffuser system, prior t\(?ariation of hole discharge coefficient and initial jet angle based

being distributed around the flame tube to the various porous fegy gross features such as the feed annulus mean dynamic head
tures. This external flow, together with the flame tube porosi

S . i X Ynd the mass flow passing through the port, relative to that ap-
d|_str_|but|on, determines the complex _flow fle_ld that is generat oaching the port. Other workers including Griffithd] have
within the flame tube. For example, air supplied to the flame tu

: 4 o .= Hindicated how local mean flow features within each feed annulus
ports is accelerated to form jets within the flame tube that imping&,, 5150 influence the jet characteristics. However, very little con-
on one another, to create large scale recirculation and mixing Ggeration has been given to the unsteady flow characteristics of
gions. If efficient combustion and a satisfactory temperatu(sﬁe feed annulus and port flows. Furthermore the continuing desire
traverse is to be achieved then it is important that such aeroqy-minimize the pressure drop across the flame tube liner increases
namic flow features form the correct mixing patterns and floy,e |jikelihood for potential coupling between the feed annulus
fields inside the flame tube. Furthermore, recent developmentspgiy ynsteadiness and the time dependent patterns generated by
ever more stringent emissions legislation necessitates tighter @ port flows within the flame tube.
trol of fuel/air ratios, while the need to operate at leaner fuel air | this paper results are presented from a program of work
ratios can lead to problems associated with unsteady heat relegs€ich has been conducted on a facility incorporating a modern
Such developments mean that the need to generate the corgeébspace gas turbine annular combustor geometry. An experi-
flow field within the flame tube is of increasing significance, bui,ental facility has been designed in which detailed mean and
consideration must be given to both the mean and instantane@u$ulent measurements can be made of both the external and
flow fields. With this in mind the current paper investigates ifnternal flame tube velocity fields. The experiment has been con-
unsteadiness, as typically found in the flow supplied to the flanggicted under isothermal conditions so that an understanding of the
tube ports, can affect the jet characteristics and contribute o Wrodynamic processes may be gained in isolation from the com-
steadiness of the flow distribution within the flame tube. lications associated with the combustion process. Both Laser
Current advanced core engines usually incorporate dump 'oppler Anemometry(LDA) and hot wire anemometr§HWA)
fusers in which a pre-diffuser, located immediately downstream gfeasurements have been used to characterize the mean and time
the compressor, is followed by a recirculating “dump” regiondependent flow supplied to a primary port, and the subsequent
which surrounds the flame tube head. Fishenden and Stg¥nsfiow field generated by this port flow within the flame tube. Using
characterized the flow in such systems and noted that largfese data, techniques have been developed to investigate if any
amounts of turbulence are generated in the dump region. Thisyigsteadiness of the primary jet correlates with unsteadiness of the
partly due to the unstable nature of the flow as it passes around f8ed annulus flow. Such results are not only significant in terms of
flame tube head and enters each feed annulus. Such effects infli¢- potential effect on combustor performance, but also on how
ence both the mean profile and the turbulence levels within eaglimerical simulation of such combustor flow fields should be un-
downstream feed annulus. For example, measurements suchi@saken.
those undertaken by Carrotte et @] indicate feed annulus tur-
bulence intensities that can be in excess of 30%. It is widely Experimental Facility and Instrumentation

Commibuted by the Fluids Endineering Division f biication in oA The experimental facility was designed to ensure the aerody-
ontributed by the Fluids Engineering Division for publication in tlleJ@NAL : o :
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionnamlc features of the test facility were representative of a modern

Sept. 16, 2002; revised manuscript received September 16, 2003. Associate edféinular combustion _SyStemv Wh'"e allowing i'nStrumenj[ation ac-
W. W. Copenhaver. cess to all areas of interest. This latter requirement dictated the
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Dump cavity Outer feed annulus LDA system can define three orthogonal velocity components
(u,v,w), the single hot wire probe sensor records a single velocity
that is sensitive, by varying degrees, to all three velocity compo-
nents.

3 Data Reduction

The velocity information is presented in terms of the velocity
measured in the central passage region at the pre-diffuser inlet
(Uin), whilst dimensional information is typically expressed in
. terms of the primary port diametéD). Further information is
Measurement Region presented in terms of velocity correlations and these are defined in
the following section.

In order to determine if the flow in one region was dependent
on the flow in another, a cross correlation function was used. For
a pair of time history recordsi;(t) andu,(t), for which only the

need for a 45° sector rather than a complete annular combustfgfPulent velocity components are considered then the cross cor-
system. A detailed description and geometrical definition of tH&lation between the signals is:
test facility is given by Griffithd4]. 1 (T

A_tmospherlc air is drawp_ into a plenum _before entering the Ruiué(r)zlimT%TJ u(t)uy(t+7)dt Q)
vertically mounted test facility via a flared inlet duct. The test 0
section incorporates a three burner sector flame tube segment,ngicated by Lynr{5] this is based on a digital representation
obtained from a sectored civil combustion chamber, and this S&g-a finite record of the velocity signals. In this paper a nondimen-

ment is located doyvnstream of a 1.4 area ratio pre-diﬁ(llé'fg. sionalized form(see, for example, Bradshal@]), is used such
1). The flame tube incorporates two rows of chuted ports circurf4t:

ferentially positioned so thdt) opposed primary ports are aligned

Pre-diffuser

Fig. 1 Test geometry

with, and midway between, each fuel injector diiglthe opposed Ry (7)
secondary ports are midway between primary ports. Pressure cas-Cross Correlation Function(CCF)= S —
ings and endwalls are manufactured from Perspex and can incor- \/u12~ uéz
porate up to ten windows so as to provide optical access to the )

center burner sector. On exit from the test section air passes into . . I
the exhaust plenum, situated directly below the test rig, prior 19°r€ that, in general, a CCF value of one typically indicates total
. ! Qrrelation between the signals while zero indicates no correla-

being expelled to atmosphere. Within the exhaust system two cegl o .

trifugal fans are incorporated to provide the required pressure rg%n' Furthermore, a positive correlation means that, for example,

to draw air through the facility. iU, increases then, will also increaser seconds later. Alterna-
For the results reported in this paper the test facility was opd[Y€!Y @ negative correlation suggests an increase, ifs accom-

ated at an inlet Mach number of 0.12. A series of throttles withig2ied by a decrease i and vice-versa. .

the bleed ducts, through which air passed to simulate that used fo":.Or a smg]e velocity recc')rd an auto correlation function can be

turbine cooling, ensured the correct division of mass flow to th%mllarly defined such that:

various flame tube features. It should also be noted that great Ryryr(7)
effort was made to reduce the instabilities that are associated with 5 ; ; - 11

. S uto Correlation Function(ACF)= ————— (3
the feed annulus/sector sidewall flows that usually occur within ( ) /Uiz' /=u12 3)

sector rigs. Flow conditioning in these critical regions resulted in
the circumferential static pressure gradients within each feed dmence this function relates a single signal to a shifted version of
nulus being sufficiently small to indicate negligible flow migratioritself and this can be used to provide an indication of the flow
into the central measurement sector due to the side-wall presetifee and length scales in the streamwise direction. In addition the
(Griffiths [4]). spectral densities, (B, that are presented indicate how much tur-

The data presented in this paper mainly relate to flow in tHaulent energy is contained within a single velocity signal at a
central burner sector which passes from the outer feed annu@ligen frequency. These were derived using a Discrete Fourier
and into the primary port located on the edge of the se@ter Transform of the original time history, obtained from a single hot
midway between fuel injectoysMeasurements are also presentewire probe, that was typically split into eight blocks and averaged.
that show the subsequent trajectory of this fluid within the cond-he autocorrelation function, Jra(7), was actually obtained
bustion chamber. The measurement locations are defined in teff@gn the derived spectrum using the Wiener-Khinchin relation-
of the port diameter, D, whilst the velocity information is preship, i.e.:
sented in terms of u, v and w components that are relative to the
axes of the flame tubgFig. 1). All the information presented has Ru’u’(T):f E(f)e?7tdf 4)
been obtained using laser doppler anemomét®A) and hot e
wire anemometrfHWA) measurement systems. .

The Dantec fibre optic LDA system consists of two probes; th% Experimental Errors
2-D probe emits two pairs of bearfigreen and blug and the 1-D Due to the complex nature of the flow field there is a wide
probe emits a single pafviolet), where the colors indicate differ- variation in mean velocities and turbulence intensities so no esti-
ent wavelengths of light. Processing of the signals is done in theate of LDA errors can be made that applies to the entire flow
frequency domain using enhanced burst spectrum analysBesd. The major sources of error associated with the LDA tech-
(BSAs). Most of the data presented were obtained from simultaique take the form of either statistical or systematic errors. The
neous 3-D measurements using both of the probes which resulstatistical errors arise from the discrete and finite number of
in an elliptical measurement volume of major and minor dimersamples that are used to determine the mean quantities of a con-
sions 300um and 150um respectively. Further spectral and cortinuous flow. Typically some 10,000 statistically independent
relation information was provided by measurements with one eamples were used to calculate the time averaged mean and tur-
more single hot wire anemometry probes. Note that whereas thglent flow quantities. For a 99% confidence interval and an rms
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value of 0.04 Uin, this gives an estimated error in the mean val-

ues of£0.01 U in. The systematic errors associated with the mea- 1
surements include those associated with the finite resolution of the 0.8
processorgwhich is relatively smajl and the alignment of the

laser beams. An estimate of the typical alignment erfor40 £ 06

um) on the transformation matrix used to obtain the derived ve- & g4

locity components suggests errors in the mean value @005 s

Uin. The systematic errors also include those associated with sta- g 02

tistical bias caused by the influence of flow velocity on the num- & ¢

ber of seed particles passing through the measurement volume. §

This velocity bias is countered by the use of residence time & 02

weighting, as described by Edwarfdd, with the correction only '2-0.4

becoming significant in regions of very high turbulence intensity. s 06

The above analysis suggests errors in the overall measured mean ’ Feed annulus
velocities are typically=0.02 U in and, based on a similar analy- -0.8 ] —! Casing

sis, errors in the fluctuating velocities are thought to be of order

+0.03 Uin. -1 -0.5 0 0.5 1 1.5 2
The intrusive nature of the hot wires can introduce errors in the Y/D

measured mean and fluctuating velocity components. Furthermore

errors in the mean quantities can arise where the local turbulence 2 X/D = -0.27
intensity exceeds 30% of the local mean value. For these reasons P
the LDA system was used to determine the mean and turbulent I asing
flow quantities whilst the HWA system was mainly used for de- - — )
termining frequency information or the correlation between two 0.8 i
fluctuating velocity signals. The signals were sampled typically at & 06 _ \i '
a frequency of 10 kHz over a period of 5 s. Errors in the absolute g - U
velocities on these derived spectral and correlation quantities is 5 047 e
thought to be relatively small. For the CCF data an indication of = g, & -G-8 BE'BE'EEE‘E
the background noise is given experimentally (byobtaining a E - AAQA' A
CCF for two points in the test rig that are not correlated énd 2 0_' Vms
the values typcally obtained at large time shifts where the g2-02fF
signals are no longer correlated. Both methods suggest that typi- 5 i
cally the absolute value of a CCF should be greater than 0.05 for & 04
some correlation to exist between the two velocity signals. Z 0.6
5 Results and Discussion 08F
The flow distribution approaching the outer sector edge primary '1-1 -0.5 0 0.5 1 1.5 2
port is indicated by measurements in the vicinity of the port lead- Y/D

ing edge(Fig. 2). Data are presented in the central passage region

of the outer annulus, upstream of the port, and at the leading edge

of the port. As has been described elsewhéve example Fish- _. _ _ )

enden and Stevend] and Carrotte et al.8]) the mean velocity z')gbgD:S%%)annUIus and port flow profiles: &) (X/D=-0.27);

profile at entry to the feed annulus can be strongly biased, display-

ing a peak close to the surface of the flame tube. This bias is

clearly evident in the measured data, both upstream of the port .

and at the leading edge. The biased profile is due to the impingéUvature effects around the flame tube head. This unstable flow

ment region on the flame tube head, the resulting wall jet, and tFRgion, together with the dump cavity recirculation, also generates
high levels of turbulence thereby accounting for the relatively
large rms velocity valuegFig. 2). Comparison with the mean
velocity profile indicates rms levels for each component of be-

b) X/D = 0.0

Ir i .
Solid Symbols:  X/D =-0.53 Casing tween 25% and 50% of the mean velocity, although much greater
Hollow Symbols: X/D =-0.40 1 instantaneous perturbations in velocity are obviously observed.
—_— | X . - A ;

0.8~ i Thus, although the time averaged velocity at all locations is posi-
I \ { tive, the high turbulence levels indicate the flow undergoes tran-
U sitory periods of reverse flow across most of the passage height.

0.6 Flame tube

Circumferential variations in the flow field are present within
each feed annulus due to, for example, wakes from burner feed
arms (Griffiths [4]). Nevertheless the same basic flow character-
istics (i.e. a biased flow distribution with high turbulence leyels
are presented to the primary ports at all the various circumferen-

Non-dimensional Velocity
<
'S
T

02F 3. :" “Eﬂﬂii‘iiii o tial locations. These characteristics are typical of those found
\E. X Xz B0 . -
L o } ) within a modern aerospace combustion geometry.
I3\ Vims wmns )
OF Unmms 5.1 Time Averaged Port Flow Data. The passage of flow
l Feed annulus | . into the port from the feed annulus has been determined from
) F'amle tube A ) . 1 Casing I numerous traverses obtained on an axial plane passing through the
0 -1 0.5 0 0.5 1 1.5 2 center of the sector edge primary port. Information from two such
Y/D traverses is presented in Fig. 3. Throughout this region, the swirl
(W) component is virtually zero and so only the streamwldg
Fig. 2 Time averaged profiles in the port leading edge region and radial(V) velocity components are presented.
Journal of Fluids Engineering JANUARY 2004, Vol. 126 / 57
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-~ R Reference
VNin Vector (Uin)

Fig. 4 Port exit plane mean velocity contours and vectors
(Griffiths  [4])

At X/D =—0.27 the relatively high streamwigg)) velocities at .
entry (Y/D=0.0) to the port(Fig. 3(a)) are remnants of the bias in Q0.4
the approach velocity profiléFig. 2). In contrast, the increasing
magnitude of the radial velocity component in the vicinity of the 0.2
port reflects the influence of the port on the feed annulus flow. 3
Now clearly for the flow to pass through the port and enter the
flame tube, it must undergo a reduction in streamwise momentum  -0.25=——

10 20 30 40 50

and an increase in radial momentum. However, inside the port the tau (ms)

mean radial(V) velocity magnitude decreases at this axial loca-

tion whilst the streamwisgU) velocity decreases and then in- b) Autocorrelation functions

creases towards the port exit plane. Furthermore, negative stream-

wise velocities are observed further upstream in the port leadipg. 5 Feed annulus time dependent characteristics: a) fre-

edge regior(Fig. 2). This suggests that, despite the hole plungingyuency spectra; b) autocorrelation functions
flow separation is occurring off the forward lip of the port. This is
also supported by an increase in the radial rms velocities in this

region. This separated region will be affected by the degree of bi§(§% or 40% of the local mean velocities. This is due to the supply

in the approach velocity profile. Flow through the center and i ; ; : :
the rear half of the port is more typically indi(_:ated b_y the velqcitg‘gmghly turbulent fluid and its subsequent deflection through the
profile measured at X/B0.0 (Fig. 3(b)). At this location the bi- . The experimental data presented indicate the changes in stream-

ased approach profile can no longer be observed as the stream\oo%% and radial momentum undertaken by the flow as it is de-
velocities within the inner 70% of the feed annulus reduce dueﬂ% y

the effect of the port. In addition, the influence of the port on th

near the port exit plane as would be expected. However, at tiﬁlgt
exit plane the streamwise velocities are still positive, thereby su
gesting that the jet will enter the combustor at an inclined an
rather than perpendicular to the exit plane of the port. In terms B

the fluctLll)allting_(Lmﬁ) velocéities acti _thehport exit pt:af'?e these arenaracteristics they do indicate that the mean flow characteristics
co_lrphpara e |W|t ftﬂosefo servhe ]ln tde apprloac dOV_V' of the jet are influenced by the feed annulus flow field. However,
e supply of flow from the feed annulus and its passagis ot 5o easy to determine whether the flow unsteadiness within

]Ehrougdh bthehport expélainhsfmany of hthe fiature(;s ObS_ErV;g inGthf‘f?_ fib feed annulus affects the flow within the flame tube, or whether
ormed by the port. Such features have been described by Grliths, ressure drop across the liner is sufficient to de-couple such
[4] from which contours of mean radial velocity are presented a ects.

port exit plane located within the flame tube, approximately 0.1

from the trailing edge of the port chut€ig. 4). In addition, vec-

tors indicating the combined U and W velocity components have5.2 Time Dependent Port Flow Characteristics. The time
been superimposed on this diagram. These vectors indicatelependent flow characteristics are mainly presented in terms of
movement of fluid around the jet, with some of this fluid beinghe spectra obtained from single hot wire anemometry measure-
drawn back upstream towards the port as part of the vortex fanents. As an example a typical spectra observed in the feed an-
mation process in the lee of the jet. The radial velocity contoursilus upstream of the port is present&ify. 5(a)) whilst the gra-
show the location of the jet core, with nearly all of the flondient (—5/3) associated with the inertial subrange of turbulent
entering through the rear half of the port. Note that the relative jstales(see for example Bradsha\g]) is also indicated. The data
and combustor velocities mean that this is not due to jet deflectisnggest that the mean frequency associated with the inertial sub-
by the combustor flow, thereby confirming the presence of a sepange scales is of order 1 KHz at the current operating conditions.
rated flow region from the leading edge of the port. The finite Based on the inlet velocityU in) and the port diameter, this 1
components in the core mean the jet enters the combustor atkdtz frequency corresponds to a Strouhal number of approxi-
angle (of between 75° and 80°as suggested by previous meamately 0.35. The spectra are broadly similar across the height of
surements, rather than perpendicu@®°) to the port. Within the the feed annulus with only minor differences being apparent at the
jet core, local turbulentrms) velocity fluctuations are high, up to lower energy containing frequencies. These differences, though,

surprising. Parameters such as the hole discharge coefficient
nd jet angle depend on the approach flow including, for example,
e proportion of this approach flow which enters the gbeve-

re [3]). Although such correlations are based on bulk velocity
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Jetcore (b) —™
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— 1
10" @*=® 1o
2 Ny
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e 10 Feed annulus 10 g 11 B. .C 1
= 10 —— 10"
10* 107
10° Jetleading edge (a) 10° 2
10-6 0 " 1 2 ““l3 10-4
10 10 i—;)z 10 10 Fig. 8 Cross correlation locations
Fig. 6 Feed annulus and jet flow frequency spectra tions. However, the lack of a well defined peak in the frequency
spectra indicates this movement is not occurring at a specific fre-

quency.
The mean flow field and some of the turbulent characteristics
are more apparent in the auto correlations presented at two lobath within the feed annulus and port exit plane have been de-
tions across the feed annul@Big. 5(b)). The largest flow time fined. By cross correlating some of these measurements it is pos-
scales are indicated by the tinte) at which the ACF initially sible to determine if unsteadiness in the approach flow is influ-
crosses the abscissa, indicating the signal is no longer correla@@¢ing the unsteadiness observed at the port exit plane.
with itself over this and greater time periods. Hence the correl&urthermore, if this proves to be the case then additional measure-

tions indicate that the largest flow time scales are less than 5 ments can be used to determine if this feed annulus unsteadiness

close to the flame tube, but are greater than 20ms close to @& influence the flow further within the flame tube.
outer casing. Together with the local flow velocity this indicates a
length scale, in the streamwise direction, of at least 5 or 10 times . .
. ’ : 5.3 Feed AnnulugPort Exit Coupling. The range of spa-
e 1 s o A lcatons a i sgnas e corelte s preseta 3
. . . P ; . 9 th the cross correlations being presented in nondimensionalized
is assoma:jed with a much larger dimension such as that of fi¢ (Eq. (2)). As an example a hot wire probe was held station-
upstream dump cavity. v inside the : .
. side the flame tube at the center of the primary lodation
The feed annulus frequency spectra can be compared with ,¥Fig. 8) whilst a second probe was initially placed close by
spectra measured at the port exit plgFig. §. It can be seen that ithin 1 mm). This second probe was then traversed radially
Lgitzm?ngggéizgogz ?rt]efr:g\L/jvengs?:efsfrsomatr;\fegegZa%:weulilgn% wards through the port into the outer annulus and, for illustra-
y P 3 purposes, the cross correlations at two of these locations are

through the flame tube port to form the jet core. In comparison t - X ;
fluctuations are reduced in the jet leading edge region, althou iesentedFlg. 9. As expected the magnitude of the correlation

there is a small rise in the spectra centerd at approximately 4 dies lose their individuality due to mixing. In addition the time

creases when the probes move further apart, as the turbulent

Hz. Based on the hole diameter and mean velocity through t which the signals correlate also increases due to the increased

port this corresponds to a Strouhal number of approximately 0. L : .
and is thought to be associated with the flow that separates off ! ti_nce b%t\{\;een the_tpré)bt_asd_ln tthlstlhnstt?r:lce, thel tltr_ne delay
port leading edge. A typical probability density function of veloc:. sitive and IS magnitude indicates that the correlation 1S convec-

’ tive rather than, for example, acoustic in nature. Therefore, if a

ity about the mean value is also presented for this redtom 7). A ! . !
Note the bi-modal nature of this distribution which was observe%;]l-Iange in velocity occurs at the location of the upstréaavers

at the same location as those obtained by GriffitHsusing LDA :

h - i : tream(stationary probe r ms later.
equipment. Whereas the hot wire is sensitive to various VeIOCﬁyThe E:orrelatio?; F())f signals between the outer feed annulus and

components, th? LD.A measurements indicate_d that the b"mo‘éﬁ‘é port exit plandlocations B and C, Fig.)3were used to estab-
behavior was prl_man_ly "?‘SS‘?C'ate.d with the r_adlal velocny_comp(ﬁ-sh if fluctuations of the flow, within the feed annulus, affect the
nent. The velocn_y o!lstrlbupons in the leading edge region may,q issuing into the flame tube. Initial measurements were made
suggest that the jet is moving between two preferred spatial lo%ﬁi'th one probe positioned within the port exit plane and towards
the front of the port(position B which, based on the mean flow

1r Pos.2

0.6 —_—
/ Pos.1
0.5 0.8F \. Ejf
L .
0.4 0.6F Correlation 1 - A Pos.A
203 g 04f
0.2 02k
0.1 E
OF
0 a . [ Comelation 2 - A
- _0 2 1 I L A 1 n J
u/urms : 0 5 10
tau (ms)
Fig. 7 Instantaneous probability density function in jet leading
edge region Fig. 9 Cross correlation of 2 fluctuating velocity signals
Journal of Fluids Engineering JANUARY 2004, Vol. 126 / 59

Downloaded 03 Jun 2010 to 171.66.16.153. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm

g) probe then an associated change is observed by the down-



0.6 0 Pos.2 ———— Casing
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tau (ms) . . .
Fig. 12 LDA based time averaged streamlines
Fig. 10 Cross correlation of feed annulus and jet leading edge
velocities

vals. It should be noted, though, that the velocities are correlated
) . ) . ) within a turbulent eddy, and the feed annulus time scatekd ms
field measurements, is in the leading edge region of the jet. Theoq mg are much greater than the convection titrel.5 mg
second probe was traversed radially outwards from the flame tyh&veen the measurement locations. Hence the correlation over
to the outer casing, over a distance of 1.57 port diamékgs 8.  |gnger time intervals indicates that the core flow contains turbu-
A negative correlation was apparent up to ¥/D.57 followed by et time scales comparable with those observed in the feed annu-
a region of negligible correlatiort0.57<Y/D<1.29, before a |ys (je., flow structures within the feed annulus are passing
positive correlation was observed beyond ¥D.29. As an ex- through the poit

ample the cross correlation functions at two positions are pre-The velocity profiles across the annulus can be used in conjunc-
sentedFig. 10, and indicate CCF values df0.2 with these peak ijon with the cross correlation results to illustrate the path of the
values occurring at a time delayr) of approximately 1.5ms. 4ir jnto the port. The correlations suggest that most of the flow
These data therefore indicate that the flow in the leading edggniyred by the port originates from the inner half of the feed
region of the jet is negatively correlated with flow that approacheg,nyus. It is already known that most of this flow issues through
the port from the inner half of the feed annulus closest 0 th§e rear half of the port. As the velocity of the flow in the inner

flame tube surface. In other words an increase in the approgglit of the feed annulus increases, the results suggest that:
velocity of the flow, in this region, results in a decrease of the flow

velocity issuing from the center of the port and vice versa. This 1. a greater separation region off the leading edge of the

suggests that, for example, the higher approach velocity near the plunged hole occurs thereby reducing velocities in the jet

flame tube results in a larger separation in the port leading edge leading edge regiohence resulting in a negative correla-

region and hence a velocity reduction in the jet leading edge tion) and

region. 2. an increase in velocity of the main jet core issuing through
The stationary probe was positioned towards the rear of the port the rear of the port occuihence the positive correlatipn

(position C, Fig. 8, which corresponds to the jet core region. The The results suggest a possible “flapping” motion as the jet

second probe was again moved radially outwards within the OUteE)ves forwards and backwards in response to flow fluctuations
feed annulus. In this case a positive correlation was initially notego . o P
within the feed annulus. In addition, as flow captured by the port

(which persisted up to a Y/D location of 0jrXfollowed by a creases, the amount of flow by-passing the port and continuin
negative correlation towards the outer feed annulus wall. As éiriéwn the feed annulus must redzc% Thisgaccognts for the ne ati\?e
example, cross correlation functions at the two feed annulus lo ¢orrelation between the flow issuingi from the port and that ir?the
tions for which data was previously presented are includg. Q ter half of the feed annulus. The jet core cross-correlation re-

11). Note that the correlations are now opposite to that previous Its suggest that the time averaged dividing streamline would lie
observed between positions 1 and 2 and the port exit flieae f Y/Dg? i f imat ? 071 It gh Id b ted that
1-C is now positive and 2-C is negatjiveComparison with the ata OCI‘.E‘ lon o agpr‘éx'ma§¥ (. 1t shou ﬁ nlo € | ha
data in the jet leading edge region indicates that the maximLﬁﬂW stre(?m |Ine$ can be erl;ve_ :jorfn tangents to the loca rt]'mhe
correlation appears at a similar time delay, reflecting the appro \_/('eArage : ve Oc't.ﬁ v?ct;)rg o E’Tmelz rfl)_FI:' rg(_eggyremtents ‘?"t the
mate convection time between the two measurement points. L ﬁnsé's eThatSv\'lhlfShra € Irnt 'gt'h f'l We I;”rmdgbs rtﬁam ":tefrlsm
correlation levels are also observed over much longer time int chined as tha ch separates the Tlow captured by the port Iro
at passing downstream. Based on this time averaged dividing
streamline it is observed that the size of the streamtube feeding
the port is virtually identical to that indicated by the cross corre-

0.6 — . oPos2 lation measurements.
© Pos.1 The described flow field is thought typical of that associated
0.4 with a primary port where flow enters the port mainly from the
. * Pos.C upstream direction, with the streamtube captured by the port oc-
02 Correlation 1- C cupying approximately half the annulus height. Between the up-
“ stream and port exit planes mixing causes the turbulent eddies to
© 0 lose some of their individuality and hence the degree of correla-
tion reduces. Not surprisingly measurements made at the port
Correlation 2 - C trailing edge indicate a much smaller degree of correlation with
02 the port exit flow. This is because the correlation is now between
T streamtubes captured by the port and that by-passing the port, so
0 5 10 15 20 there is some loss of individuality associated with the turbulent
tan (ms) eddies in both streamtubes. It should also be noted that the flow
field is significantly different for other types of ports. For ex-
Fig. 11 Cross correlation of feed annulus and jet core regions ample, a dilution port captures a large percentage of the approach
60 / Vol. 126, JANUARY 2004 Transactions of the ASME
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the jet further downstream and thereby decrease the magnitude of
the upstream velocity component created by the impinging flow.
- Alternatively, if the probe is outside the impingement region then
a higher feed annulus velocity may indicate higher jet momentum
and impingement thereby reducing the mainstream approach ve-
locity. Although in physical terms the exact mechanisms cannot
—_— therefore be defined the measurements do indicate correlation of
uin the feed annulus and flame tube centerline velocities.
The observed unsteadiness of a primary jet may be due to a
variety of reasons including, for example, jet on jet impingement.
However, it is clear that some of this unsteadiness correlates with
unsteadiness of the flow being supplied to the port. Furthermore,
N although the time averaged dynamic head in the feed annulus can
Al w = = == Traverse be relatively small, the instantaneous perturbations about this
mean may be large. Consequently, unsteadiness of the flow within
the feed annulus can influence flame stability, mixing, and ulti-
mately emissions. The design of the combustion system as a com-
plete unit therefore becomes highly desirable, as does the model-

) ) ling of the interaction between the feed annulus and the flame tube
flow with only a small amount of flow passing downstreamysing CFD.

Hence(i) the captured streamtube may almost fill the feed annu-

lus, (ii) flow may separate from the feed annulus casing to enter

the port, and(iii) a portion of the flow typically enters the port

from the downstream direction. This different flow field is
therefore_lll_<ely to affect the feed annulus/port exit COUp“nQ:onclusions
characteristics.

Region 1: Jet Core

- \\‘ \\‘ (R
1

Region 2

Fig. 13 Flame tube primary jet flow field

Measurements have been made of the flow in the vicinity of a
. . primary port within a geometry that is typical of a modern aero-
5.4 Feed AnnulugFlame Tube Coupling. Given the corre- gpace “gas turbine combustion system. Particular emphasis was

lation between the feed annulus and the port exit flow, furthgfaced on the time dependent flow field for which the following
traverses were performed to investigate the extent to which flQWnclusions have been drawn:

within the flame tube remained correlated with that in the feed
annulus. * High levels of turbulence, or unsteadines, are present in the
One probe was positioned at the locatiiD=—0.64, Y/D feed annulus flow approaching the port. The rms velocity fluctua-
=0.64), as indicated by position D on Fig. 8, whilst the seconéions for each component are typically 25-50% of the mean ve-
probe was traversed radially within the flame tube. A positiviocity although instantaneous fluctuations can be greater than
correlation was initially apparent, of maximum value 0.32, which00% of the flow mean velocity. In addition length scales which
remained over the first port diameter from the port exit plangontain most of the flow energy are large relative to the feed
These points coincide with the high velocity region that is thannulus height and the port diameter.
main core of the jet. This is denoted by region 1 in Fig. 13, * Correlations were observed between the feed annulus veloc-
obtained from data already presented by Griffiflag, which ity fluctuations and those in the jet core at the port exit plane.
shows the time averaged jet trajectory within the flame tube. Aypical correlation coefficients of 0.3 were obtained, depending
slightly greater distances from the port no correlation was inddn spatial location, with smaller values of reverse sign being mea-
cated, as the probe moved out of the(féig. 13, but towards the sured in the jet leading edge region. Unsteadiness of the flow
flame tube centerlingregion 2 a negative correlation was ob-within the feed annulus therefore influences the time dependent
served with a maximum value 6f0.15(Fig. 14). Compared with characteristics of the jets entering the flame tube.
region 1 the time delay at which the maximum correlation occurs * Correlation coefficients of 0.3 magnitude were measured be-
increases from approximately 1 ms to 3 ms, presumably due to théeen the feed annulus flow fluctuations and the jet core inside the
greater distance between the feed annulus and this location. @me tube. Furthermore a correlation 6D.2 was measured be-
gion 2, as shown in Fig. 13, encompasses the jet impingeméween the flame tube centreline, upstream of the jet impingement
region and the negative correlation can be interpreted in a vari¢ggion, and the feed annulus flow. Unsteadiness of the feed annu-
of ways depending on the measurement position relative to the lj¢$ flow therefore affects the time dependent characteristics of the
impingement. For example, a higher annulus velocity may mof@w on the flame tube centerline.

These conclusions are based on measurements undertaken at
atmospheric conditions but the operating condition is well above

0.6 - any critical Reynolds number. Hence the increased Reynolds
F o Pos.D number within a gas turbine engine, due to higher inlet pressures
0.4F [ and temperatures, will have negligible effect on the flow field
g Correlation 1 - D o Pos.1 characteristics. The data therefore indicate that the pressure drop
02 '/_, across the flame tube liner, as typically generated within a modern
- SFNL aerospace combustor, is not sufficient to decouple the external
° \/w o Pos.2 fluctuations in velocity from the flame tube internal flow field.
02F Cormelation 2 - D Hence bo_th the time average_d gnd time dependent external flow
i field can influence the flow within the flame tube and could po-
-04F tentially influence combustion system performance. Furthermore
o the results imply that, although computationally expensive, nu-
0 5 10 15 20 merical modelling should include the interactions between the
Tau (mns) feed annulus and flame tube. For time dependent calculations this
may mean the time varying external flow field needs to be
Fig. 14 Feed annulus and flame tube cross correlations modelled.
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Analysis of the Influence of Diesel
Nozzle Geometry in the Injection
1 senaies | @t Gharacteristic

J. V. Pastor An experimental research study was carried out to analyze the influence of different
orifice geometries (conical and cylindrical) on the injection rate behavior of a Common-

R. Payri* Rail fuel injection system. For that purpose, injection tests in two different injection test
rigs were conducted. This behavior of the injection rate in the different nozzles was

A. H. Plazas characterized by using the non-dimensional parameters of cavitation number (K), dis-

charge coefficient (Cd) and Reynolds number (Re). First, some relevant physical proper-
ties of the injected fuel were accurately characterized (density, kinematic viscosity and
sound speed in the fluid) in a specific test rig as a function of the operating conditions
(pressure and temperature). The behavior of both nozzles was analyzed at maximum
injector needle lift under steady flow conditions in a cavitation test rig. Injection pressure
and pressure at the nozzle discharge were controlled in order to modify the flow condi-
tions. In addition, the nozzles were characterized in real unsteady flow conditions in an
injection-rate test rig. From the raw results, the values of the relevant parameters were
computed, and the occurrence of cavitation was clearly identified. The results evidenced
interesting differences in the permeability of both nozzle geometries and a clear resistance
of the conical nozzle to cavitation[DOI: 10.1115/1.1637636

CMT-Motores Térmicos
Universidad Politécnica de Valencia
Valencia, Spain

Introduction the upstream pressure and the downstream or back pressure one
Performance, efficiency, noise and pollutant emissions in mo:é?gtf;nn% gﬁil(tet:er:lscufcdtiigld tllr_lnnef;:i?upneangfmrr?ergzﬁtlirr? ?Lftshsee orrlgé:_e
ern diesel engines are extremely dependent on fuel injectiosﬂ re values in ’a regl in'ectg.r in operatingyézonditions ?s extrerﬂel
which has a direct influence on the combustion process. ThisOl#ficult if not impossibfe y
specially true in high-speed direct-injection diesel engines, WhereOne of the main geometric characteristics of the injector ori-
there is a strong connection between pollutant emissions and ﬂh%s is the variation of the cross-section alon
L2 e - g the length of the
characteristics of fuel injection. Relevant characteristics are Nfice. This can be described by the so callefactor which
only the total amount of fuel injected, but also the instantaneopé r ) nts the orifi nicit xyr d by @ ’
fuel mass flow rate introduced into the combustion chamber, ahgPresents the oritice conicity, expressed by 9.
the evolution of the spray and its interaction with the [dif2].
One important phenomenon in this process is the flow behavior D,—D,
across the nozzle holes in the injectors, whose local features are k=100 L 1)
affected by the small geometric details of the holes, and are rec-
ognized as being influential on engine performance and emissions
[3]. The values ok-factor can be either positivéconvergent conical
One of the strategies for reducing pollutant emissions is to ehole), negative(divergent conical holeor zero(cylindrical holg.
hance the atomization of the fuel spray and the mixing of fuel The radius of the rounding at the orifice inlet is represented by
with air, by generating smaller and more dispersed fuel dropletseans of the ratia/D [6-9]. Different researchers have con-
The most influential parameters on the droplet formation are tiiided that minor variations in the upstream geometry of the hole
fuel injection rate, the effective flow area, the turbulence and cawan produce changes in the flow across the orjicel]. Nurick
tation levels, these two last phenomena being represented by [BEfound a relation between the ratiéD and the occurrence of
Reynolds number and the cavitation numberks the phenomenon known &gna contractaand he concluded that
Due to the strong interconnection between fuel injection rate/D values larger than 0.14 were required for avoiding this phe-
spray formation, cavitation, and pollutant emissigfismany re- nomenon.
searchers have undertaken investigation work aimed at developingn @ similar manner, the orifice lengthis characterized by the
different techniques for characterizing the instantaneous fuel inon-dimensional aspect ratio/D. Qin et al. [9] carried out a
jection process. One of the main difficulties these investigatioséudy changing this parameter and were able to find and describe
had to overcome was the small geometrical characteristic of thignificant differences in the flow characteristics.
nozzles, which make it difficult to measure relevant parametersThe aim of the present investigation is to shed light on several
such as the flow velocity in the outlet of the injection orifices. aspects of the flow behavidmainly the fuel injection rateacross
The flow across the holes of a nozzle is controlled by differeitie holes of conical and cylindrical nozzles, and when possible, to
factors that can be separated into three categories: operation agiaracterize the observed effects by non-dimensional parameters
ditions, orifice geometry and flow properties. In the first categosuch asCd, Re,K.
The present paper is structured in four main sections. The pur-
*Corresponding author: CMT-Motores feicos; Universidad Poliica de va- P0S€ Of the first part is to discuss some basic aspects of the one-
lencia; C/Camino de Vera s/n; E-46022 Valencia, SPAIN; Pher@4-963879658; dimensional flow theory of cavitating flows and to define the rel-
Fax: +34-963877659; e-mail: rpayri@mot.upv.es evant parameters that will be used throughout the article. The

Contributed by the Fluids Engineering Division for publication in ticeJBNAL : [ f : _ ;
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionsecond section is dedicated to the experimental set-up used, in

January 17, 2003; revised manuscript received September 16, 2003. Associate EdRarticular the deSCfiPtion of the nozzle geomet_rical ch_ara_tcteristics
S. L. Cecaio. and the three test rigs usésound speed test rig, cavitation test
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m

WhereP, is the pressure value at the orifice outlet.
Combining Egs(2) and(3), the discharge coefficient becomes:

Cq (3)

Vapour area

P.—P,
Pl_PZ

Cy=C¢- (4)

Point 1 Pointc o ﬂ Point 20
Nurick [8] defined the quotient under the square root as a cavitat-
ing parameter and he symbolized itlsUsing this definition of

K, the discharge coefficient can be written as:

Cy=Cc- VK (5)

For high values oK, i.e. for small pressure differences, there is
no cavitation, theCd value remaining constant or decreasing. In
this caseCd is independent fronK, its variation relying solely on
the Reynolds number.

Vena Contracta

Fig. 1 Cavitation phenomenon in axy-symmetric nozzle . . . . . .
9 P ysy Critical Cavitation Number. Cavitation conditions in an in-

jector can be represented using some of the different cavitation
numbers proposed in the literature. These are non-dimensional

. L . parameters which made it possible to establish whether the rel-
rig, and injection rate test rjgThe results section shows the coms

. . h - 8 evant flow conditions in the injector nozzle, that is the pressure
parison between the results obtained in the different test rigs us§fferential, are favorable or not to the occurrence of cavitation.

In thedanalyss. Flnallyi tge conclusions from all the experimenfSecinitions of this parameter varies throughout the literature, but
carried out are presented. they are mainly based on the pressure difference across the injec-
tor orifice. In this paper, Nurick’s definition will be used:

Pl_ PU

One-Dimensional Flow Theory K=
Pl_ P2

Cavitation is produced due to the low static pressure occurring
in the flow under high-speed conditions near the injector hofeyr cavitating nozzles, the critical cavitation number is defined
inlet. If the orifice inlet has a small enough rounding, the ﬂOVKCm, Corresponding to the pressure drop at which cavitation
tends to detach from the boundary layer, thus forming what &arts in the injector orifice. This phenomenon happens at a given
known as a “vena contracta” within the orifice. This flow contracvalue of the injection pressure, and it is detected by the stabiliza-
tion at the hole inlet reduces the effective cross-section of thign of the mass flow rate across the orifice, despite the further
stream, and consequently flow velocity must increase if mass flgiécrease in discharge pressure. Hence, cavitation will not be pro-
rate has to be constant. Furthermore, this flow acceleration acrggged unless the cavitation number, corresponding to these pres-
the vena contracta produces a decrease in the static pressurgyi@ conditions is lower than the critical valug ;).
that zone. This reduced pressure can drop to the value of the vapor ) o
pressure for the existing temperature, causing a partial vaporizalnfluence on the Discharge Coefficient. For low values of
tion of the liquid, generating small bubbles or vapor cavitiedhe Reynolds number Re the discharge coefficient increases up to
which give the name cavitatiof10]. A simple scheme depicting & certain value of Récritical Re), which depends strongly on the
this phenomenon is drawn in Fig. 1. orifice geometry[12]. At this point the discharge coefficient

The cavitation zone occupies only a fraction of the transversaghieves a value close to its maxim@5%), from which the rate
section of the orifice, and the liquid flows through the remaind@f increase is negligible. Taking into account that the Reynolds
of the orifice area, this being the effective cross-section with cayitimber is a function of the flow velocity in the orifice, and there-
tation, A-C,. The mass flow rate across the orifice under condfore, it is dependent on the square root of the pressure drop, these
tions of cavitation is obtained by combining the Bernoulli equa?@rameters are directly proportiorjai].

tion and the mass conservation equation between sections@ and Under cavitating conditions, the discharge coefficient only de-
(Fig. 1), obtaining: pends on the cavitation number, not on the Reynolds nuirilgér

m=A.C m 2 Speed of Sound in Fuel. When determining the .injection
¢ p-(P1mPy) @ mass flow rate by means of the Bosch metho8], which has

WhereP, andP, are pressure values in sections 1 &despec- been used in the work reported here, the value of the actual speed
tively, assuming that in sectio@ there are cavitation conditions, of sound in the fuel must be known. The basic equation on which
and pressure is equal to the vapor pressir®8 MPa for the fuel this experimental method relies is:
and temperature of the tejtp represents the liquid density, aAd
the geometric cross section of the orifice. A
A very important consequence derived from E2). is that the m= U’ dp @)
mass flow rate through an orifice under cavitation conditions is
independent from the downstream pressure conditions, and fovVdereA, is the transversal area of thejection Discharge-Rate-
given geometry of the orifice, the fuel delivery only depends o@urve Indicator(IDRCI), u is the speed of sound in the fuel and
the upstream pressurB,, and the vapor pressurB, . In these dP is the pressure variation in the IDRCI. Since the valua bas
conditions the model predicts that the orifice is collapsed or undairect influence on the calculated mass flow rate, it is of utmost
choke state. importance to compute its value accurately. For this purpose, it
A discharge coefficien€d can be defined between sections Inust be kept in mind that speed of sound is mainly dependent on
and 2 in Fig. 1 which represents the orifice permeability in itde fuel characteristics, but also on the local values of fuel tem-
whole: perature and pressuf&6,17|

6
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Table 1 Basic nozzle characteristics

Cylindrical nozzle Conical nozzle Z
k-factor[—] 0 15 * l s 3 ?@_
Outside hole diameténm) 0.155 0.137 A " -
L/D [-] 5.96 6.56 AN L
Injector nozzle type Micro sac Micro sac s a v 9 1
Y
! i
I | @
I |
. R decpommace Lo
Experimental Setup , ,
. . . |
In order to perform a comprehensive analysis of the involved |
phenomena, three different test rigs have been employed in thi ' where
research, with the 'ai_m c_Jf measuring spec_ad of sound, cavitatio T 1_1m;honchmé, 5 Filter 3. Lnyector
and instantaneous injection rate. The details of these systems w | 2 Regulatorvalves 6. Heatintercooler 10.Lines
be described later. | i 3, Fuel tank 7. High pressure pump
The injection system used in the experiments is a standar 4 Low pressure pump 8. Common-Rail

common-rail system; composed of a high-pressure pump, supply
ing the required injection pressure at the rail, a fuelling system, a
control system and an injector holder. The whole system is con- Fig. 3 Cavitation test rig
trolled by a Genotec-impulse-generator. The injector is the typical
one from aCommon-Rajl whose three main components are a

control valve, an intensifier plunger and barrel, and a nozzle. gengors were placed at both extremities. A thermostatic coating

The valve is an electronically controlled solenoid-poppet valvg,nirois the fuel temperature in the pipe, while the whole system
whose purpose is to start and stop the injection process. The chifsqre is kept at the desired value by means of a tank filled with
acteristic of the two nozzles used in the present study are show Iffogen and pressurized by an external compressor to a maximum
Table 1: _ . pressure of 10 MPa.

‘The fuel used for this experiment wakepsol CEC RF-06-99 * e pressure perturbation is produced by means of a plain in-
with a density of 8305.5 kg/fhat 15°C, and a kinematic viscosity jactor and a hand-operated injection pump, and its passage
of 2.67 mnf/s at 40°C. through the pipe is detected by the two pressure sensors. The

Speed of Sound Test Rig. As commented previously, one of Signals of the sensors is sent to a digital oscilloscope, where the
the important variables used for computing instantaneous injdéne of travel of the pressure perturbation can be measured, and
tion mass flow rate is the speed of sound in the fuel, which {&§ Propagation speed can be computed. Speed of sound was mea-
dependent on the fuel properties and on its pressure and temp&H§€d at pressure values of 0.1, 2, 4, 6 and 10 MPa, while fuel
ture. In order to accurately assess the speed of sound in acf§giPerature was modified between 303 and 333 K in intervals of

injection conditions, a test rig was designed and a methodoloayK-

conceived. ) ) _ Cavitation Test Rig. The object of the cavitation test rig is to
_ The methodology is based on producing a pressure perturbatipltermine whether choked flow due to cavitation is being pro-
in the fuel and to measure the velocity at which the pressure waygced in the orifices of an injector with steady flow conditions.
travels through the fuel. This is achieved by measuring the time of o thjs purpose, the injector nozzle to be tested is installed in
travel of the pressure perturbation along a known distance. Thenodified injector holder, whose needle can be kept at its maxi-
pressure propagation is measured in the interior of a pipe fillggym |ift, thus allowing the inlet of the orifices to always be wide
with fuel at the required values of pressure and temperature. fjen without the need of an electrical signal input. The injection
this purpose, a test rig as shown in Fig. 2 is used. pressure is controlled by means of the pressure regulator of the
The fuel is contained in a pipe system with an inner diameter gfangard injection system and can be fixed at different values, up
2.5 mm. In order to have a long enough distance between tWo 5 maximum dependent on the maximum mass flow that the
points, 20 m of pipe were rolled into a coil, and two pressurgymp is able to supply. The injector is mounted in a one liter
vessel filled with fuel, where pressure is controlled, fixing the
injector orifice outlet pressure. A sketch of the installation is

shown in Fig. 3.
L Pressure difference across the orifice can be kept constant and
/\ compressor since geometry is also fixed, steady flow conditions are achieved.

In order to carry out the test at different pressure differences,
injection pressure, that is pressure at the orifice inlet is kept con-
stant, and the discharge pressure in the vessel is varied.

In order to widely change the flow conditions in the injector
orifice, tests were conducted at values of injection pressure, i.e
orifice inlet pressure of 10 and 20 MPa, while pressure at the
"~Fuel outlet was varied between a minimum value of 0.1 MPa and the
injection pressure. After a short stabilization time, when steady
flow conditions are achieved, mass flow rate across the injector is
measured.

Temperature
regulator

Thqmostaﬂc The injection pressure is measured upstream with an AVL

l coatng piezo-resistive sensofReference 310 P1200E-2.0This dis-

= charge pressure is measured with a PMA Gmbh se(feference
P 3 4 Oscilloscope P40. Both sensors were calibrated before the measurements with
| _? ?_l a Deadweight Pressure Tester. The uncertainty of the discharge
coefficient and critical cavitation number measurements were es-

Fig. 2 Sound speed test rig timated using a standard procedure, as outlined by Holrh&h
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Fig. 4 Injection rate test rig Fig. 5 Pressure influence on the wave gap at 30°C

Results and Discussion

. . . - .. Measurement of Speed of Sound in the Fuel.As com-
The uncertainty obtained for the discharge coefficient and cavilginteq above, the methodology for the measurement of the speed
tion number were around 1.5% and 0.3%, respectively

of sound in the fuel was carried out with the time of travel across

Injection Rate Test Rig. The test rig where the measure-& known distance of a pressure perturbation in the fuel. Figure 5
ments of injection rate were carried out is a commercial systef}oWs two examples of the pressure perturbations observed in
called Injection Discharge-Rate-Curve IndicatibRCI), de- Such an experiment, at the two measurement points separated by
picted in Fig. 4, and it enables the display and recording of t meters in the pipe filled with fuel. The time of travel has also
data that describe the chronological sequence of an individdgen plotted in the graphs. The test conditions for this figure cor-
fuel-injection event. respond to two different pressure vz_alues and_ the same tempera-

The measuring principle is the Bosch method, which consists &€ It can be corroborated how the increase in pressure produces
a fuel injector that injects fuel into a fuel-filled measuring tube? réduction in the time of travel, that is an increase in the speed of
The fuel discharge produces a pressure increase inside the tifs@pagation of the pressure perturbations, which is assumed to be
which is proportional to the increase in the mass of fuel. The ratge speed of sound. o
of this pressure increase corresponds to the injection rate. A presEigure 6 presents the ensemble of the results obtained in these
sure sensor detects this pressure increase, and a data acquisti@griments, where the effect of pressure and temperature are
and display system further processes the recorded data and fBalifest. As expected, the value of speed of sound in the fuel
ders it visible. increases with pressure and decreases with temperature.

A proportional relationship exists between the integral value of /N order to make this information easier to use, the data ob-
the pressure and the injected amount of fuel. This relationshigined for each value of temperature were fitted to a polynomial
however, cannot be expressed by means of a constant multipligXPression as follows:

tion factor. Instead, particular interrelationships exist among u=a+b-P+c-P2+d.P3 8)
the absolute quantity, the pump speed of rotation, and fuel ] ) )
temperature. Wherea, b, cy d are the constants of the polynomial, as given in

To have a good estimation of the experimental errors, sevefi@ble 2. The determination coefficieRE shows that the greatest
repetitive measurements were carried out at the same test point
(energizing time, Rail pressure and backpressame the obtained
dispersion was of about 0.6% respectively with proper calibratior 4375
of the equipment

In order to determine the momentary mean quantity, a cumula 1350 1
tive measurement process must therefore take place downstree
from the IDRCI. The mean quantity corresponds to the mean suregs 1325
face area of the pressure integral for a recorded sequence of ilg 4390 4
jection events. Five injection pressure values, fixed at the commo*?
rail, were used; 30 MPa, 55 MPa, 80 MPa, 105 MPa and 13(3 1275
MPa. The backpressure or pressure at the discharge of the inject%
was changed between 2 MPa and 18 Mpa in order to change tf 1250
pressure difference across the injector, and thus the flow cond§ 4225 4
tions. For all the measurements taken the injector energizing timg
was set to 5 ms, which is much longer than the injection event ir = 1200 1
that enginetypically 0.7 to 1.2 ms This condition makes it pos-
sible to produce a stable injection process and thus to obtain mot n7s
consistent results for injection rate characterization and analysis 445

-~ X > O O ¢ +

The injection rate, fuel injection pressure and the energizing 2 0 2 4 6 3 {o 12
time intensity signals were recorded using a data acquisition an Pressure [MPa]
display system YOKOGAWA and the in-house developed soft-
ware TRATASA to obtain the injection rate curves. Fig. 6 Sound speed u in the fuel as a function of pressure
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Table 2 Polynomial coefficients for Eq.  (8) and the determina- 4.2
tion coefficient
T[°C] a b c d R2 3.6
w
30 1266.2 2.5187 —0.0343 0.00019 0.9875 )
35 1242.3 2.2613 —0.0217 1E-04 0.9892 E.
40 1227.1 2.3746  —0.0199 7E-05 0.9919 ¢
45 1200.9 2.6867 —0.0289 0.00012 0.9922 324
50 1193.6 2.3161 —0.0202 7E-05 0.991 ﬁ
55 1186.4 2.516 —0.032 0.00015 0.9906 hd
60 11756 19278 —0.0274  0.00016  0.9944 818
°
"
0l.2
S
part of the observed variability afis associated with the variable 0.6
P. This means that the obtained polynomial proves a tight rela
tionship betweem andP. 0 - i . . .
Analysis of Cavitation in Steady Flow. In order to charac- 0 3 6 9 12 15 18 2

terize the flow across the injector orifice, it is of utmost impor- Mass flow [g/s]

tance to know the actual local pressure conditions at the orifice o

inlet and outlet. Since the orifice inlet is not accessible and then%g' 8 Pressure loss across the injector holder and the nozzle

fore the pressure at that point is practically impossible to measure,

an alternative method was used, based on measuring the pressure

drop across the injector holder in a specific preliminary test, and

later subtracting this value from the total pressure drop across tigh almost no increase in mass flow rate. This phenomenon of

complete injector. mass flow rate being independent of the pressure drop evidences a
For this test, the injector tip was cut off from the injector holdegase of choked flow due to the appearance of cavitation. As ob-

across a normal section just over the orifice inlet, as shown in Fggrved, the higher is the upstream pressuiedl pressurg the

7. The modified injector was installed in the cavitation test rigarger must be the pressure drop to induce cavitation.

and the pressure drop was modified by varying the downstreamrhis phenomenon can be identified more clearly using the dis-

conditions. In this way, a dependence of the fuel mass flow ratbarge coefficienCy across the orifice instead of the mass flow

and the pressure drop produced by the injector holder could k€. The calculated values of the discharge coefficient by means

obtained, as illustrated in Fig. 8 for the case of 10 MPa consta®it EQ. (3) are plotted in Fig. 10 for the same test results. The

rail pressure. A relationship yielding the value of pressure drop féffect of choking flow in the cylindrical orifice is clearly under-

a given flow rate can be obtained by a fit to these data, as éeored by the important reduction in the valueGyf at low dis-

pressed by Eq9): charge pressure.
. = A different way of representing the phenomenon of cavitation
Pi—p1=—0.103+0.026 m+0.0089 m (9)  are the plots of discharge coefficie@y, versus the square root of

These particular results should be obviously dependent on gedhe cavitation parametd, defined by Eq(6), as done in Fig. 11,
etry and dimensions of the hydraulic circuit between the rail ar@gain with the same set of results already commented. It should be
the injector orifices. For these tests, the same lines and the sdfi@embered that as a consequence of the definitidt, chvita-
injector holder was used. tion should occur at low values of this parameter, therefore the
The final results applying this methodology to the two orific@nalysis of these curves should be made from right to left on the
geometries, conical and cylindrical, are presented in Fig. 9, wheirizontal axis. _ o _
the injection mass flow rate is plotted versus the square root ofThe curves of Fig. 11 show again the inflexion points where
effective pressure drop across the orifipg £ p, as shown in Fig. Cavitation starts to take place. The case of the (_:yllndrlcal nozzle
1) for two values of rail pressure of 10 and 20 MPa. As explaingéfesents a region of higk values where no cavitation occurs, and
before, these measurements were taken in steady conditions@psequentlyCy values increase whek diminishes. When a
inlet and outlet pressure. critical value ofK is attained, cavitation starts due to the high
In the case of the conical orifice, there is a clearly liner depen-
dence of the mass flow rate, while the cylindrical orifice produces
an inflexion in this trend at the highest values of pressure drop, 44

XYY
A
12 o,
v ¢ ‘
B A
% 10 & A
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$81 Kg s 20MPa
3 .
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(P,-P,)'” [MPa]
Fig. 7 Nozzle maodification (without sac ) Fig. 9 Cavitation test rig results
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Fig. 10 Discharge coefficient for conical and cylindrical Fig. 12 Discharge coefficient vs. Reynolds number

nozzles in the cavitation test rig

tation tests in steady conditions, the maximum pressure drop is

pressure drop and the value 6f; drops rapidly, as discussedlimited by the flow rate produced by the injection pump. Conse-
earlier. This zone of fallingC,4 corresponds to the choked flowquently, it seems opportune to investigate the influence of the
state, and according to E(p), the value of the slope correspondshigher pressure in real injection conditions.
to the value of the contraction coefficie@t . This value is 0.645 - L .
for the case of 10 MPa rail pressure and 0.655 for 20 MPa. TheRe‘"’lI Inj.ectlon (Inj.ectlon R".it? Test R!g). The results of the
plots corresponding to the conical nozzle confirm the resistance!8FtS carried out with both injectors, in terms of instantaneous
this geometry against cavitation, since very low value&adre injection rate versus time, are represented in Fl_g. 13, in the left
required to produce some slight evidence of cavitation in the ca&dumn for the cylindrical nozzle geometry and in the right col-
of 20 MPa rail pressure. In this case, a very large pressure d N for_the conical geometry. Each row corresponds to one value
across the orifice has been forced, as evidenced in Fig. 10. ©! Iniection pressure, and the curves in every plot are produced by

Figure 12 shows an additional plot that can shed more light dpodifying the pressure downstream the injector, according to the
the phenomenon, whef@d is now plotted versus Reynolds num-minoﬂmo?y commentecrj] above. lobal sh ith id .
ber Re. In no-cavitation conditions, it is possible fo corroborate A the plots present the same global shape, with rapid varia-
thatCd is almost linearly dependent on Re, as seen on the cur $ during the shor_t _per!ods of negdle opening and closmg at
of the conical nozzle and in some portion of the curves of tigalt @nd end of the injection respectively. In between, there is a
cylindrical nozzle. When cavitation takes place, there is no rel _ng_perlod of stabilization Wher_e a slow decay_ln the injection
tionship between these two parameters, Gatidrops practically '2t€ iS produced. The cause of this phenomenon is the decay of the
vertically, that is, at constant Re. This really means that the floyessure in the r:_:ul, as it can_be c_orroborated n F'g.' 14.’ and it is
velocity remains practically unchanged, even though pressdjrge to f[he emptying of the rall.durlng the long injection time °f5.
drop is being increased. These results substantiate once again it | NiS general, slow decay is not relevant for the study, and in

the conical orifice is able to cope with larger values of Re withol te su_ll:issquent _tceivaluda?ont,hthe maift'”l_um val?e .Of the injection
any signs of cavitation rate will be considered for the guantitative analysis.

it should be taken into account that the values of Reynold A second general result is that for the same injection conditions,

numbers produced in these tests are smaller than the maximtjlf) CYlindrical geometry produces a larger injection rate. This is
values that used to appear in normal injection conditions, mai \iv:]%gsir:?ergt?(;nd;rgse;ﬁ:éﬁ ?rl]f?gﬁ’ igxlfeopstegt '2 Igevblveallﬁe of 30
because injection pressure is much higher. However, in these cavi- . - AT .

) P 9 and 55 MPa(first two rows in Fig. 13 the injection rate during
the stabilization phase increases with the reduction of the pressure

downstream of the injector, that is with the pressure drop across

0.78 - ' drical the injector and consequently across the nozzles. In these two
ﬁg(ﬁéai—y";‘():\ln?a injection pressure values, there i§ a g.eneral behayior .in both
& 076 A e 20 MPa - 20 MPa nozzle geometries. However, when injection pressure is raised fur-
0 ther, the cylindrical geometry presents a stop in the increase in
ZE' injection rate, even though the pressure drop is being increased.
g 074 This is particularly evident in the case of injection pressure 105
é’ and 130 MPa, where the maximum injection rate seems to be
$ 072 by choked. The conical geometry shows the same trend, but the
g ghoking of the .nozzle does. not appear, even at the highest injec-
o \, tion pressure, i.e. at the highest pressure difference. Comparing
g 07 — K both geometries, it is also clear that the relative differences in
Q eritic . .. . . . . .

2 Conical 10 MPa: 1.0219 maximum injection rate practically disappear at high pressure dif-
Q 068 Conical 20 MPa:1.0626 ference, in spite of the larger diameter of the cylindrical geometry.
J Cylindrical 10 MPa:1.2885 A better understanding of the results can be gained by plotting

Cylindrical 20 MPa:1.3640 the value of maximum injection rate versus the root of the pres-
0.6609 1'0 1'_1 1:2 1:3 1:4 1:5 1:6 1:7 sure difference across the nozzle, as done in Fig. 15. From that

’ ’ K2 plot, it is clear that some choking of the flow across the cylindrical
geometry starts to appear at 55 MPa injection pressure, which is

Fig. 11 Critical cavitation number evident by the inflexion of the curves, and that at 105 MPa, the

68 / Vol. 126, JANUARY 2004 Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.153. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



40
1 30 MPa| ! 30 MPa Conical
" 4 a —+— 30 MPa
gn ge = —+ 55 MPa e
g‘: ?1: .EI 30 { = 80 MPa ooean
£ 6 (@) Conical g (b) Gytindrical ® -o- 105 MPa e .d"‘
i, Toum . e § |-~ 130MPa -
el f T B Rt § 20 N
° 18 MPa 0 — 18MPa h =
0 4 A I T I A R E T VY B E Cylindrical
N Time [ms] ” g - 30 MPa
by 55MPa| 2, 55 MPa E 10 —— 55 MPa
g s B Stas s K -a- 80 MPa
M i = - 105 MPa
E 12 g 12 - 130 MPa
§ 10 (¢} Conical §10 (d) Cylindricai 0
it i i: oz 2 4 6 8 10 12
: e 2 v (Py-P)12
0 - 18MPa o =+ 18MPa
3 4 5 6
w" ! T A Time [ms] Fig. 15 Maximum injection rate vs. pressure difference
28 80 MPa| 28 80 MPa
26 26
4 24
72 T2
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3 e is observed with the conical nozzle, where only at highest values
g1 g 14 indrical . .. y g .
ih Lyt i ﬂ?’x?"“ £ of pressure drop does the discharge coefficient stop growing, en-
£ 8 . H - . .. - .
= T fowes ¢ *ME‘ tering a transition zone, where cavitation starts. In the case of the
-+ 14 MPa Bl 2 . . . . . .
2 T owrs H 18 MPa cylindrical nozzle, the occurrence of full cavitation is evident by
o L I tmws ° ° 7 the drop in the discharge coefficient with high pressure difference.
3 e . . . . e
3 foswrg 3 wsmPa An interesting general result is that the conical nozzle exhibits
T 7l greater discharge coefficients, even in non-cavitating conditions,
5% 52 . . . . .
ry Pl which demonstrates that this geometry is more efficient.
E 1 B 1 L. . . . .
:i (s) Conical gi n yndrca l An additional insight into the phenomenon can be obtained
£ v £ e from Fig. 17, where the discharge coefficient has been plotted
-=- 10 MPa -2 10 MPa . . .
< saes = e versus the square root of cavitation numieras it was done
o 3 T a5 & 7 o 1 3 a5 & 71 reviously for steady flow conditions in Fig. 11. When comparin
Time {ms) Time [ms] . ] . ..
x wowd & wwa  these two figures, similar behavior can be observed, when injec-
3 3 tion conditions are comparabl€.values close to 1 are required to
ég 52 produce cavitation, observed by the dropQu. However, the
i 1 § 1
5] (i) Conical 51 () Cylindrical ‘
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T hun i }
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Fig. 13 (a—h) Injection rate curves at different injection ; 0.74 /*H
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g o7
=
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. . N °
nozzle flow is practically cavitating independently from the pres- 2 o.62 _._cg(',",jaFL _s_y';'ad,;,',ﬁ:'
sure value downstream. On the contrary, in the case of the conicrg 0.58 —~ 55 MPa —— 55MPa
geometry, this phenomenon is only slightly visible in the cases 0@ -=-80 MPa -o- 80 MPa
highest pressure difference. 0.54 - 105 MPa -o- 105 MPa
The same results have been plotted in Fig. 16 in terms of dis ¢ , - 130 MPa -+~ 130 MPa
charge coefficient across the injector nozzle for the maximurr 2 4 6 8 10 12
value of injection rate. In no-cavitation conditions, the discharge (PyPy)=
coefficient should increase with the pressure difference. This trend ) . .
Fig. 16 Maximum discharge coefficient vs. Pressure
difference
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Fig. 14 Pressure drop during an injection event
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0.84 pr— tion conditions are continuous, whereas in the IRTR the unsteady
30 MPa ""'A’{ flow causes cavitation conditions during very short periods, so
T o8]+ 55MPa - that the requirements for complete choked flow are more difficult
(2 -%- 80 MPa /./" to fulfill.
E -e- 105 MPa
g 078 1% MP"/(M Conclusions
§ 072 V‘X An attempt has been made to compare the flow characteristics
o > Cylindrical’('\/"‘i produced by two different geometries of injector nozzle holes,
2 o :: :::: cylindrical and conical, based on an analysis of experimental val-
8 0.68] . g0 mpa ues ofCd, Re andK.
-~ 105 MPa Injector nozzles have been tested in steady flow conditions in a
0.64 12130 MPa cavitation test rig and in real injection conditions in an injection
0 4000 8000 12000 16000 20000 24000 rate test rig.
Re Important differences were found between the flow types in the
conical and cylindrical nozzles, the most relevant being the fol-

Fig. 18 Discharge coefficient vs. Reynolds number .
lowing:
1. The values of discharge coefficient are higher in the conical
interesting point is that at equal low values of K, the conical ~ nozzle than in the cylindrical nozzle.
nozzle is more able to resist cavitation than the cylindrical nozzle.2. The flow in the cylindrical nozzle collapsed at high injection
Figure 18 shows again the dependenc€ diwith the Reynolds pressure and Re values due to the formation of cavitation,
number for the case of maximum value of injection rate. Due to ~ While this phenomenon was not observed in the conical
the high injection pressures the real Reynolds numbers are higher nozzle.
than the numbers found in the cavitation test rig, as plotted pre-
viously in Fig. 12. Nevertheless, the same basic phenomena dé
cussed earlier for steady-flow conditions are evidé€hd: is lin-
early dependent on Re only in no-cavitation conditions and
fully developed cavitation, Re does not characterize the flow pr
cess. In these conditionk, is the controlling parameter, as show
in Fig. 17.

As a general fact for both injector nozzle geometries, it can be
Bncluded that when no cavitation appeared, the discharge coeffi-
cient of the nozzle can be well related to the Reynolds number.
WOwever, when cavitation appears, Reynolds number is meaning-
%—ss, and the phenomenon is better characterized by the cavitation
Thumber.

Regarding the use of a steady-flow cavitation test rig for char-
acterizing cavitation conditions, the following conclusions can be

Comparison Between Cavitation Test Rig and Injection highlighted:

Rate Test Rig. In order to shed more light on the set of result At th iniect high fl i
from the steady flow in the cavitation test rig and from the un- € same injection pressure, higher mass flow rate was mea-

steady real injection conditions, Fig. 19 compares the values %freo! in _the cavitation test rig _tha_n in unste_ady real conditions i'n
Cd in the range where similar R’e values are available an Injection Rate Test Rig. This difference is due to the losses in

At low injection pressure, the cavitation test iGTR) pro- the needle, which are higher in the Injection Rate test rig, causing

duces similar injection conditions as the Injection Rate Test RfBe upstream pressure to be lower. T
(IRTR). However, since the CTR tests the maximum needle lift is At equal values of Reynolds number, cavitation is more prone

larger, the pressure drop across the injector body is smaller, dslppe.ar.in the Cavitation Test Rig than in the Injectio.n. Ratg Test
the discharge coefficient across the nozzle is higher than in - This 1S presumably due to the L_Jnsteady ﬂO.W _Condltlons in the
IRTR. R, which do not allow enough time for cavitation to develop.

Another interesting point to analyze is the differences in cavi-
tation occurrence in the cylindrical nozzle, visible in the range dicknowledgment
low injection pressures. At equal Reynolds number, there is NOThis research was founded in part by MECD, reference
evidence of cavitation in the tests in the IRTR, while there is iﬁP2001-2588 '
the CTR. It has been proved in the literature that continuous flow
has a strong tendency to cavitqfe]. Nomenclature
One plausible reason for this phenomenon could be the require-
ment of maintaining for a minimum time the conditions of cavi- A = nozzle area
tation needed for producing a complete choked flow in the orifice  A; = IDRCI transversal area
[20]. Since the flow conditions in the CTR are steady, the cavita- Cc = contraction coefficient
Cd = discharge coefficient
CTR = Cavitation Test Rig
09 D = diameter
IRTR CTR D; = hole inlet diameter
o.as] - Gonical o Comical D, = hole outlet diameter
= Cylindrical yiindrica dP = IDRCI pressure rise
IDRCI = Injection Discharge-Rate-Curve Indicator
IRTR = Injection Rate Test Rig

‘__‘/ri-‘
"
’\ “} K = cavitation parameter defined by Nurick

k = conicity factor
Kcritic = critic cavitation number
L = hole length
m = flow injection rate
T = temperature

Discharge coefficient [Cd]
o
-~
o

0.6 y " 18000 P = pressure
2000 6000 10000 14000 P, = hole upstream pressure
P, = hole downstream pressure
Fig. 19 Comparison between CTR and IRTR P, = injection pressure
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pv = flow vapor pressure [9] Qin, J. R, Dan, T,, Lai, M. C., Savonen, C., Schwartz, E., and Brkyzik, W.,
r/D = standardized ratio 1999, “Correlating the Diesel Spray Behavior to Nozzle Design,” SAE Tech.
_ Ids number Pap. Ser., 1999-01-3555. o
Re = Reyno h [10] Bergwerk, W., 1959, “Flow Pattern in Diesel Nozzle Spray Holes,” Proc. Inst.
u = flow sound velocity Mech. Eng.,173 pp. 655—660.

Greek [11] Goney, K. H., and Corradini, M. L., 2000, “Isolated Effects of Ambient Pres-
eeks sure, Nozzle Cavitation and Hole Inlet Geometry on Diesel Injection Spray

p = flow density Characteristics,” SAE Tech. Pap. Ser., 2000-01-2043.

[12] Fox, T. A., and Stark, J., 1989, “Characteristics of Miniature Short-Tube Ori-
fice Flows,” Proc. Inst. Mech. Eng203 pp. 351-358.
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s+ unie 1 Three-Dimensional Turbulent
s.r.amayr | Flow in the Exit Head Section of a
s sonos | He@at EXchanger

Engineering,
and Engineering Mechanics . ) . ) .

University of Missouri—Rolla, Measurements of three-dimensional turbulent flow in the exit head section of a shell-and-
Rolla, MO 65409 tube heat exchanger were performed using three-component laser Doppler velocimeter.

The test geometry is half of a hemispherical cap with two outlet-tubes and with a cylin-

drical inlet section. Distributions of the velocity vector field, the three mean velocity

W. Q. Tao components, and the Reynolds stress components are reported, and the complex nature of

flow in the head section and in the neighborhood of the outlet-tube is quantified. The

Q. W. Wang radial and the streamwise velocity components are of the same order of magnitude in the

neighboring region of the outlet-tubes, and they are not symmetric relative to the center
plane intersection of the outlet-tubes. The friction factor that was measured across the exit
head section of the heat exchanger decreases as the Reynolds number increases from
25,000 to 50,000. These results are useful for validating turbulent flow simulation codes
and are needed for improving the design of the exit head section of shell-and-tube heat
exchangers[DOI: 10.1115/1.1637635

School of Energy and Power Engineering
Xi'an Jiaotong University,
Xi'an 710049, China

Introduction Experimental Apparatus and Test Sections

More than 90% of the heat exchangers that are used in industryA schematic of the wind tunnel and the test section is shown in
(petroleum, chemical, power generation, and heating/alig. 1. It is an air tunnel that is composed of five sections: the
conditioning engineeringare of the shell-and-tube type desigmmeasurement section, the converging section, the stabilization sec-
[1]. In such a system, one fluid flows inside the tubes that atien, the diverging section, and the power section. The inlet sec-
encased in a shell, and another fluid flows through the shell atioh of the tunnel serves as the test section where velocity mea-
around the tubes. The shell is normally cylindrical in shape amdirements are madgection 3, and it is a simplified physical
has a hemispherical cap at one end. In the head section, a bafflmiglel (half of a hemisphere capf an exit head section of a
normally placed at the center of the hemispherical cap to separgtell-and-tube heat exchanger with two identical outlet-tubes that
the inlet flow to the tubes that are in the shell from the outlet flowre symmetric with respect to the symmetry plane of the hemi-
from the tubes as it leaves the shell. In this manner, one half of tigherical exit head section of the heat exchanger. The volume flow
hemispherical cap serves as the inlet head section and the offage through the tunnel is measured with a fluted t{seetion 4.
half serves as the exit head section of the heat exchanger. InfBitis fluted tube has an inner diameter of 50 mm and a length of 2
tubes are connected to the inlet head section, and outlet-tubesrareand is equipped with a multiport averaging Pitot tlib&] to
connected to the exit head section for bringing in and for takingeasure flow rate. Calibration and use of such fluted tube for
out the fluid that flows through the heat exchangers. The flomeasuring flow rate were reported by Wang ef &2]. The suc-
characteristics in the inlet head section influence the velocity disen of a blower with variable speed electric mofeection 6 was
tribution inside the heat exchanging tubes that are in the shell @ed to control and adjust the air flow rate through the tunnel.
the heat exchanger and the flow characteristics in the exit headin enlarged schematic of the test sectiarsimplified model of
section influence the velocity distribution in the outlet-tubes thalhe exit head section of a shell-and-tube heat exchanger with
are connected to the exit head section of the heat exchanger. Begtlet-tubeg is shown in Fig. 2. It is half of a hemispherical cap
tailed knowledge of the flow distribution within the heat exmounted with two outlet-tubes and with a cylindrical inlet section
changer and in its head sections helps in the design of reliable andts opening. The vertical wall in the head section is used to
efficient units. separate the inlet flow from the outlet flow of the heat exchanger.

Numerous guidelines and procedures have been publishegk inlet flow enters the inlet head section of the heat exchanger
[2—4] for designing and for determining the overall performanca its way to the tubes that are in the shell of the heat exchanger.
of shell-and-tube heat exchangers. In addition, few experimentfe exit flow from the tubes that are in the shell of the heat
[5-7] and numerical8,9] studies have been reported on the ovelexchanger enter the exit heat section on its way to the outlet tubes
all flow characteristics, heat transfer and fouling performance of the heat exchanger. The flow distribution in the exit head sec-
these heat exchangers. Unfortunately, most of the reported expgiin and in the region of the outlet tubes is the subject of this
mental studies have focused on the overall performance of t@dy. Air enters this exit head section of the heat exchatier
heat exchanger and did not report the dynamics of the internakt sectiojy converges into the outlet-tubes, passes through the
flow and its distribution. Such data and information are needed fgsllection section and the stabilization section where its volume
the optimization and the design improvements of heat exchangglsw rate is measured, and then exits through the diverging section
In addition, detailed flow measurements inside these heat eid through the suction blower. Some of the dimensions for the
changers are needed for validating simulation cqdé§ and the test section are listed as followBg=0.149 m,R;,=0.145 m, |

lack of such data motivated the present study. =0.001m, H=0.200m, H,=0.043m, L=0.082m, andd
=0.050 m.
*Corresponding author. The velocity measurements were performed with dual-probe,

Contributed by the Fluids Engineering Division for publication in tBNAL  gjy_heam, three-components, backward-scattering laser Doppler
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division

September 11, 2001; revised manuscript received September 12, 2003. Assodglocimeter(LDV). The front lens of the probes has a diameter of
Editor: J. Katz. 50 mm, and a focal length of 350 mm. The angle between the two
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1- heat exchanger head section; 2 - outlet-tube; 3 - converging section; 4 - fluted tube;
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Fig. 1 Schematic of wind tunnel and test section

measuring probes of the LDV system was kept at 30 deg and th&ch point, data collection was programmed to acquire 64,000
Doppler signals were transmitted through fiber optics to a bursamples or to measure for a duration of two minutes, whichever
spectrum analyzer. The seeding partidlesving a mean diameter came first. Normally, the former criterion was satisfied except in
of less than 2um) were generated by a six-jet atomizer, andhe vicinity of the wall where particle arrival rates were reduced.
glycerin was used as the seeding fluid. The laser beams from fiee LDV software discarded data that was outside the range of
LDV system enter from the inletx( y) plane of the test section =3¢ from the mean value, and this filtering removed only the
(atz=0.0 mm), and the measuring probe volume can be moveddpurious data and not the valid turbulence data. The velocity bias
locations inside the test section by the 3K, {/, z) computer- correction technique used ensemble analysis as its basis, and ap-
controlled traversing system. The size of the probe volume wpBed a weighting function to each data point. The ensemble “cor-
approximately 6Qum in length, and the resolution of the traverseected” values can be obtained through the number of data points
system was 0.03 mm. and the weighting function. In the current software, the weighting
The LDV data acquisition system was operated continuously fanction is determined using the time between daD) points
the “coincidence” mode requiring simultaneous detection ofmethod[13]. In this method, the weighting function is the time
samples in three coordinate directions, i.e., from the same scatteztween each realization or inter-arrival time. The LDV system
ing particle. If any of the six laser beams from the two probes isas calibrated and the uncertainties for mean velocities were es-
blocked by the solid walls of the test section, coincidence metimated to be less tham 1.5% with a typical inlet average veloc-
surements could not be performé@thta was not acquired for anyity of 2.4 m/s. The results of many measurements at one point
of the velocity componentsTherefore, at the inletq y) plane of inside the flow field were checked at a fixed and steady flow rate
the test sectionZ=0.0 mm), the measuring probe volume can band the measured mean velocity was repeatable with deviations of
moved to almost any location on that intersecting plane. Howevégss than+0.6 % for the streamwise velocity component,)
for (x, y) planes that are deeper in the test geometry and in thad +1.5% for the other two velocities components @ndv,),
neighborhood of the outlet-tukiee. z>100 mm), a limited num- respectively. Uncertainties of the experimental results were esti-
ber of measurements could be made due to one or more of thated by using the root-sum-square methbd]. From the cali-
laser beams being blocked by the solid wall of the test section. Hmation of the measuring instruments, the uncertainties of mea-

)

(a) Side view (b) Top view

Fig. 2 Schematic for the exit head section of the heat exchanger
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Fig. 4 Laser Doppler system and the test section

\ hemispherical cap. Laser Doppler velocity measurements were
made only on the plane intersection 6% 32 deg with the test

g section(exit head section of the heat exchang@his plane is in
r the radial and vertical directions ,(z) where the tangential coor-
dinate is constant{= 32 deg). It passes through both the center
of the exit head sectionr &0.0 mm) and the center of the left
outlet-tube (=82 mm andf=32 deg) as shown schematically
by a top view as Section A-A in Fig.& A plane view of that
intersecting planéSection A-A in Fig. &) is shown in Fig. B,
and as can be seen it cuts both the hemispherical head section of
the heat exchanger and the outlet-tube. All the reported velocity
measurements were made on this plane and it will be identified
through the text as the measuring plane A-A. In the present study,
the Reynolds numbeiRe) is defined as Repw;,(2R,,)/u, where
w;, is the average streamwise velocity component at the inlet
plane ¢=0.0 mm) of the test section, the dengity and dynamic
viscosity (u) are taken as constanp€ 1.24 kg/n? and x=1.83
X 1075 kg/m-s). The average inlet air velocity is determined
through the expression of;,= Q/A;,, whereQ is the air volu-
ric flow rate measured by the fluted-tulsection 4 as shown
ig. D, andA,, is the cross-sectional flow area at the inlet plane
he test section.
Cartesian coordinates(y, z) are transformed to velocity com- The mean and turbuler_1t fluctuating velocity components were

N measured in the test section on the selected measuring plane A-A,

ponents @, v, w) in cylindrical coordinatesr(, 6, z), as shown in : ’
Fig. 3. It should be noted that the cylindrical coordinate will bgd the measurements of the mean velocity components are re

)

Fig. 3 Coordinates transformations for the traverse system
and the measured velocities

sured values for Reynolds numb@e), and friction factor ),
were determined to be 5.6%, and 7.2%, respectively.

The traverse mechanism of the LDV system moved along t
Cartesian coordinatex( y, z), where §, y) planes represents ot
planes that are parallel to the inlet plane to the test section, and .Eﬁ‘i‘:
z-coordinate represents the depth into the test section as showr&jq

Figs. 2 and 3. The measured velocity componenis ¢, v,) in

used to display the measured fluid velocities and their fluctuatio grted in Figs. 6 and 7 for Reynolds number of-RE122. The

. ; . S ' . sults in Fig. 6 represent a vector plot of the mean velocity on the
in the |_nvest|gated cyImdnqal-hemlspherlcal geometry. The tranlsﬁeasuring plane A-A, and they clearly show how the flow con-
formation from the Cartesian coordinates system(, z) that '

3 . . verges to the outlet-tube while velocity vectors change directions
describes the movements of the traversing system, to the cylin hd magnitudes due to changes in geometry. The velocity at the

cal coordinates r, 6, z) that describes the cylindrical- ; : ; :

. . . . inlet of the measuring plane A-Az& 0.0 mm) is relatively small
hemispherical shape of the exit head section geometry of the hegly' | icor\hile tr?epvelocity atFthe inlet) of the outlgt-tube in
exchangel(the test section is shown in Fig. & for the specific ’

case off= 6,. Similarly, the measured velocity componens (
vy, U,) in Cartesian coordinates are transformed to the velocity
components , v, w) in cylindrical coordinates for the specific ¢4

case of6= 6, by using Eq.(1) as shown in Fig. B: v a8
U= —v,C0sfy+uvysinb, or 82.76 |
v=—vysinf—v, COSH, 1 3 ,’ : T3%
w=v, r /.' o 107, 110.7) 7 ":’: L
A photograph that shows the laser Doppler system and the in| _. < b )
test section of the air tunnééxit head section of the shell-and- (,,'m.,)/
tube heat exchanger with two outlet-tupéspresented in Fig. 4. A
< LA/
Results and Discussions

Due to symmetry in the geometry of the test section, relative
the two outlet-tubes as shown in Figb 2the measuring effort is
simplified and reduced by restricting it to only one quarter of the

(a) Top view (b) A-A intersection

Fig. 5 Planes where measurements are made
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Fig. 6 Velocity vector field on the measuring plane A-A for

Re=46,122

the measuring plane A-A is relatively high and nonuniform. Th

N
150

200

component ¢) decreases gradually as the flow enters the outlet-
tube on the measuring plane A-A.

Distributions of the measured three velocity components on the
measuring plane A-A are presented in Fig. 7 forR&122. It can
be seen from Fig. (&) that tangential velocity componena) is
small in the whole region of that plane, ranging betweeh to
0.5 m/s and the negative sign means that the velocity is in the
reversed-direction as denoted in Fig. 3. It is negative on most of
that plane, which means that fluid below the measuring plane A-A
(i.e., 6<32 deg) rotates in a clockwise directitas viewed along
z axis direction while fluid that is above the measuring plane A-A
(6>32 deg) rotates in a counterclockwise direction. This is due
to the fact that the centerline of the outlet-tube is not symmetric
relative to tangential direction in the test section, i.e. the centerline
of the outlet-tube is at 58 deg from the top half of the test section
and at 32 deg from the bottom half as shown in Figp)5The
larger flow area that exists above the- 32 deg plane is respon-
sible for making the average tangential velocity component (
negative on most of this plane. The results in Fig) Bhow that
the radial velocity componentv] on the measuring plane A-A
increases sharply close to the inlet of the outlet-tube due to the
gbrupt decrease in flow cross sectional area. That velocity com-

radial velocity component() is of the same order of magnitudepone“t ¢) is positive throughout that plane because fluid flows

as the streamwise velocity component) (in the neighboring re-

from the larger area at the inlet of that plare=(0.0 mm) toward

gion of the outlet-tube on the measuring plane A-A. The strearﬂ?e smaller area of outlet-tube.as show_n in Fig. 6. The results in
wise velocity componenty() increases and the radial velocityFig. 7(c) show that the streamwise velocity componem} on the

<<
TS
<2

vim/s)

IS B
SRRSO I I
a’):‘zé\\‘l'é‘,,,!»}
SeseeseSS = 1-5;7;/'/

(c) Contours of streamwise velocity component (w)

Fig. 7 Distribution of velocity components on the measuring

plane A-A for Re =46,122

Journal of Fluids Engineering

measuring plane A-A increases gradually from the inlet of that
plane to the inlet of the outlet-tube on that plane. On the measur-
ing plane A-A, the maximum of this velocity component occurs at
the center of the outlet-tube and its magnitude decreases gradually
to zero at the wall of the outlet-tube. These results clearly show
that the position of the outlet-tube influences significantly the ve-
locity distribution in the exit head section of the shell and tube
heat exchanger. Decreasing the nonsymmetry of the outlet-tube
could help in decreasing nonuniformity in the velocity distribu-
tion.

The previous results demonstrate that most of the variations in
the velocity field on the measuring plane A-A occur in the region
where the outlet-tube intersects with the hemispherical exit head
section of the heat exchanger. The region of€26160 mm and
57<r=<107 mm on the measuring plane A{the dashed area in
Fig. 5(b)) is investigated in more details in order to quantify the
velocity field in that region. The radial distributions of the three
mean velocity components on threg"“planes at the entrance
region of the outlet-tubez=120, 136 and 152 mjron the mea-
suring plane A-A are shown in Figs. 8, 9 and 10. The solid lines
that are shown in these figures represent a best fit to the measured
results. The streamwise intersectionzef 120 mm lies at the be-
ginning of the region where the outlet-tube intersects with the
hemispherical exit head section of the heat exchanger. The stream-
wise intersection of=136 mm lies in the middle of that region,
and the streamwise intersection of 152 mm lies at the end of
that region as shown schematically in Figbb

The results in Fig. 8 show the radial distributions of the three
mean velocity components on the measuring plane A-Az at
=120 mm for Reynolds numbers of 39,524 and 45,057. The tan-
gential velocity componentu) on that plane is negative on this
z-line and is relatively uniform until the centerline of the outlet-
tube ¢=82mm). Its negative magnitude starts to increase
sharply as the radial distance) (continues to increase. The radial
velocity component«) shows a peak value of about 4.5 m/s for
Reynolds number of 45057 at=73 mm (a distance smaller than
the centerline location of the outlet-tube that israt82 mm),
then decreases as the distance approaches the solid wall boundary
of the test section. The streamwise velocity componentghows
a peak of 15 m/s for Reynolds number of 45057 at approximately
r=82 mm (the location of the centerline of the outlet-typthen
its magnitude decreases as the distance approaches the solid wall

JANUARY 2004, Vol. 126 / 75
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Fig. 8 Velocity distributions on the measuring plane A-A at Fig. 9 Velocity distributions on the measuring plane A-A at
z=120 mm z=136 mm

boundary of the outlet tube. All of these three velocity compdW locations have similar geometries but differ in size. On these
nents (1, v andw) increase in magnitude with the increasingt:’vo z-lines, the tangential velocity componenf)(and the radial
Reynolds number, but they retain approximately the same gene s’oc!ty component «) are relatlvelyhlovxll, and the strgamvlwse
distribution. Similar trends in the results can be seen in Fig. 9 f§f'0CIty corpponekl:t\(/) increases as t ﬁfowi:ross sectlonaharea
z=136 mm on the measuring plane A-A, with the exceptions thggcreases from that at=41.38 mm to that az=82.76 mm. The

the peaks that were observed in two of these velocity distributiofi€amwise velocity component on the measuring plane A-A at
in Fig. 8 (for z=120 mm) do not appear at thislocation. The LN€S€ two locations develops a positive peak value at approxi-

results presented in Fig. 10 fa@=152 mm on the measuring matelyr =85 mm (a distance approximately equal to the center-

plane A-A show similar trends but with peaks in the distributionline location of the outlet-tuhe The further decrease in the cross

at roughlyr =65 mm (a distance smaller than the centerline locaSectional area at the streamwise locatiorz:efl24.14 mm causes

tion of the outlet-tubg It should be noted that the maximumthe fluid to accelerate and converge toward the outlet-tube with a
tangential velocity component} at z=152 mm, is positive and maximum tangential velocny componem)(qf -3 ”.Vs develop-

lies in the region ofr =60~65 mm. That velocity component N9 atr~90 mm. That velocity component is relatively small but
experiences significant variation in its magnitude and direction fSitive in the region betweean=20 to 50 mm, and it is negative
this region as the fluid enters the outlet-tube. Baffles or simil&f" larger radial distances, implying a vortical clockwise type flow
structures could be installed in the exit head section of the hd3f° th? outleht—tube T‘t tr;]lz-plane. Similar conclusion could ?e
exchanger to improve the quality of the flow in the outlet-tubesdr@wn from the results that are presented in Figa. 10he radia

Radial distributions of the three mean velocity components Jff/CCity componenty) reaches a maximum of about 5 m/s, and
the measuring plane A-A are presented in Fig. 11 for thrage streamwise velocity component/( reaches a maximum of

z-locations ¢=41.38 mm, 82.76 mm and 124.14 mior Re 2 out 16 m/s at~70 mm. The streamwise velocity component
=46122. The line oz=41.38 mm lies in the cylindrical section experiences the greatest cha_nge due to the greatest change in the
of the exit head section of the heat exchanger. The line gfoss sectional area. Its maximum of about 16 m/s that occurs at

z=82.76 mm lies in the hemispherical region, and the line df 124.14 mm is about four times the maximum that occurs at

z=124.14 mm lies in the region where the outlet-tube intersects 41-38 mm.

with the hemispherical cap of the exit head section as shown inRadial distributions of the Reynolds normal stressesu(,

Fig. 5b. The outer solid wall boundary of the test section at thes€v’ andw’w’) on the measuring plane A-A at three selected
z-locations are at =145 mm, 125.64 mm, and 107 mm, respecstreamwise locationszE& 41.38, 82.76 and 124.14 mrare shown
tively. Distributions of the three mean velocity componentz atin Fig. 12 for Re=46122. The interference of the solid wall
=41.38 mm andz=82.76 mm are similar in nature since thesdoundaries of the test section with the laser beams of the LDV
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Fig. 10 Velocity distributions on the measuring plane A-A at Fig. 11 Radial distribution of mean velocity components on
z=152 mm the measuring plane A-A for Re =46,122

system atz=82.76 and 124.14 mm limits the number of data
points that can be taken on these locations as can be seen from
Figs. 11-13. The Reynolds stresses are normalized based on the

inlet average streamwise velocity componemt,j, which is o 03
2.347 m/s for Re46122. The solid lines that appear in these
figures are an attempt to connect the experimental points whi °#1 n o720 38mm e

—&—z=124.14mm 0.24 —&— z=124.14mm

smoothing the transition from one point to the other. Figur@l2 ]
shows that the tangential Reynolds normal stress componer,

u'u’, is relatively low on the measuring plane A-A in the wholelz **]
radial direction az=41.38 and 82.76 mm. At=124.14 mm, a 00s{ /%
peak appears to developrat 65 mm(near the inner solid wall of
the outlet tube that is at=57 mm), and a minimum value ap- — ——
pears to develop at~75 mm (near the centerline of the outlet 2 e W 20 o
tube that is at =82 mm). The points that appear in the figure on
az=124.14 mm and>82 mm are below the orginal hemispheri-
cal surface shape of the test section, and are inside the domain 104 o2z e samm
the outlet tube. The tangential velocity component is negative i —e— 2= 124.44mm
that region, and the wall of the outlet-tube starts to influence sic
nificantly the behavior on the tangential Reynolds normal stres - 405
component in that region. Figure (2 shows that the radial Rey- ‘g
nolds normal stress component (') is also low on the measur-

ing plane A-A in the whole radial range at=41.38 and 82.76 021
mm. At z=124.14 mm, one peak develops at abost65 mm ol e
(close to the inner solid wall of the outlet-tuband that is in the HA 0 ey 0 1 M0
same general location where the peak tangential Reynolds norn
stress componenti(u’) develops, as seen in Fig. (B2. Another

peak appears to develop on tli¢ocation atr ~100 mm(close to  Fig. 12 Radial distribution of Reynolds normal stress compo-
the outer solid wall of the outlet-tube that israt 107 mm). Fig- nents on the measuring plane A-A for Re  =46,122

0.004

@ ®)

(©
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Fig. 13 Radial distribution of Reynolds shear stress compo- Fig. 14 Radial distribution of Reynolds normal stress compo-
nents on the measuring plane A-A for Re  =46,122 nents on the measuring plane A-A in the inlet region of the

outlet-tube for Re =46,122

ure 12c) shows that the peak values in the distributions of the

streamwise Reynolds normal stress componerity(') also de- Stress components is that they all exhibit a lower value in the
velop in the same general regions b 124.14 mm. The maxi- region near the centerline of the outlet-tubbe=82 mm) at these
mum value of the streamwise Reynolds normal stress componéﬂ@C&tiOﬂS. Radial distributions of the Reynolds shear stress com-
(w’w’) is about four times higher than the maximum values dfonents ¢'v’, v'w’ andu’w’) on the measuring plane A-A are
the tangential and the radial Reynolds normal stress componetgsented in Fig. 15 for the sarrdocations as the ones presented
The peaks that develop in Fig. (£2 at z=41.38 mm and 82.76 in Fig. 14 (z=117.24, 137.93 and 151.72 mnThe results that
mm are due to the proximity of these locations to the solid bounée presented foz=137.93 mm, exhibit a positive peak in the
ary and symmetry line of the hemispherical test section. The soliistribution of the Reynolds shear stres&’ component, and
wall boundary of the test section at thesdocations are ar  negative peaks in the distributions of the other two Reynolds shear
=145 and 125.64 mm, reSpeCtiVer. Rad|a| diStribUtiOnS Of tlﬂgress Componenw andm atr%60 mm(c|OSe to the inner
Reynolds shear stress component&(, v'w’ andu’w’) on the wall of the outlet tubg This roughly the same region where all
measuring plane A-A at three streamwise locations-41.38, the three Reynolds normal stress components exhibit a maximum
82.76 and 124.14 mjrare presented in Fig. 13 for Rel6,122.

The results for the Reynolds shear stress components are normal-

ized based on the average inlet velocity;{=2.347 m/s for Re o
=46,122). The Reynolds shear stress componght,, is rela- 0s ] oy eti7 20mm
tively low at z=41.38 and 82.76 mm. All three shear stress com Sl | 0o

ponents az=124.14 mm have a positive peak value in the sami  °*]
general radial location of about=60 mm, similar to what was s/
observed for the Reynolds normal stress components on the saI

>
£
0.

z-location as can be seen in Fig. 12. Bathw’ andu’w’ are 041 —o—z=117.24m
negative over most of the radial range fo=41.38 mm, and ™ i
82.76 mm, while az=124.14 mm they exhibit both positive and ez I % s
negative peaks.  (mm) * (mm)

Radial distributions of the Reynolds normal stress componen @ ®)
(u'u’, v'v" andw’w’) on the measuring plane A-A are pre-
sented in Fig. 14 for three-locations that are in the neighborhood
of the outlet-tube £=117.24, 137.93 and 151.72 mnThe inter-
ference of the solid wall boundaries of the test section with th
laser beams of the LDV system at these locations, limits the nun s
ber of measuring data points that can be taken as can be seen fr i
Figs. 14 and 15. Very limited number of measurements could k
made atz=151.72 mm. The Reynolds normal stress component:
u’'u” andv'’v’, are relatively low in most of the radial range at o7
z=117.24 mm. All three Reynold normal stress components de
velop a peak at~60 mm(near the inner solid wall of the outlet
tubg at z=137.93 mm. The magnitudes of the Reynolds normal
stress components at theséocations(in the neighborhood of the Fig. 15 Radial distribution of Reynolds shear stress compo-
outlet-tubg are higher than those presented in Fig. 12. One of th@nts on the measuring plane A-A in the inlet region of the
common feature in the radial distributions of the Reynolds normaiitlet-tube for Re =46,122

—0—z=117.24mm
—e— z=137.93mm
Y wt—z=151.72mm

S o 100 120 140
r(mm)

©
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90 where all the three Reynolds normal stress components exhibit a
maximum at the samelocation. The magnitudes of the Reynolds
normal and shear stress components in the neighborhood of the
outlet-tubez>124.14 mm are higher than those measured in the
hemispherical portion of the test sectionzat124.14 mm. The

801 measured friction factor decreases as the inlet Reynolds number
increases from 27,097 to 45,010.
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60. ' ' Nomenclature
25000 30000 40000 50000

Re A, = inlet cross sectional area of the head section of
the heat exchanger

inner diameter of the outlet-tube

= friction factor

Fig. 16 Variation of the friction factor as a function of Rey- d
f
p = pressure
Q
r

nolds numbers

= volume flow rate

at the same-location, as can be seen in Fig. 14. The magnitudes = radial direction(in cylindrical coordinates

of the Reynolds shear stress components on thdseations(in R;, = inlet radius of the heat exchanger head section
the neighborhood of the outlet-tubare generaly higher than the Rs = spherical radius of the heat exchanger head sec-
one presented in Fig. 13. The pressure drop across the exit head tion
section and the outlet-tube, and the flow rate, were measured and Re = Reynolds number pw;,(2R;,)/ u
used to calculate the friction factor as a function of Reynolds u = velocity component in th&-direction (in cylindri-
number. The friction factor is defined as: cal coordinates
’ [A—
f=(p;,— pout+O'5PWi2n_o'5pW(2)ut)/(o-5pWi2n) ) u’'u’ = Reynolds normal stress component
u’'v’ = Reynolds shear stress component

whet_re pi, and |ot(_,ut Iare static %essures atI th_? |_nI¢iL anfl outlet u'w’ = Reynolds shear stress component
sections respectively, amd,,, is the mean velocity in € stream- v = velocity component in the-direction (in cylindri-
wise direction along the outlet-tub&he outlet-tube diameter cal coordinates

dout=0.05 m). The inlet pressung,, is taken as the atmospheric

pressure and the outlet pressprg, is measured through the pres- Y v~ = Reynolds normal stress component
sure tap on the wall of the outlet-tubezt 200 mm. The results v'w’ = Reynolds shear stress component
that are presented in Fig. 16 show that the friction factor decreases ~ Ux = Velocity component in the-direction (in Carte-
as the Reynolds number increases in the experimental range, sian coordinatgs
and its behavior can be described by the relation of vy = Vvelocity component in thg-direction (in Carte-
f =324 R 0-14443 sian coordinatgs
v, = velocity component in the-direction (in Carte-

Conclusions sian coordinates

) w = velocity component in the-direction (in cylindri-

Measurements of the three mean velocity components and the cal coordinates

Reynolds stress components are reported for three-dimensional , ~— average inlet streamwise velocity component
turbulent flow in a model for the exit head section of a shell-and- ;= average outlet streamwise velocity component
tube heat exchanger with outlet-tubes. Measurements of velocities {77 7+ _ Reynolds normal stress component

in the test section are presented for only one intersectiptane
(=32 deg) as a function af andz. The results show that the
flow in that measuring plane A-A is nonuniform and complex ifsreek Symbols

X, Yy, z = directions of Cartesian coordinates

the region where the outlet-tubes are connected to the exit head ,, — gynamic viscosity
section of the heat exchanger. The fluid converges into the outlet- ', — gensity
tube with vortical motion and in that region the velocity compo- g = circumferential directiorin cylindrical coordinates

nents in the radial and streamwise directions are of the same order

of magnitude. The velocity distribution in that region is not sym-
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Flow at the Centrifugal Pump

Impeller Exit With Circumferential

Distortion of the Outlet Static
Soon-Sam Hong Pressure

Turbopump Department,
Korea Aerospace Research Institute,

Dagjeon 305-333, Korea The effects of circumferential outlet distortion of a centrifugal pump diffuser on the

impeller exit flow were investigated. A fence with sinusoidal width variation was installed
Shin-Hvoung Kang at the vaneless diffu§er exit. The flow field was measured at the impeller exit with and
without the fence, using a hot film probe and an unsteady pressure sensor. Flow param-
eters varied with the circumferential position and the mean flow parameters plotted
against the local flow rate at each circumferential position showed loops along the quasi-
steady curves, which were obtained from the result without the fence. Simple theoretical
calculations were used to predict the velocity components at the impeller exit with the
relative flow angle or total pressure assumed. Good result was obtained when the relative
flow angle was assumed to vary quasi-steadily, not constant with the local flow rate. The
radial velocity was also reasonably predicted when the total pressure was assumed to
vary quasi-steadily. A simple method is proposed to predict the impeller exit flow with
downstream blockage in two-step sequence: the first step deals with the diffuser alone to
obtain static pressure distribution at the diffuser inlet, while the second step deals with the
impeller alone to obtain velocity components distribution at the impeller exit.
[DOI: 10.1115/1.1637630

School of Mechanical and Aerospace
Engineering,

Seoul National University,

Seoul 151-742, Korea

Introduction formance curve to determine the circumferential variation of the
. . . . impeller exit velocity components and total pressure at off-design
Theoretically, only one operatlng point can hav_e uniform Prégperations for a centrifugal compressor.

sure along the volute or vaned diffuser of centrifugal turboma- 1 present study aims to investigate the effect of circumferen-
chines. The non-uniform pressure distribution in the volute @fal outlet flow distortion on the impeller exit flow characteristics
vaned diffuser at off-design points propagates upstream and dfe-a centrifugal pump. Instead of a volute, a fence with non-
ates a circumferential flow distortion at the impeller exit. Theniform width is installed at the vaneless diffuser exit. This simple
interaction between the impeller and the downstream flow condionfiguration is used for fundamental investigation to develop nu-

tions should be considered in the analysis and design of the ifierical methods and flow models. The measured impeller exit
peller, diffuser, and volute. flow parameters with the fence are compared to those without any

éﬂlpckage. Moreover, impeller-diffuser interaction models are

Extensive studies have been performed on the effects of aluated b mparing predictions and m rement
cumferential outlet flow distortion in centrifugal impellers. Sideri§ Vauated by comparing predictions a easurements.

and Van plen Braembussc_i[ma] measured d_etailed velocity andExperimentaI Facility and Instrumentation

pressure in the vaneless diffuser of a centrifugal compressor with

a volute. They discussed the relation between the circumferentialTest Rig. An outline of the closed loop test rig is shown in
variation of pressure and the impeller exit flow, and also maddd- 1. The water flow rate is measured by a flow nozzle and
theoretical calculations using an impeller-diffuser interactiofntrolled by a regulating valve. The test section includes an im-

model. Fatsis et a[2] conducted a numerical investigation of theoe"er’ a vaneless d_|ffu$er, and a collector. The s_hrouded cgntrlfu—
. . al impeller has a tip diameter of 260 mm and six blades with 25
centrifugal compressor impeller response to downstream st

. ) . . ) &g exit angle from tangential direction. The impeller has a low
pressure distortions using an unsteady three dimensional E ﬁgcific speed of 0.366.000 US units The rotational speed is

solver. Hagelstein et &3] showed that the asymmetry of the flowcontrolled by an inverter and fixed to 300 rpm for this study,
in the diffuser could be reduced by using either a throttling ring gfying a test Reynolds numbenR3/v) of 5.31x 10°. The vane-
the diffuser exit or a vaned diffuser. Sorokes ef4].and Sorokes |ess diffuser has parallel walls with 330 mm outlet diameter and
and Koch[5] described experimental and computational analyseg.9 mm width, the same width as that of the impeller exit. The
of the static pressure distortion caused by the discharge volutediffuser is followed by a collector, which has a cross sectional
a re-injection centrifugal compressor. dimensions of 300 mm by 300 mm. The axisymmetric collector is
A quasi-steady variation assumption has been applied to tiged to create a circumferential uniform flow state throughout the
operation of the overall pump system since Kndpp but this Stage, unlike the volute that creates circumferential distortions at
assumption is also applicable in the calculation of the local rot§f-design conditions. The velocity and pressure are measured 3
response to the circumferential pressure distortion. Van d downstream of the impeller exit, or=133 mm, as shown in

Braembussche et d17] used the slope of the steady impeller pe ig. 2. Because the measurement location is only 2% away from

I ; . :
the actual impeller exit, the measured pressure and velocity com-
Comtributed by the Fluids Enaineering Division f blication in tia ponents are assumed to be the value at the impeller exit.
ontributed by the Fluids Engineering Division for publication in NAL ; : : : ; ;
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division To Inves“gate the.\ effect of mrcumfer_entlal outlet dlS_tOftlon on
Nov. 7, 2001; revised manuscript received June 23, 2003. Associate Editgﬂ.e_' exit ﬂc_’W Of the impeller, a fen_ce with C!rcumferen_“a”y non-
B. Schiavello. uniform width is installed at the diffuser exit. The stainless steel
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Fig. 1 Schematic view of the test rig

fence with a thickness of 0.5 mm has sinusoidal width distributior
to produce a smooth flow variation. A sinusoidal fence with a 36(
deg period, which was tested at first, generated excessive flc
distortion strength. Therefore, a sinusoidal fence with a 180 deg
period, or two sine curves in a circumference, is used for th§y 3 Dpefinition of circumferential position in the outward-
present study and this is called 2-sine fence hereafter. The diffuggfolded 2-sine fence
width is 14.9 mm, but the maximum and minimum width of the
fence is 14 and 0 mm, respectively, from the diffuser hub wall.

To characterize the unsteadiness, the reduced frequenisy
specified as follows:

- the minimum fence width and 90 deg at the maximum width, or
Q=f-EL/W,, (1) the fence center.

wheref is the excitation frequencyV,.. is the mean of exit rela-  |nstrumentation. A single hot film probe of I-typgDantec
tive velocity assuming no flow slip, arfflL is the effective length 55R179) is used to measure instantaneous velocities and flow di-

of the flow channel defined as rections at the impeller exit. The film probe is calibrated for ve-

2, locity magnitude and direction. The measured flow is assumed to
EL=| —ds (2) be two-dimensional, because the axial velocity component is con-
1 A sidered to be negligible. According to a calculation at the test

The reduced frequencg is about 0.9 for the present case of MPeller exit[8] using a CFD code CFX-TASCflow, the mean
2-sine fence, therefore, both unsteadiness and quasi-steadines itude of axial and radial velocity components was 1.8% and
important for the present case. 0, respectively, of the tangential velocity component at the

To avoid the difficulty of circumferentially traversing from oned€sign flow rate in case without the fence. Even in case with the
measuring position to another, the fence is rotated and the fidgnee. f%x'a' velocity componentis expected to be still smaller than
field is measured at a single location, stationary on the front waif€ radial and tangential ones. Measurements are taken at two
It should be noted here that the fence is fixed during a flow meBOPe orientations 60 deg apart. Two outputs, which are phase
surement and the fence rotation is introduced just for the ead raged at eac_h setting, are 90’.“9"”6‘0‘ to c_alculate thg flow angle
traverse. In Fig. 3 the circumferential anglés equal to 0 deg at and velocity. This method is similar to the single hot wire probe

method used by Inoue and Cump§8}. A fast response pressure
transducekKulite XTM-190), with natural frequency of 300 kHz
given by manufacturer, is used for instantaneous wall static pres-
sure measurements. Static pressure is measured on the shroud side
diffuser wall and the total pressure is calculated from the mea-
sured static pressure and the velocity.

The sampling rate is 3 kHz, so that 100 data are measured over
one blade pitch of six blades at 300 rpm. Since the flow at the
impeller exit is highly turbulent, a phase averaging technique is
used. From a photo sensor, one pulse is produced per impeller
rotation and the pulse is used as a trigger signal for the phase
averaging.

The accuracy of the hot film probe measurements is estimated
to be 4% in magnitude and 1 deg in direction. The estimated
accuracy of the static pressure measurements is 2%. The average
flow rate, calculated by integrating the radial velocity at the im-

i Q peller exit, is compared with that obtained from the flow nozzle.
r ’—_LL_E — Three test flow rates are investigated as illustrated in Fig. 4. At
L< I design and high flow rate condition, the two flow rates agree

14.9 (b,)

)
133 (r,=1.02)

165

N RN significantly, being within 4% of each other. At low flow rate
( condition, however, the integrated flow rate is 15% higher than
\ } L that from the flow nozzle. Since the absolute flow angle at the low
flow rate is about 5 deg from the tangential direction, an angle
Fig. 2 Measurement location and details of the impeller with shift of just 0.5 deg makes approximately 10% deviation of flow
the fence rate. For reference, absolute flow angles are 7.2 deg and 9.2 deg
82 / Vol. 126, JANUARY 2004 Transactions of the ASME
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Fig. 4 Static pressure rise at the impeller exit without fence

Fig. 6 Distribution of mean radial and tangential velocity at
four circumferential positions with 2-sine fence at ¢»=0.069

the case without the fence. The mean velocity distributions at
ur circumferential positions are shown in Fig. 6. The radial ve-
city shows a large change with circumferential position at the
hub side, but remains almost constant at the shroud side. The
. . reason for this is that the flow on the hub side is more disturbed by
Results and Discussion the blockage of the fence installed on the hub side. To see the

Flow at Impeller Exit. The impeller exit flow field without ta_mge_ntial velocity distribution in Fig. 6, it seems that to sp_anwise
any fence is measured as base-line data. The static pressure J{Eg€tion the blockage has more effect on the radial velocity than
versus flow rate is shown in Fig. 4, where the time mean staffe€ tangential velocity. , , o
pressure coefficient is plotted against the flow coefficient. The The mean velocity at each circumferential position is mass-
design flow coefficieniyes is 0.069, where the original volute 2Veraged through the span to see the dependence of averaged flow
pump with the test impeller had the best efficiency. The statR@rameters on the circumferential position. Dlst_rlbu_tlons of the
pressure varies almost linearly with the flow rate for narrow rangBass-averaged flow parameters vergiage shown in Fig. 7. Ra-
of measurements. dial velocity has a minimum at the fence centé=90 deg and

The flow measurements are made at eight locations between gential velocity has a minimum 30 deg upstre@=60 deg
hub and the shroud. Spanwise distributions of mean velocity cof®-the fence center. Absolute velocity has nearly the same pattern
ponents, radial and tangential, at three flow rates are shown in Fig, the tangential velocity because the radial velocity is typically
5. Radial velocity that has a nearly linear spanwise distribution 88y about 1/8 of the tangential velocity for present centrifugal
the high flow rate changes into a symmetric one with boundal§iPeller. Static pressure has a maximum 15 deg upst(@aniS
layer type profile near hub and shroud at the low flow rate. T of the fence center and total pressure has a maximum at the
radial velocity shows a large change with flow rate at the shrodgnce centet6=90 deg. It seems that the inertial effect of rela-
side. Tangential velocity increases as the flow rate decreases &4 flow in the blade passage is probably the reason for the dif-
cept that for the shroud region. fgrence in the C|rcumfere.nt|al position between the minimum ra-

Measurements with the 2-sine fence are carried out at desf@jg! velocity and the maximum static pressure.

flow rate only. Velocity is measured at eight spanwise locations as! Ne Pump performance is usually plotted against the overall
flow rate. In the same manner, the flow variations can be plotted

against the local flow rate, or radial velocity. &&=0.069, which
is based on the flowmeter measurement, the local flow parameters
versusC,, /U, with 2-sine fence are compared with the quasi-
steady curves defining flow parameters ver€ys/U, in case
without the fence. The comparisons are shown in Fig. 8, where the
4 06 absciss&,, /U, comes from the average of flow traverse for both
—> with and without the fence. Total pressure increases as the local
02 ~ flow rate decreases, but does not follow the quasi-steady curve in
2 Fig. 8@a). Static pressure does not follow the quasi-steady curve as
well, and shows a loop in Fig.(B). Tangential velocity, however,
shows a trend opposite to that without the fence. Without the
fence the tangential velocity increases as the flow rate decreases,
4 02 but the tangential velocity &#=90 deg is lower than that #=0

deg. The difference in the trend for tangential velocity is attributed

to the large flow slip at impeller exit near the fence center. The

relative flow angle, on the other hand, follows quasi-steady curve
0.0 better than other flow parameters as shown in Fid).8

for design and high flow rate, respectively. Therefore, about 7%
and 5% for design and high flow rate, respectively, can l:IS
changed by just 0.5 deg.

T 0.8
04 -

C,/U,
o
H
/

0.0

° [HuB
[ =
2
SHR

0.5 1.0
zlb2 Impeller-Diffuser Interaction Model. Not many theoretical
models are available to predict the influence of pressure distortion

Fig. 5 Distribution of mean radial and tangential velocity at on the outlet flow of a centrifugal pump impeller. The model used

three flow rates without fence
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in the present study is the impeller-diffuser interaction model,
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inlet total pressure be constant. The effective length used in the
calculation is the real impeller channel length. This is three-eights
of the overall blade length from leading edge to trailing edge in

the present study because of low solidity and high stagger. A
* * — single step explicit Lax-Wendroff schen{e.qg.,[11]), which is

0 45 90 135 180 second order accurate in space and time, is used for the numerical

6 (deg) integration as follows:

(b) R n+l__ ~n CFL n n CFL2 n

Croi'= r2,i_T( r2,i+1_cr2,i—1)+T(Crz,wl_chz,i

Fig. 7 Distribution of averaged flow parameters with 2-sine

. n
fence at ¢=0.069: (a) radial, tangential, and absolute velocity, sin By, Pz,i_ Py
and (b) static and total pressure. +CP2,i—1)+ EL At UZsz,i - Ulctnl,i -
. . . . . _E(Cn _2+Cn -2_C2) (5)
which was used in the rotating stall calculation by Frigne and Van 2 r2i t2i 1

den BraembusscHé0]. This model was also used by Sideris and hereCEL = wAt/A b ller th
Van den Braembussché] to estimate the flow of a centrifugal V€€ h _“’l U eﬂmust el smaller t aln one. H

impeller exit where the static pressure is circumferentially dis- ~S 10 the relative flow anglgg,, a simple approach assumes
torted due to the volute. This model assumes that the flow §Qnstant value of3; around the circumference. Sideris and Van
incompressible, inviscid and two dimensional. The following€" Braembusschd] used this assumption. They could obtain

equation describes the interaction model: _he better prediction by imposing the measudo the calcula-
tion. In the present study, the variation of measysedollows the

P,—P; quasi-steady curve fairly well as illustrated in Figdg and there-
fore B, can be assumed to vary quasi-steadily. In Fig. 9 are shown
the predicted results using two assumptions for, first, B, is
Cc%+C%5—C3? assumed to be constant as the val=8.7 deg) measured
I S (3)  without the fence aih=0.069; secondg, is assumed to vary
quasi-steadily withC,,/U,, which is obtained from the curve
Left term of Eq.(3) represents inertial effect of relative flow in thefitting 8, versusC,,/U, in case without the fence. Whesy, is
blade passageB, is exit blade angle andEL is the effective assumed to be constant, the curve of the predicted radial velocity
length of the flow channel as defined in Eg). The tangential agrees with the measured data; however, the predicted amplitude
velocity is calculated from the velocity triangle. is smaller than the measured one. For the tangential velocity the
Ci=U,—C,,/tang ) predicted ar_nplitude agrees with the measurgd one, but the_ phase
Y2 2 2 shows a shift from the measured data. Radial and tangential ve-
If the distribution of the outlet static pressure is imposed, thecity can be better predicted whegy is assumed to vary quasi-
radial velocity can be calculated from integration of E8). with  steadily. The above results suggest that the assumption of quasi-
respect to time. This integration is repeated until the steady stateadily varyingB, is more effective than the assumption of
solution is obtained. The inlet swirl is assumed to be zero and thenstants, .

dC,o dC,, sinpy,
+w =

ot a6 EL

U2Cio—U G~
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Fig. 9 Measured and predicted velocity components with 2-sine fence (parameter =B,) at

$=0.069: (a) radial velocity, and (b) tangential velocity.

Equation(3) can be also represented using the total pressurefimsv calculation was attempted in case with 2-sine fence by using
follows: a commercial CFD code STAR-CD. The calculation domain does
: not include the impeller, but only includes the vaneless diffuser,

dC;» dC,o SinBy ; . .
7 +w 70 - EL (6) 2-sine fence, and collector. The turbulent viscosity was calculated
using the standaré-¢ model. Second order accurate schemes
where P;,— Py, is a total pressure rise. Another equation is dewere used for the discretization of the Navier-Stokes equations.

Pi—Pu

( UZCtZ_ Ulctl_

rived from the definition of the total pressure rise: The inlet conditions into the vaneless diffuser, e.g., radial and
Pp—Py P,—P; tangential velocity components are assumed constant from hub to
Ch=Ci+2(——- T) -Ch (7)  shroud and circumferentially uniform. The input velocity compo-

nents are the values at design flow rate in the case without the
Now, Eqs.(3) and (4) are replaced by Eqs6) and (7). As the fence. For the inlet condition of static pressure an arbitrary value
relative flow angle, is an important parameter in the formeris given to a calculation grid. After the computation with the inlet
equation set, so is the total pressiitg in the latter one. With o, qitions; static pressure level of all the grids is shifted by the
regard toPy;, the assumption tha,, varies qua5|-s_tea(_jlly Wit same amount so that the mean of the computed static pressure can
C;,/U, is used here and the results are shown in Fig. 10. Thée . . ;
predicted radial velocity agrees very well with the measuremeFl? equal to the value at the (_Jle5|gn flow rate |n_the case W'thou.t _the
and also the prediction of tangential velocity is satisfactory. ~ '€nce. The value of the static pressure used in the inlet condition
To note, the previously mentioned models need static pressti@s Nno effect on the final result in the present incompressible
distribution around the impeller periphery. In many cases, stati¢ater flow. The calculated static pressure, including circumferen-
pressure can be predicted with reasonable accuracy from stetidlangle for the pressure maximum, agrees very well with the
state calculation without rotor-stator interaction. The steady stateasurement as shown in Fig. 11. It is found that a CFD calcula-

[ o 08— T T

® Measured

—— Predicted, P, quasi-steadily varying
with C /U,

06 ]

Cp!U,
o
Cp!Y,
L ]
L ]
[ J
(]
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° 047} -
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Fig. 10 Measured and predicted velocity components with 2-sine fence (parameter =P,,) at

$»=0.069: (a) radial velocity, and (b) tangential velocity.
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09 T v deals with the diffuser alone, while the second step deals with the
impeller alone. This more simple method can be used as enough
accurate alternative to the complex and unsteady CFD.

Nomenclature

A = cross-section area normal to a streamline
b = passage width
C = absolute velocity
C, = radial velocity
0.7 r 7 C, = tangential velocity
EL = effective length
P = static pressure

Vs

® Measured
—Calculate P, = to_tal pressure _
N T s = distance along a streamline
08 SHR = shroud
0 45 90 135 180 U = peripheral velocity of impeller
0 (deg) z = axial distance from hub

relative flow angle from tangential direction

Fig. 11 Static pressure calculated by CFD with 2-sine fence at B, = exit blade angle from tangential direction
$=0.069: impeller excluded in CFD. ¢ = flow coefficient,C,,/U,

v = kinematic viscosity

0 = circumferential angle
tion, which is based on steady state flow condition without inter- © = angular speed of the impeller

action between the impeller and the fence, can make a good pre- ¢ = total pressure coefficient normalized bw%/Z

diction for the static pressure. s = static pressure coefficient normalized W§/2
Now a simple method, which does not need a simultaneous )

CFD coupling of impeller and diffuser, is proposed to predict theubscript

impeller-diffuser interaction in two-step sequence. First, only dif- 1 = impeller inlet

fuser part is calculated to find the circumferential distribution of 2 = impeller exit

static pressure at the vaneless diffuser inlet by performing the

steady state numerical calculation, which has a uniform inlet ves

locity condition. The impeller is excluded in the first step. Secon leferences

the circumferential distribution of velocity components at the im- [1] Sideris, M. T, and Van den Braembussche, R. A., 1987, “Influence of a Cir-

peller exit is predicted by using the impeller-diffuser interaction fclj’srgie,,ri”sﬁ'lz%x';&fjnigceh ?62";20280_”52“6 Flow in an Impeller and Dif-

models. The second step deals with only the impeller. The stati¢y] Farsis, A., Pierret, S., and Van den Braembussche, R., 1997, “Three-

pressure calculated from the first step is the input to the interac- Dimensional Unsteady Flow and Forces in Centrifugal Impellers With Circum-

tion model of the second step. ferential Distortion of the Outlet Static Pressure,” ASME J. Turbomatte,
pp. 94-102.
. [3] Hagelstein, D., Van den Braembussche, R. A., Keiper, R., and Rautenberg, M.,
Conclusions 1997, “Experimental Investigation of the Circumferential Static Pressure Dis-

; + ; ; tortion in Centrifugal Compressor Stages,” ASME Paper No. 97-GT-50.
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angles were strongly dependent on the circumferential position. Compressor Discharge Volute.” ASME Paper No. 2000-GT-0454.
T_he flow pa_ramete@ plotted against the local flow rate _at eachis] knapp, R. T., 1937, “Complete Characteristics of Centrifugal Pumps and
circumferential position showed loops along the quasi-steady Their Use in the Prediction of Transient Behavior,” Trans. ASMIS, pp.
curves obtained from the result without the fence. 7 383—(1689-8 bussche. R.A. Avder. E.. Hagelstein. b.. Rautenbera. M. and
; : : ; an den Braembussche, R. A., Ayder, E., Hagelstein, D., Rautenberg, M., an
Slmple theoretical calculations were used, |nst¢ad of more ".ic Keiper, R., 1999, “Improved Model for the Design and Analysis of Centrifugal
curate but complex and unsteady CFD, to predict the veloCity compressor Volutes,” ASME J. Turbomachi21, pp. 619-625.
components at the impeller exit with imposed static pressure. Thes] shim, C. Y, Hong, S. S., and Kang, S. H., 2000, “Flow Evaluations of Cen-
assumption of quasi-steadily varying relative flow angle at impel- tr:fugal Pui:np Impeller Using Comnlwercial CodeRfoceedings of the Korean
; : Fluid Machinery Association Annual MeetinBusan, Dec. 1-2, pp. 285-292.
ler outlet was mor.e eﬁecj“v.e than that of Cons.tant Te'at"’e f|OW[9] Inoue, M., and Cumpsty, N. A., 1984, “Experimental Study of Centrifugal
angle for t_he velocity prediction. Another model in which the_ tf_Jta| Impeller Discharge Flow in Vaneless and Vaned Diffusers,” ASME J. Eng. Gas
pressure is the parameter was also evaluated. Good prediction of Turbines Powerl06 pp. 455-467.

radial velocity was obtained with the assumption of quasi-steadilit0l Frigne, P, and Van den Braembussche, R. A., 1985, *A Theoretical Model for
varying total pressure. Rotating Stall in the Vaneless Diffuser of a Centrifugal Compressor,” ASME J.

. . . . . Eng. Gas Turbines Powet07, pp. 507-513.
.A simple method is proposed to predict the impeller exit flow[11] Hoffmann, K. A., and Chiang, S. T., 199@pmputational Fluid Dynamics for
with downstream blockage in two-step sequence: the first step Engineers Engineering Education System, Wichita, Kansas.
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stability is caused by the positive slope of the performance curve
due to cavitation at lower inlet pressure. The present study is
intended to confirm theoretically if such explanation can be ap-
lied to the new instability observed in the fuel turbopump in-

1 Introduction

During the firing test of the LE-7A LOX/LH2 engine of the
HIIA rocket, a large amplitude rotor vibration of the fuel tur-

bapump occurred at a frequency of about 350 Hz which is abc} cer for LE-7A. In order to take account of the head drop due to

qne-half of the shaft rotational f_requenﬁy: 700 Hz. The vibra- cavitation, a cavity model with a cavity wake is developed and
tion occurred when the pump inlet pressure was reduced. Tr&'ged for the stability analysis
vibration caused the failure of the bolts fastening the bearing car- '
tridge. To investigate into this phenomenon, a series of tests were . . . .
conducted at full speed with liquid hydrogen and the results afe EXperimental Observation of Rotating Choke Cavi-

reported by Shimura et gl1]. tation

It was found that the shaft vibration is associated with a pres- Figure 1 shows the suction performance and the amplitude of
sure pattern rotating around the rotor at about one half of thgs shaft vibration for two groups of flow rat€¥Q,=0.98 and
rotational speed of the impeller. This is similar to rotating stall b /Qq4=0.95. ForQ/Q4=0.95, the amplitude becomes larger at
non-cavitating inducers with small blade angle never stall singge cayitation number where the inducer head drops rapidly. The
the angle of attack does not exceed the small blade angle eveRdhq is kept nearly constant, above and below the breakdown
the local flow rate becomes zero. This is different also from rotagzyjitation number. FoD/Q4=0.98, the head decreases smoothly
ing cavitation in which the disturbance rotates faster than impellgfag the shaft vibration does not incredset shown. The sudden

The most important feature of this instability is that it occurs g{eaq drop forQ/Q4=0.95 is not caused by the instability since
the inlet pressure where the head is decreased due to cavitatigg.nead drop is not recovered at smaller cavitation number where
This is quite different from cavitation surge and rotating cavitatiofhe amplitude of vibration is smaller again. At a cavitation number
which occur at higher cavitation number where the head is ng{, . higher than the breakdown cavitation number, the head is
affected by cavitation. They are both caused by positive mass flgx¥ger for smaller flow rate and the performance curve has a nega-

gain factor and physically explained as followsujimoto et al.,
[2]). When the flow rate is increased, the angle of attack to a rotor

blade is decreased. If the value of mass flow gain factor is posi-
tive, the cavity volume will also decrease since the mass flow gain 2
factor is defined as the ratio of the cavity volume decrease to the§ b~°
corresponding angle of attack decrease. If the cavity volume isgu  L3B07 [ --=----==1-jasan  \ s
decreased, the flow into the rotor will increase to fill up the spaceig K7264F ;
occupied by the decreased cavity volume. Thus, the increase c4®  1apo7 | (9008 PO o
flow rate results in further increase of flow rate. This mechanism ™ s {
of instability depends only on the continuity relation and is not §
associated with the head degradation due to cavitation. From thi:<
reason, rotating cavitation and cavitation surge can be predicte( & !
by a 2-D potential flow stability analysis where the head drop dueg  LOBOT |- P 1=
to cavitation is totally neglecte(Horiguchi et al., 2000}3]). ] :

It is well known that surge and rotating stall are caused by the
positive slope of performance curve due to blade stall at lower L2R4+02 =
flow rate (Greitzer, E.M., 1976[4]). With a positive slope, the & gl - - TR, L KI2TIE (0100957
head is increased if the flow rate is increased. The increased hee-§ 34,01 \ v
accelerates the flow and the flow rate is increased further. Detaileu.E & 6.0E+01 |- - \S’E,

1.4B-07 ;
K7265F

(0IQ.~0.953) c| Low Q/Qq4

(01020946 §

S el

igh 0/0,

”
K7270F
(Q/0~0.98)

1.1E-07

=

{
Q0B-08 |- -B#dy 2R ] -~ - - T

examination of the suction performance of the pump inducer > i A AR (/0094604 )
- . 5 04 40BH0L |- camppe - - - ¥
shows that the performance curve has a positive slope in the re £ & . R
! - S ! . OBA0L | oo m e e o
gion where the instability is observed. This suggests that the in- o omso1 0I0~0953) | i
.OE+H
0.015 0.020 0.025 0.030 0.035
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Fig. 1 Suction performance of the inducer of the LE-7A LH2
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Fig. 2 Head dependence for low and high cavitation number Fig. 4 The spectrum of the inlet pressure fluctuation and the

phase difference of the signals from two pressure transducers

located apart by 144 degrees circumferentially. Uncertainties:
tive slope in the flow rate vs. head plane. On the other hand, at'@fuency +2 Hz, phase difference +5 degree
cavitation numbero,, lower than the breakdown, the head is
smaller for smaller flow rate and the performance curve has a . . .
positive slope. These situations are sketched in Fig. 2. For cofi¢ angular distance of 144 deg. This suggests that a disturbance
pressors and fans, it is well known that the positive slope of t¥¢th one cell is rotating around the rotor at 366 Hz, with the
performance curve can cause surge and rotating stall at smalfgtional speed ratio 366/723).506. Since the head drop due to
flow rate. cavitation is caused by choke, it is appropriate to call the instabil-

Without cavitation, inducers with smaller blade angle from tarity “rotating choke.” All reported cavitation instabilities occur in
gent never stall and the performance curve has positive slope fofange of cavitation number where degradation of performance
all flow rate. On the other hand, the head starts to decrease wi&§ t0 cavitation is limited. So, this is a new type of cavitation
the cavity extends into the flow channel between blades. It wipstability caused by the positive slope of pressure performance
shown by Stripling and Acost5] that the head drop can pedue to cawtaﬂon choke. We should no’ge. Fhere that the positive
evaluated by the mixing loss downstream of the cavity terminuglope of suction performance has a stabilizing effect, as shown by
This is called “choke(by cavitation.” The cavity thickness is Young et al.[6] for surge mode oscillation.
larger for smaller flow rate as shown in Fig. 3. &, where the . . .
cavity is shorter than the circumferential blade spacing, the cavily 1heoretical Analysis of Rotating Choke
does not block the main flow and the head drop is not significantly In order to take the head drop due to cavity blockage into ac-
increased with the decrease of the flow rate. On the other handcatint, we adopt a cavity model with a wake as shown in Fig. 5.
oow Where the cavity extends into the throat, the “blockage” dugVe consider a cavity wakRETFF'CGH behind the cavityDAH.
to cavitation will be increased at lower flow rate and hence thEhe boundary of external inviscid flow is shown ADD'C.
head drop due to the mixing loss or the increase of relative velo&ecording to the concept of viscous/inviscid interact{d], we
ity will be increased. If the increase of the head loss associated
with the reduction of flow rate is larger than the increase of Eul-
er’s head, the performance curve will have a positive slope. So, it y
is quite possible that the positive slope at smaller cavitation num-
ber is caused by the choke.

Figure 4 shows the spectrum of the inlet pressure fluctuation
and the phase difference of the signals from two pressure trans:
ducers separated by 144 degrees circumferentiallyThe pres-
sure transducers are located on the casing wall, atigli) di-
ameter upstream from the leading edge of the blade, at the tip. The , v,
rotational frequency of the impeller is 723 Hz. The phase differ-
ence at the spectrum peak, 366 Hz, is 147 deg, which is close tc

V5. boundary of the O outer boundary of )
inviscid flow the viscous wake 7
,
Near wake
------ T| Far wake
: ;

D
D’
C N 2

(a)
Ghigh o — Y NCTTES o ol o > >
/’-\ C, Low Q/Q, Lyn g (D q
A, High Q/Q, h )
v, (x,1)
A T
0 i
c
= -’df'—-_ qu e o adli o & & qin
O _~=""~ND, Lov 00, DT DD
e~ B, High 00, (b)
«Choke» Fig. 5 Scheme of the cavity-wake flow:  a) physical plane: the
cavity OAH; the mixing region AEGH; the near wake region
Fig. 3 The “choke” phenomenon ETCG; b) linearized plane
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assume that the inviscid flow velocity at the boundgryys is  uolli's equation applied between the leading edgg=(n
identical to the viscous flow velocity at the outer boundary of the 1)he’? of the n'" blade and at some distange= — L upstream
turbulent wakey = 6. The cavity wake is further divided into mix- where pressurg_, is assumed to be constant:
ing regionAEGH, near wakeETCG, and far wakeTFF'C. 2

0"¢n L _ 8¢n

3.1 Problem for the External Inviscid Flow. We consider It - o> '
an inducer withN blades and assume that the flow is periodical -L 0 P
with the periodicity ofN blades. Following the wor3], the flow | inearizing the above equation on the assumption of small pertur-

complex potential can be represented as the superposition of H2gion and taking into account the relations:
complex potentials:

2
Uon Py

5 P g n=1N

N
J ~
o N N Sl LScos/s+Re(2 Wk(L))
W(z,t):Ue"“z+Se“e"5z+E Wn(z)+z W,(2)eM, Ity k=1
1 1
~ ~ J ~
@ =—ALScosB, v_ =U+Scosp, % =Ndno,
0

where Ue 'z is the complex potential of the uniform flow;

SeMe 1Az is the complex potential of uniform perturbatiom;(z) N

and W, (z)eM are the complex potentials of the steady and un- ?,5“0:2 RE Wi (Z0) 1,

steady perturbation respectively, induced by tffeblade of the k=1

cascadel = u+jw is Laplace’s variable. The complex potential§,e gptain:

wy(z) andW,(z) are defined so that the perturbations vanish at

the upstream infinity. M bno+LScosB)—UScosp+U(1+a/2)Ty,=0.  (5)
The velocity disturbances due to the blades are represented b

sourcesq,, and vorticesy, along the profiles as shown in Fig.

5(b) (n=1,N). The complex conjugate velocity can be repre

Y)n the other hand, with using E(®) on the cavity surfac®©A
and the boundary of viscous and inviscid fléMd, we obtain:

sented as follows: _ Fn(X)
N N R 6,(2)]— =v,(X)—U, 0<x<c, n=1N, (6)
dw , - _ - 2
g =Uxivy=Ue SeMe B4+ 0.(2)+ >, Ba(z)eM, 500
' ' (2) ScosBHRED,(D)]- 75— =Ty(x), 0<x<c, n=1N,
where ()
1 (o 1 (e wherez=x+h(n—1)exp{g).
i = | = - | = If we put Eq.(3) and(4) into Eq.(6) and(7), we obtain integral
On(2) 27 fo An(X)Fr(zX)dx+ 27i fo () fa(zX)dx, equations with respect g, (x), y,(X),0n(X) and¥y,(x).
On the pressure side of the profiles, the non-passage condition
~ 1 (< 1 (< takes the form:
enfz J'O Gn(X) fr(z,x)dx+ ﬁ fo Yn(X) Fr(z,x)dx En(x)

—Ua+Im[0,(2)]—

> =0, 0<x<c, n=1N (8)

1 [~
+ ﬁ JC Yin(X) fn(z,x)dx Gn(Xx) -

2

, which, combined with Eq(2), also provide integral equations
with respect to the singularities.

andg,(x) andy,(x) are source and vortex distributions inducing We assume tha,t the pressure is continuous at the trailing edge of

the steady complex velocity perturbatiofigz); G,(x) andy,(x) the blades(Kutta's condition. By integrating the momentum

are source and vortex distributions inducing the unsteady compfeguation along the blades, this condition can be represented for

velocity perturbations,(z)eM. F;,(x)eM is the trailing vortex steady and unsteady components as follows:

SsinB+1m[6,(2)]— 0, 0<x<c, n=1N (9)

+i

fo(z,x)= %exq—iB)[co[{%(z_x_he—iﬁ(n—l))

behind then™ blades. It is assumed th& 6,(z) andd,(z) are Ya(C)=0, (10)
much smaller thaty and the linearization is made based on this N (o
assumption. A ~ _ _

Boundary conditions. On the cavity surfac®A and the cavity 0 fo Yn(X)dX+¥,(€)=0, n=1N. (11)

closure contouAD, the steady and unsteady components of the ) )
tangential velocity are given from the linearized Bernuoli's equal/e assume that the upper and lower boundaries of the far wake in

tion and from the solution for the viscous wake problem: x>c are parallel with each other and we assume no sources there.
In order to have a continuous velocity at the trailing edge, we
oV — need to require:
o U+ 7, 0<x<l¢p -
vn(X)= B , (3 0s(c)=0, Ty(c)=0, n=1N. (12)
van(X),  lep<x<c The mass conservation for unsteady flow requires:
Ton ™ AU O<X<|—C” B N c
Ta0=1{ _ _ , @) ANKSH Y, | gn(x)dx=0 (13)
Usn(X),  lp<x<c n=1Jo

where7,, is the complex amplitude of the tangential velocityEquations(5)—(13) allow to determine the flow disturbance as
perturbation at the leading ed@® T s5,(x) is the complex ampli- well as steady cavity length, and fluctuation of the cavity length
tude of the velocity perturbation along the bound@®. The I, if the velocity perturbatiow s,(x) T s,(x) along the boundary
velocity perturbatiort,,,, can be found from the unsteady Bern-of viscous and inviscid flow are known.
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The steady and unsteady cavity shape and the contour of inter- g ap I

action AD can be calculated fror8]: o + vk @17)
V(x)= % fxa(x)dx, The gradient of the shear stress is approximated by:
0 aT Ty
1 X P h'
()= e M f ()€™ dlx. ‘7y
0 where the shear stresg, between the upper and lower boundaries
= ~ M of the mixing layer is determined by 7= x1p0(v s— Uo)?; x1 IS
y=Ys=y(x)+y(xje the turbulence factor anld is the blade spacing used as a charac-

defines the unsteady boundary of the inviscid flow. teristic length. The valug;=0.4 has been used in the present
calculations. Taking Eq(14) into account, we can rearrange Eq.
3.2 Unsteady Flow Model of the Wake. The cavity wake (17) as follows:

is divided into three subregions as shown in Fig. 5: the mixing 5 5
region AEGH where the velocity profile is under development, s s  Xif dl; dl,
the near wake regioETCG interacting with the inviscid flow WJFUW LTI
under the completely developed velocity profile, and the far wake . . )
TFF'C starting from the trailing edg€ of the bladeOC. The Ed. (18) provides the tangential velocity; on the wake surface
terms “mixing region,” “near wake” and “far wake” are used which is used as a boundary condition for the external inviscid
after the boundary-layer theory for cavitation-free separated roN@W-. o .
[9,13). In the “mixing region” and “near wake,” the development It is favorable that we can justify each assumptions of Egs.
of the wake is calculated by taking account of the pressure graf¥—(17). However, from the complexity of the flow near the
ent of the outer inviscid flow and neglecting the shear stress é@Vity closure, it is difficult to examine the validity of each as-
erted by the blade surface. Once the location of the inviscid flod¥/mption and we need to depend on the final results for the vali-
boundaryy=y is determined from the outer inviscid flow analy-dation of the model. ) _
sis, the wake model provides tangential velocityon the wake _ Unsteady near cavity wake The flow in the near cavity wake
surface, which is used as a boundary condition for the exterdficharacterized by the velocity profile formed under the action of
inviscid flow. For the steady component, outer inviscid flow anff'€ longitudinal pressure gradient and the shape of the inviscid
inner wake flow is solved successively until the convergence fi@W boundary. The velocity profile(y) across the wake is rep-
obtained. For the unsteady component, both flows are solved "§sented by using the form parameteand an universal function
multaneously by linearizing the problem based on the assumptighvelocity defectf(y):
of small unsteady disturbance. The far wake is assumed to have u
no effect on the inviscid flow and hence no wake model is pro- —=1-m(x,t)f(y) (19)
vided. Us

M_ixing region. We con_sider a mixing r_egion where the velocity herem is the form parameter of the velocity profilg=y/é is
profile across the wake is under formation. The flow downstrezame non-dimensional coordinate across the wakds the velocity

of the cavity is highly unsteady, turbulent and two-phg&e The 4t the outer boundary of the viscous wake. The functiéy)

velocity of the liquid is substantially smaller than the main flow_ 2y®—3y?+1 is the universal velocity defect function for the

velocity [8]. Under the influence of the pressure gradient a re- i ; ; _
entrant flow appears. The interaction of the re-entrant flow a(? rg:lebr:)tuf;z(;rn%ﬁqg;ﬁ)éeljgﬁoi(}ia_“?nr;% ?)o%:v;seublgggztge

main flow cause large scale vortices and high turbulent stress. assume that there is a thin laminar sublayar-a® where the
liquid flow into the cavity decreases the cavity length and ine|qcity changes from zero to the valug. We assume that the
creases the density of the two-phase medium. The outflow fra{mckness of the laminar sublayer is so small that the momentum

the cawtt);] or& thgtcgnttrrz]ary INCreases thchaV'% Iength and | it can be neglected. We also assume that the laminar shear
creases the density in the mixing region. =rom the above CoNSifrass jn it can be neglected. From E9), the displacement

erations, we assume that the flow velogityand the density, at : . . . .
the beginning of the mixing region can be correlated with thté"CkneSS's* and the momentum thicknegs™ are given by:

cavity lengthl, as follow: 5
o]
0

~dlg
T dt

=0. (18)

p Pt

)d SH*(m,r) 5(1 +r )
= m,r = —r —],
pPUs Y

2

Ug (14)

o = J’gp—ou( 1- i)dy: SH** (m,r)= 5T( 1- 55m)

0 PUs Vs ' 2 35
¢ max (20)
wherel . max is the maximum partial cavity length just before exvon Karman's integral momentum equation integrated over the
tending to super cavity. When the cavity length approaches zembiole wake and the differential momentum equation applied at

I.—0, the non-dimensional density should approach gpel, y=0 are used:
which corresponds to the cavitation-free flow. Equatid8) is a

le

ro=polp=1- (15)

linear interpolation of these two limiting cases. We assume thé o —(1-1)d] + ﬁ ‘“n"5+ Jo** (284 +6%) dlnv,s

the non-dimensional densityof the fluid in the mixing regionis v at vy dt IX X

transported with the flow velocity ;5 at the outer boundary of the _

mixing region: =0 (21)
dr or ar dug duy  dugs dvs 1ot
—=—+v;—=0. Fr——+rug——=——+vs——+—— (22)
gt ot Pegx =0 (16) ot ax ot x " payl

From the features of the flow in the mixing region mentioneth the integral momentum equatid21), the shear stress is ne-
above, we assume that we can neglect the convective terms in gfected both on the uppey € 6) and lower (f=0) boundaries of
x-component of the momentum equation. It gives: the wake. In the differential momentum E@2), the shear stress
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in the wake is considered to take account of the momentum transThe linear system of ordinary differential equations of the un-
fer within the wake. The gradient of shear stress is evaluated Byeady viscous flow is discretized at the locatiodismentioned
or . above. The derivati_ves are approx_imated by _using finite differ-
_'n ences and the obtained system of linear equations is added to the

ady y=0 5’ system of the inviscid flow. The joint system of the linear equa-
tions of the unsteady viscous and inviscid flow can be represented
wherer,= x2p0(v 5— Ug)? With v 5=u(8) anduy=u(0). The em- 35 follows
pirical factor y,=0.03 has been used in the present calculations.

. . . . [ =n
It is assumed that the direction of the wake flow velocity at the di
outer-wake boundaryy= 6) is identical to the slope of the invis- B4
cid flow boundary{13]. This condition can be represented as fol- 77
lows, by integrating the continuity equation across the wake: — 9
[AN0,0) ]| M5 | =[0] (26)
(vy) dys 96* s st dlnvs & or - T,
vx) 5 OX  IX ( ) X vsdt’ (23) Don
wherev, andv, are the wake velocity components nandy L S|
directions. Here, it is assumed that the outlet flow rate does not oscillate. The
The length of mixing region, is determined from the condi- eigen value problem related with Laplace’s variable is
tion of the flow attachment: detA(\,0,2)|=0. By solving this characteristic equation we obtain

the eigen frequencies of various kinds of cavitation instabilities.
5 (I =yl (24) gen fred
where §* = SH* (1) is the displacement thickness of the mix- ) _

ing layer. Equation$23) and(24) show thaty ; corresponds to the 4 Results and Discussion

displacement thickness in the mixing region but differs slightly Figure 6 shows the suction performance predicted by the

from the displacement thickness in the near-wake region. In thg.qent model. The static head coefficient is estimated from
mixing region, we assume that the thicknéssf the mixing layer

shown in Fig. 5 is determined from the relationship obtained for P>— P ) 5,

free jet boundary layersl1]: Ys= U7 =0.51+¢?)| 1— v_f ,
3_5 —br wherep, andp, are the pressure at the inlet and outlet correspon-
ox 0 dently, v 5, is the velocity at the outlet of the cascadé=U?

_ . . . . +v2=U?1+¢? is the mean velocity at the inlet;, is the
gg&r%%]g;%gﬁ};rufleﬂ in the present calculations, determm?vqeridional (axial) velocity, ¢ is the flow coefficient. The head
yLL: decrease due to cavitation is associated with the increase of rela-

wr;lz—a TZ tmhg(lgge:?ﬁa[kfif:rfi tgﬁm?rlg?ree:;ﬁgf teh:t(:e?srgzls%é%n tive velocity v 5, caused by the displacement effect of the cavity
) wake. On the suction performance curves, the occurrence of ro-

the density of the fluid increases rapidly due to higher pressure. o !
there p>p,) and the absence of the recirculating flows. In thli_g"jﬁlng cavitation is shown by open symbols, while the onset of

A . g otating choke is shown by closed symbols. We note that the ro-
region it is assumed that the density of the fluid incred4€$ : o - . ;
following the relation: tating cavitation occurs mainly in the range where the perfor

mance degradation is insignificant, while rotating choke occurs
dr  or ar 1—r where the head is decreased due to cavitation.
Frinie +v5é— =UsT (25) The performance curve in the flow coefficient vs. head plane is
X r shown in Fig. 7, where the occurrence of rotating cavitation and
where the scale of relaxatidn =0.2h is used in the present cal- fotating choke is also shown by open and closed symbols respec-
culations. tively. The same observations as with Fig. 6 are evident also in
The system of Eqg22—25 can be used to determine the wakéhis figure. Rotating choke occurs typically in the region with
variablesv 5,5,m andr when the shape of the external inviscidPositive slope of the performance curve, which is quite different
flow ys(x,t) is given from the inviscid flow analysis. Rather
elaborate wake model used in the present analysis is intended to
obtain reasonable agreement of steady suction performance with
experimen{12].

3.3 Linear Stability Analysis. The vortex and source distri- 055
butions are discretized along the blades at the locatidhsi 031
=1M as shown in Fig. B. Using linear interpolation between 025 |
the pointsx;' the inviscid flow problem is reduced to a system of 02 |
linear equations related to the strength of sougeand vortexy;' 015

at these points.
Representing the flow parameters in the wake as a sum of o1t
steady and unsteady componeRi,t) = P(x) + P(x)e!, where

. N 005 f
P={my,vsn:Ysn rn}» N=1N and linearizing the Eqg14-18,
(18), and(21-25, we can obtain a system of linear ordinary dif- 0
ferential equations in terms of the complex amplitudes of oscilla- 00l 0B 005 00/ 0 Ooll 013 0I5

tions. The system of equations for steady components of the pa
rameters in the wake is nonlinear. An iterative procedure coupling
the steady viscous and inviscid flow is used in order to determiggy. 6 cCavitation performances of the cascade and region of
the steady shape of the boundary of interaction and the tangeniigtability for various angles of attack: stagger angle 80 deg,
velocity on this boundary. solidity 2.35. Uncertainty ¢+ 0.005.

o
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Fig. 7 Head performance of the cascade for various values of Fig. 9 The unsteady cavity shapes at the onset point of cavi-
cavitation number and region of instability: stagger angle 80 tation instability; ~ =0.095; stagger angle 10 deg; solidity of
deg, solidity 2.35. Uncertainty 4= 0.005. the cascade 2.35. The amplitude of oscillation of cavity length

is assumed to be I~C=O.3I_C. Cavity is shown by white area and
the density in the mixing region and wake is shown by the

. . . . dark .U tainties: h=0.001, h=0.001. tati
from rotating cavitation. This suggests that rotating choke é‘\r,itgfiii ( Unie(;_g'g)'.ei) rot)a(llting choke {Ia=0.077) @) rotating

caused by the positive slope of the performance curve associated
with choke.

Figure 8 shows the propagation velocity raid() of rotating
cavitation and rotating choke, defined as the ratio of the propaggearly shown that rotating cavitation starts to occur when the
tion velocity w of the instabilities observed in a stationary frameavity length (closed modél or the total length of cavity and
to the rotational spee@ of the impeller. Rotating choke is found mixing region(wake model exceeds 65% of the blade spacihg,
only at smallers. Rotating cavitation rotates faster than impellehis can be explained by the interaction of the local flow near the
speed but rotating choke rotates about a half of the impeller speggyvity closure with the leading edge of the next bl On the
This agrees with experimental observations. With the presasther hand, rotating choke starts to occur when the total length of
wake model, it cannot be shown analytically that the instabilitiesavity and mixing region exceeds 150% of the spacing.
depend oro/(2a). However, the numerical results show that the Thus, the present model can simulate two important character-
a/(2a) rule found for linear closed cavifyg] practically applies to istics of rotating choke, the onset condition and frequency. How-
the present case, for both rotating choke and rotating cavitatioever, predicted suction performance shown in Fig. 6 is signifi-

Figure 9 shows the cavity shapes with rotating cavitation anghntly different from the experimental curve as shown in Fig. 1.
rotating choke at their onset poir(the largest cavitation number Positive slope and hence rotating choke are unusual and not ob-
For rotating choke the mixing region extends to the throat of thgrved for many inducers. This may be caused by nonlinear and/or
blade channel. Rotating stall in impellers with longer blade rotatéisree dimensional effects. On the same reasons, we cannot expect
with a speed only slightly smaller than impeller speed, caused gMantitative agreement of the range of rotating choke and rotating
the inertia effect of the fluids in the impeller. Lower speed of theavitation in the present linear 2-D calculations. The model in-
rotating choke may be caused by the decrease of the inertia effeiéides a series of empirical coefficients the values of which were
due to cavitation. On the other hand, rotating cavitation starts ¢aosen from the previous analysis of the predicted and experimen-
occur with much shorter cavity. With a closed cavity model, it hagil cavitation performances of inducéfd]. If we change some of
been shown that various types of cavitation instability start ihese oefficients, we may obtain better quantitative agreement be-
occur when the cavity length reaches about 65% of the spacifigeen the calculated and test results. However, we did not make
[3]. The results shown in Fig. 9 suggest that the total length efich attempts since the goal of the study is to give a physical
cavity plus mixing region plays an important role in the presemdxplanation of the new type of cavitation instability. Further re-

model. search is needed for the complete understanding of rotating choke.
Figure 10 shows the steady cavity lengittof closed model and

the total length of cavity and mixing regidp,, normalized by the
blade spacind, plotted against/(2«). The regions of rotating

cavitation and rotating choke occurrence are also shown. It is 25
Rotating choke
2 -
140 Rotating cavitation, wake model
4 3 = 15
120 | > ] o =
N Rotatmg cavitation n
2 = 1
100 | 0 =
o o ¢ 0.65 S W—
2 080 | 1-5.76 0.074 05
s 2-455 0.095 Rotating cavitation, closed model
0.60 | 3-377 3 -
\ Rotating choke 4205 2.12‘9‘ g
040 | \\ 0 0.5 1 1.5 2 2.5 3
4 32 1 o/(2at)
0.20 ‘ ‘ ‘ ‘ ‘ ‘
0.00 005 0.10 0.15 020 0.25 030 Fig. 10 Cavity length (closed model, /y.seq) and total length of
o cavity and mixing region  (wake model, /,) versus parameter
o/(2a); the gray bars show the range of instability; blade angle
Fig. 8 Propagation velocity ratio for the rotating cavitation 10 deg, solidity 2.35, angle of attack 4 deg. Uncertainties: I.1h
and rotating choke. Uncertainty /€ =*+0.01 +0.001, /,,/h=0.001
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Conclusions
Rotating choke is analyzed by using a cavity model with a

cavity wake. It was shown that the model proposed can predict not

only rotating choke but also rotating cavitation. Rotating choke is

predicted in the region where the performance curve has positive

y

*%@;XQ

slope due to choke. Predicted propagation velocity is 0.3—0.6,:/“”“’

which agrees with experimental observation. From these results,

we can conclude that rotating choke is a two dimensional local
flow instability caused by the positive slope of performance curve
due to the choking of flow passage with cavitation. This mecha-
nism is completely different from other cavitation instabilities

blade angle
coefficient of turbulent viscosity
thickness of viscous layer

= displacement thickness

momentum thickness
Laplace’s variable

complex velocity perturbation
flow coefficient, potential

such as cavitation surge and rotating cavitation, that are caused by

positive mass flow gain factor.

Acknowledgments
The present paper is based on the extensive tests repofteld inSuperscript and Subscript

conducted by National Aerospace Laborat@dAL ) and National
Aerospace Development AgentMASDA). Their contribution is

highly appreciated. This study was supported by the JSPS.

Nomenclature

¢ = chord length

b = free mixing layer spreading factor

h = cascade pitch
F. = area of the wake

i = imaginary unit in spacd?=—1

j = imaginary unit in timej?=—1

. = cavity length

I, = total length of the cavity and mixing region

kel
QQ'.OONS,XEEA-UJICCC*Q;ODZ S

upstream conduit length

form parameter of velocity profile or an integer
number

number of blades

blade index

pressure and vapor pressure
strength of sources
non-dimensional density
x-component velocity in the wake
velocity modulus for inviscid flow
circumferential velocity
perturbation of axial velocity

time

complex potential

perturbation of complex potential
location of discrete point on coordinate x
boundary of inviscid flow
physical plane x+iy

volumetric flow rate

design volumetric flow rate

angle of attack

Journal of Fluids Engineering

v = strength of vortex

p = liquid density

o = cavitation number

T = tangential stress
¢ = static head coefficient

o = frequency of oscillations
() = shaft rotational frequency

= steady component

complex amplitude of unsteady component

n blade index

5 parameters at outer boundary of viscous layer
o = parameters at the suction side of the profile

l
Il
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An Experimental Study of
seansaptiste Loroux | UNSt@ady Partial Cavitation

Unsteady partial cavitation can cause damage to hydraulic machinery and understanding

Jacques Andre Astolfi! it requires knowledge of the basic physics involved. This paper presents the main results
Assistant Professor of a research program based on wall-pressure measurements aimed at studying unsteadi-
e-mail: astolfi@ecole-navale.fr ness in partial cavitation. Several features have been pointed out. For cavity lengths that

did not exceed half the foil chord the cavity was stated to be stable. At the cavity closure
a peak of pressure fluctuations was recorded originating from local cavity unsteadiness in

Jean Yves Billard the closure region at a frequency depending on the cavity length. Conversely, cavities
Professor larger than half the foil chord were stated to be unstable. They were characterized by a
cavity growth/destabilization cycle settled at a frequency lower than the previous ones.
Ecole Navale/IRENAV, During cavity growth, the closure region fluctuated more and pressure fluctuations trav-
Institute de Recherche de I'Ecole Navale, eling in the cavity wake were detected. When the cavity was half the foil chord, cavity
BP 600, growth was slowed down and counterbalanced by large vapor cloud shedding. When the
29240 Brest-Armee, France cavity length was maximum (#®.7-0.8), it was strongly destabilized. The reason for

such destabilization is discussed at the end of the paper. It is widely believed that the
cavity instability originates from a process involving the shedding of vapor clouds during
cavity growth, a re-entrant jet, and a shock wave phenomenon due to the collapse of a
large cloud cavitation[DOI: 10.1115/1.1627835

Introduction closedpartial cavity has a clear interface, a cavity closure rela-

. . . tively free of bubbles and a re-entrant jet at the cavity closure.
Partial cavitation is commonly encountered on lifting Surfaceéonversely aropen cavity is typically “frothy” and has a peri-

such as hydrofoils or blades on propellers and pumps. It generadlyically varying length associated with the shedding of vapor
occurs in the vicinity of the leading edge in incidences for whicblouds. Kawanami et a[.10] also observed two types of cavity

a pressure peak takes place on the suction side and is redugegending on whether the boundary layer is of a burst type or
below the liquid vapor pressure. In some cases, partial cavitatiponburst type. The burst type corresponds to a laminar separation
exhibits instabilities that can cause severe damage to hydradfid long bubble whereas the nonburst type corresponds to a short
systems. Partial cavitation is unsteady by nature; however, at ffgParation bubble with the flow reattaching in the vicinity of the
early phases of development the location of the cavity closu}gfding edge{11]. The shape, fluctuations in length and type of
does not vary very much and the cavity is often stated steady tial cavities are quite different whether the boundary layer

stable. As the cavity grows, the variation of the cavity closurao,'d & foil section will burst or not. Callenaere et[d] identi-
' Yy grows, Yy fied a transition between short and long cavities, with those insta-

location increases leading to unsteadiness effects. Under soigies originating from a re-entrant jet or surge-type instability,
conditions, the unsteadiness leads to cavity destabilization ar@pectively.

breakdown. Under destabilization, the cavity alternates stronglyAlthough unsteady partial cavitating flow has complex features,
between a small partial cavity and a large cavity. The destabilizeubstantial efforts have been made in modeling cavitating flow to
tion process results in the shedding of large bubbly vapor strugaderstand unsteady partial cavitation and transition to cloud cavi-
tures, called “cloud cavitation,” which is known to induce high-tation. Kubota et al[12], using a bubble two-phase flow model
level pressure pulses and to be a destructive form of cavitatigshowed that cloud cavitation can result in the separation and the
[1]. Although many interesting works have been published to urellup of the boundary layer at the cavity leading edge meaning
derstand the physical mechanisms involved, they are not yet futlyat the instability of the shear layer may produce the cavitation
understood[2]. A mechanism of cavity destabilization and trancloud. The re-entrant jet exists at the cavity trailing-edge region
sition to cloud cavitation was often attributed to a re-entrant jet But plays a less important role in the separation mechanism of the
the end of the cavity,3—8]. However, several complex featurescavitation cloud. Chahine and Hsiadl3] using a coupled
can be involved in partial cavitating flow such as bubbly lowRANSE-BEM method showed that cavity shape oscillations
laminar, transition or turbulent flow, detached and reattached flomight occur due to the formation of a re-entrant jet or to the
shear layer and vortical structures, deforming surface. Consgvelopment of a wave over the cavity surface with amplitude
quently, more than one type of partial cavity has to be consideregkge enough to cut the cavity into two parts. These might occur
Also, other mechanisms can lead to cavity instability such as bug]munaneougy under some flow conditions. Arndt et[dl4]

bly flow shock wave, instability of the shear layer on the cavitpased on LES simulations and experiments indicate that depend-
surface, deforming surface instability, transitional instability bqng on o/(2), two mechanisms are found for cloud cavitation. At
tween partial and super cavitation or surge instability. For irhigh values ofo/(2a), a re-entrant jet dominates, whereas at low
stance, Laberteaux and Cec¢R) observed two types of partial yalues, a bubbly flow shock wave dominates. The transition was
CaVitieS W|th two diStinCt behaViOrSjosedre'entrant pal’tial CaVi' found to occur fora-/(za):4 From a theoretical ana|ysisy Wa-
ties formed on a two-dimensional NACA0009 hydrofoil, ajgen  tanabe et al[15] show theoretically that although cavity shedding
partial cavities without re-entrant flowalthough recirculation and re-entrant jet are not taken into account, instability can origi-
flow was detected for some cages a plano-convex hydrofoil. A nate from the transitional cavity oscillation between partial and
super cavities. A brief review of these recent works indicates that
*To whom correspondence should be addressed. fundamental knowledge of the basic physics resulting in cavity

Contributed by the Fluids Engineering Division for publication in tiee/BNAL i : e - . . ~
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionqutablhzatlon and transition to cloud cavitation is still progress

November 21, 2002, revised manuscript received June 30, 2003. Associate Editoi¥] and need to be documented. Particularly, the complex flow
L. Ceccio. near the cavity closure region requires close examination. Follow-
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ing previous works[16,17], the present paper focuses on the un- Table 1 Coordinates of the tested hydrofoil
steadiness and instability of partial cavitation. This is achieved b¥

means of wall-pressure measurements using an instrumented hy-*/¢ ylc xie ylc
drofoil equipped with wall-pressure transducers. The experimentald,000000 0,000000 0,000000 0,000000
investigation was performed ranging from conditions close to in=0,000173 0,002046 0,000123 —0,000530
ception to the conditions where an unstable cavity arose. For0000242 0. 0aeat 9.001123 e
stable cavities, transducers in the vicinity of the cavity closure arep'go3148 0.009593 0.004941 ~0.007456
used to characterize the unsteadiness of this region. For unstabl@005551 0,012035 0,007885 —0,009478
cavities, the cavity break by the re-entrant jet, the main vaporO,gil)gggg 8,81471(73% 88%225% —8,8%%‘51(732
cloud emission and the residual cavity evolu_tlon, are captured by01019545 0020864 0.024086 0015482
ten aligned transducers. Measurements of lift and drag were alsg'g27070 0.024273 0.032440 ~0.017467
performed. 0,036197 0,027872 0,042411 —0,019444
0,046867 0,031575 0,053931 —0,021377
0,059025 0,035312 0,066930 —0,023242
0,072601 0,039049 0,081336 —0,025035
i 0,087531 0,042754 0,097080 —0,026756
EXpenment_al Setup ) ) ~0,103750 0,046389 0,114097 —0,028391
The experiments were carried out in the Ecole Navale Cavita-0,121195 0,049922 0,132317 —-0,029933
i i i i 0,139799 0,053343 0,151675 —0,031393
tion Tunr_1e|, fltted_ wih al mlong _a_nd 0.192 m wide square cross 159495 0,056643 0172102 0032772
test section. In this device, velocities of up to 15 m/s and pressureg';gnoo1 0.059786 0.193536 -0.034041
between 30 mbar and 3 bars can be achieved. A regulation system 201918 0.062725 0.215911 ~0.035169
sets the pressure and the velocity to prescribed values, which lea@,224521 0,065435 0,239160 —0,036161
itati 0,247963 0,067921 0,263218 —0,037034
to the cavitation num_ber values of th_e measurements. The c_IeO’272179 0.070179 0.288017 0037790
signed foil for this project was a two-dimensional cambered foil 3597702 0072199 0'313493 0038414
of the NACA66 series, for which the theoretical coordinates are g'322671 0.073961 0.339581 —0.038910
given in Table 1. The relative maximum thickness wasl2% at 0,348822 0,075431 0,366214 —0,039267
45% from the leading edge and the relative maximum camber wag),375488 0,076615 0,393327 —0,039470
o 0 0 g edg - %,402604 0,077522 0,420855 —0,039540
2% at 50% from the leading edge. The chord length was 430107 0078104 0448731 0039410
=0.150 m and the span was 0.191 m. The material for the hydro 457932 0.078300 0.476890 —0.039042
foil was polished stainless steel. Two identical hydrofoils were 0,486010 0,078085 0,505264 —0,038453
fabricated. One was equipped with wall-pressure transducers. Ex0.514276 0,077477 0,533788 —0,037652
cept for lift and dra mgasplfrements theﬁ drofoil was clamped o 0:542662 0076471 0,562395 ~0,036640
ptio 9 ' yaroiol ped ony 571101 0,075059 0,591019 ~0,035423
both sides of the tunnel walls. The angle of incidence was giveng 599524 0,073243 0.619594 —0,034009
with respect to the zero angle of incidence. The latter was adjuste®,627866 0,071022 0,648054 —0,032405
by aligning the foil chord to the horizontal top of the test section 0,656057 0,068390 0,676334 —0,030630
tgkengas e? reference surface. This was achier\)/ed by positioning th&584930 0.065358 0,704371 ~0,028722
© . ' Y PC Ng tg'711719 0,061944 0,732100 ~0,026703
trailing edge with respect to the top of the test section using ag,739054 0,058133 0,759457 —0,024586
special mechanical gauge. The foil incidence was driven by a0,765966 0,053929 0,786385 —0,022480
step-by-step DC motor, resulting in a precision on the angle read?.792374 0,049272 0,812828 —0,020500
in gofy+1/20 de ' g P 9 0,818200 0,044138 0,838712 —0,018533
gs of = 9. . . . 0,843402 0,038681 0.863964 —0,016484
Pressure measurements were carried out using seventeen piezgg7937 0.033027 0.888517 —-0,014315
resistive transducer&eller AG 2 Ml PAA100-075-010 of 10 0,891756 0,027250 0,912300 —0,012005
bars maximum pressure. The pressure transducers were mounté14812 0,021431 0,935248 —0,009564
into small caviti%s with a 0.5 Fr)nm diameter pinhole at the foil %37060 0,015648 0957425 ~0.006953
. ' p 0,958581 0,009949 0,978894 —0,004146
surface(see Fig. 1a). The Helmoltz natural frequency of the cav- (979449 0,004342 1,000000 —0,001178
ity is 85 kHz in water. The transducer locations are given on Fig. 1,000000 —0,001178

1(b). As shown, one set of ten transducers was aligned along the
chord on the suction side from/c=0.05 up to the trailingx/c
=0.90 with a step of 0.10 from x/c=0.10. Two sets of three
transducers were arranged parallel to this line in order to analyze ) )
three-dimensional effects. One transducer was also mounted MATLAB® software. Two nominal sample frequencies, 51.2 kHz
the opposite face in order to analyze the effect on the pressure skl 1.024 kHz, were selected, corresponding to samples of 0.64 s
of cavitation developing on the suction side. Before mounting ttd 4.00 s, respectively. Spectral analysis was obtained from the
hydrofoil in the test section, the pinhole, just upper each trandverage of eight individual spectra. _ o

ducer, was water filled using a syringe. Ansitu calibration was ~ Finally, lift and drag were also measured using a resistive gauge
performed to take transducer assembly into account. The transduc-

ers were calibrated simultaneously by decreasing the static pres-

sure in the test section from 1.5 bars to 0.05 bars with a step of

0.05 bars at zero flow velocity. The transducers responses wer p 192 -

found to be linear(see Fig. 2 and the coefficients of the linear &

regression were used to convert \olts in Pascals. To contro .90° 1y 2 O gz:‘

any deviation during the experiments, the calibration procedure

was performed systematically before and after each series -///

Ocs
[ O @ Ocst
€83 62 Clige,

150

measurements. o O Ocs

Signals from the wall-pressure transducers were amplified, fil- ' €83 82 Oc
tered and collected through a 16-channel 16-bit A/D digitizer VXI \ i Octo
HPE1432A, at simultaneous sample with a maximum available (@) (b)

sample frequency of 51.2 kHz. The control and the measurement

data storage were performed by a PC through an HPE8491#A¢ 1 (a) Transducer mounting. (b) Location and nomencla-
IEE1394 PC link to VXI. The acquisition programs wereure of the pressure transducers, filled symbol is on the pres-
developedn-situ and the signal processing was developed usirgyire side. Units in millimeter.
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hydrodynamic balance carefully calibrated in our laboratory. In ) N
that case, the measurements were carried out on the hydroﬁ:&%_t4t_ (af)l (b) 'Yle_ashlir?d lift and (d;a_g fﬁeftflhclenttforlthel non c
without pressure transducers. cavitating flow, straight line on  (a) is the theoretical value i
For the experiments, the nominal freestream velotityvas =0.1097(1—0.837)(a+2.35) (inviscid unbounded calculation

5.33 m/s, corresponding to a Reynolds number based on the ]WI h viscous corrections, [18]). (¢) Llft_ to drag ratio for various

’ ! . o ol ity lengths, labels are the mean relative cavity lengths (see
chord length Re:0.8x 1¢°. The nominal angle of incidence of 450 Table 2 ).
6° was selected, but a control using the lift measurements showed
that the effective angle was 6.5 deg. This value corresponds to an

angle for which partial cavity clearly developed. Figure 3 showgansducers calibration, the recorded noise Rag=150 Pa and
an example of stable cavity studied in the present experiment. fg deviation toward linearity was about 250 R&25% of the
shown, the cavity leading edge is formed of blunt “glossy” finmeasurement rangeThe noncavitating pressure measurements
gers. The cavity surface experiences a transition close to the leadew good reproducibility, withh C,<0.03. Finally, after the bal-

ing edge and it is “frothy” over the major part of the cavityance calibration measurements, the lift and drag uncertainties
length. Characteristic horseshoe shaped cavitating structures wege estimated by testing several loads on the calibration device,

observed in the cavity wake. This suggests an open cavity lggding toAL==x5N andAD=*1N, corresponding ta\C, =
classified by Labertaux and Cecdi®). +0.012 andACp= +0.002 using the nominal free stream veloc-
ity (respectively~1% and~5% of the measurement ranges

Uncertainties Results

Part of uncertainty is inherent in the flow conditions: the flow
velocity, the pressure in the test section, the cavitation number an
the angle of incidence. The uncertainty on the mean flow veloci
is about 2%. The uncertainty on the pressure is about 3%.
resulting cavitation number variability is estimated to he
==+0.05. However during the experiments, great care was takgﬁ
to record the samples at the prescribed values,ofith a vari- Wi
ability less thamA\o=£0.02. The uncertainty af is mainly due to
the uncertainty of the zero angle of incidenitaken as a refer-

ence and although care was taken to control it, the uncertain{: - : .
Waséestimated tc? be as large A&=+0.2 deg. For the pressures%paratlon bubble at the leading edgel]. It was found that the

dl'he measured lift and drag coefficients are given on Fig. 4. The
ro lift angle is found to be-2.5 deg compared to the un-
gunded theoretical value 6f2.35 deg[18]. As shown, the lift

to 2 deg. Then, it is larger and exhibits a “plateau” behavior

creases again beyond. The “plateau” in the lift evolution between
4 deg and 6 deg is associated with an increase in the (Beg

coefficient increases linearly and is closed to the theoretical value

h a quasi-constant value between 4 deg and 6 deg and in-

g. 4b)) and often assumed to be due to viscous effects of a

plateau extent tends to be reduced as the velocity increases. The

meanpressure coefficient for the noncavitating flow is shown in
Fig. 5. The isolated point corresponds to the transducer on the

shows a satisfactory reproducibility of the measurement€
<2.5% of the measurement rangk must be pointed out that the

00 ° k

o 05+ :

Q
-1.0 | b
-15 . . . .

0.0 0.2 04 0.6 0.8 1.0
X/c
Fig. 5 Pressure coefficient for the noncavitating flow, a=6.5
Fig. 3 Aspect of the cavity. Flow is from the left. deg
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Table 2 Measured lift and drag coefficient for various cavity T T T T

lengths, a=6 deg, Re =0.8X10° 0.0 ]
I/lc CL CD
0.5 1
0.00 0.791 0.032
0.07 0.776 0.032
0.15 0.802 0.035 |
0.30 0.864 0.041 -1.0
0.35 0.865 0.041
0.40 0.875 0.043
0.75 0.877 0.050 -1.5

0.0 | ©
(b)l/c~04,0=134

0.5 b
pressure coefficient peak of1.4 atx/c=0.05 is not the mini-
mum pressure coefficient, which occurs closer to the leading edge, .10t 4
[16].
When partial cavitation developed, two cases were observed. N = ‘ ) .
For cavity lengths smaller than half the foil chord, the closure o b3

cavity location experienced small variations and the cavity was
unsteady but was stated to be “stable.” Conversely, when the
cavity length was larger than about half the foil chord, a cavity
growth/destabilization cycle was observed: the cavity pulsated
and its length varied periodically from the vicinity of the leading
edge, up to a maximum value &fc~0.7—0.8. In that case, the
cavity was stated to be “unstable.” If the cavitation number de-
creased more, the cavity extended periodically from the trailing
edge (/c=1) up to the leading edge inducing a large and low
frequency vibration of the hydrofoil that was transmitted to the
surrounding structures. If the cavitation number was decreased
more then the partial cavity transited to super cavitation.

The hydrodynamic coefficient measurements in cavitating flow
are given on Table 2 and Fig(a}. As shown both the lift and the
drag coefficients increase leading to a loss in the hydrofoil effi-
ciency, C /Cp. For stable cavities I(c<0.5), Figs. 6a—c)
shows that the pressure coefficient is constant in the cavity and
very close to the opposite of the cavitation number. At the cavity
closure, the pressure coefficient experiences an adverse pressure
gradient, and recovers the noncavitating value downstream. The
vertical bars on Fig. 6 show that the recompression is acCOMRgy. 6 Pressure coefficient for various cavity lengths, (@ (b)
nied by an increase in the intensity of pressure fluctuations. Th§ stable cavity, (d) unstable cavity (//c>0.5). Vertical bars are
relative intensity of pressure fluctuations is clearly depicted aBP,,/q.

Fig. 7 for various cavity lengths. As shown, a pressure peak is
located at the cavity closure. The peak level increases as the cavi-

tation number decreaseéand cavity increaseswithin 10 to 19% pressure coefficient is approximately an average value between
of the dynamic pressure. Within the cavity/¢<I/c), the inten- the cayitation numbefvapop and the noncavitating pressure co-
sity of the pressure fluctuations is fairly constant and lower th%‘fﬁcient("quid).

Fhe noncavitating row.lA net increase in the pressure fluctuat.lonsAn increase in pressure fluctuation intensity all along the suc-
is recorded in the cavity wake. Fofc~0.4, a spectral analysis tjon side with a maximum at/c~0.5 can be observed on Fig. 7
revealed that the increase of the pressure fluctuations intensity g} ;—1.25). Figure 10 depicts the instantaneous pressure signals
the cavity closure is associated with a frequency of 19(8& gyring two cycles of cavity growth/destabilization on the suction
Fig. 8 forx/c=0.4). As shown, this frequency still existsx@fc  gjge together with the pressure on the presélast signal, C11

=0.5 but it spreads at/c= 0.6 in the cavity wake and is no longerag shown, on the suction side the transducésstweenx/c
detected a/c=0.7. On the other hand, a secondary frequency

(40 H2) about double as the dominant frequency is detected in the

cavity wake(see Fig. 8 fox/c=0.6). The main frequency in the

closure region was also observed for others cavity lengths. The 0.4 ' : T T

peak frequency decreased as the cavity length increased. It was 23

Hz for 1/c~0.3 and 14 Hz fol/c~0.5. Whenl/c was closed to 03 r

0.5, a lower frequency about 5 Hz was also detected together with o

the higher frequency of about 40 Hz. ™ 02
At this stage a slight decrease in the cavitation number leads to 5 F

an unstable cavity characterized by a cavity growth/destabilization

cycle (see photographs on Fig). The frequency of the cycle was

smaller than the previous ones and increased linearly with the

velocity leading to a Strouhal numbger/U~0.11(see Table BA 0.0

secondary frequency, twice as high as the fundamental one, was 0.0 0.2 0.4 0.6 0.8 1.0

always detected in the power pressure spectra. The periodic x/c

change of cavity length yields to the pressure coefficient on Fig.

6(d) showing that, from the leading edge upxt®~ 0.5, the mean Fig. 7 Pressure fluctuation intensity for various cavity lengths

.25 > 0.5 (unstable)
o cavitation
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230 X . : . Table 3 Frequency of oscillation of the cavity as a function of

the velocity
. ] U (mis) f (Hz) fc/u
(061 tctosue megidir ~~ue, tblondt | 5,33 3,625 0,102
Leem gttt 6.66 5,250 0118
i . 8,00 6.250 0117
10,00 8125 0121

10Log[8,,,(D/(/:PUY] (dB)

0 T ettt cavity ™ =< ey [C7 (cavity wake) ™ ~ - e oo e llint . )
X =03 . e =06 ) grows, the transducers experience, one after another, an increase
90 in pressure fluctuations before falling to the vapor presgsee
st I | arrows on Fig. 10 for C4, C5, C61, and CThis corresponds to
the cavity closure passing over the transducers. It is observed that
20 b N ‘ L N \ i when the cavity length is half the foil chord, the decrease in pres-
C5 elosre regiond ~ = fvantom [ CBI (eavity wakey ™~ stum it sure is more gradual and more fluctuatisge Fig. 10, CE1 At
90 L2204 . ezl : that time, pressure fluctuations are convected in the cavity wake
1 10 100 1000 10 100 1000 (see, for instance, labe{a) and(b) on Fig. 10. This corresponds
fz) fHz) to the shedding of vapor clouds, which are known to be detectable
) ) . o by a pressure transducer as a decrease in pressure near the vapor
Fig. 8 Power spectral density, dashed line is the noncavitating pressure, followed by an increase in pressure fluctuatidied,

flow, 0=134, lc~0.4 So, it appears that when the cavity is half the foil chord, the cavity

growth is slowed and is counterbalanced by vapor cloud shedding.

The cloud shedding sequend@$ and(b) are depicted on Fig. 11
=0.1tox/c=0.7-0.8) pass alternately from the vapor pressure §howing the spatial-temporal pressure distribution. The frequency
the noncavitating pressure. This corresponds to the low frequengycloud shedding was estimated at roughly 40 Hz and their con-
of 3.625 Hz of Table 3. Forte[0.13s,0.17F (resp. t yection velocity was 3.2 m/s, about half the velocity of the non
€[0.415,0.46} the pressure increases over the whole suctidyitating flow atx/c~0.8. As the cavity length increased more
side (see dashed vertical lines on Fig. 10 for C31 to £8he (|/¢c>0.5), the intensity of the pressure fluctuations associated to
cavity is destabilized and disappears. During[0.175,0.41F cloud shedding increased. When the cavity length was maximum
(resp.te[0.465,0.64 the cavity length increases. As the cavity(|/c~0.7-0.8), a major pressure perturbation was observed at
approximately the middle of the cavity and destabilized the cavity
(see label(c) on Fig. 10 and Figs. (8-g)). The destabilization
process is clearly depicted on Fig. 12, which shows the spatial-
temporal pressure distribution on the suction side corresponding
to label(c). As shown the major pressure perturbation occurs for
x/c~0.4 (seet=0.411s) and cuts the cavity into two parts: a
partial cavity and a large cloud cavitati¢see also Fig. @)). The
cloud cavitation moves downstredisee arrows on Fig. 32Dur-
ing this time the cavity tends to continue its growth. When the
cloud cavitation reaches the trailing edge, the cavity length de-
creases suddenly and the pressure increases passing over the non-
cavitating value(see fort=0.450s on Fig. 1P before a new
growth/destabilization cycle begins again. The filled symbols on
Fig. 12 show that little three-dimensional effects exist during cav-
ity destabilization. We have to point out that, as far as this experi-
ment is concerned, the pressure transducers did not detect the
front of the re-entrant jet, as a pressure wave which travels up-
stream, prior to cloud shedding and destabilization. However, the
re-entrant jet development was observed by top view visualiza-
tions. It is also interesting to observe that the pressure measured
on the pressure sidsee Fig. 10, Cllvaries significantly during
the destabilization phase.

Discussion

For 1/c<0.5, relatively small oscillations of the cavity length
were observed and the cavity was stated to be stable. The domi-
nant frequency corresponding to the cavity closure oscillation
gives a constant Strouhal numbHrfU=0.2 in agreement with
the Strouhal number found by Callenaere et[8l. using wall-
pressure measurements, but differs from the value close to 0.3
found by others using impedance probgg, or based on high-
speed visualizationg5]. The reason for such a difference is not
clearly understood but George et 0], using electrical imped-
ance probes, found Strouhal numbers ranging between 0.23-0.45
meaning that a given range of Strouhal number is probable. On

Fig. 9 Photographs of partial cavitation during cavity growth ~ /  the other hand, the secondary frequetieyt0 Hz) detected in the

destabilization cycle. Time between two consecutive images is cavity wake forl/c=0.4 corresponds to a Strouhal numtéeiu
1/25°s. =0.45. Itis 0.29 using the cavity length akd/T+ ¢ as a veloc-
98 / Vol. 126, JANUARY 2004 Transactions of the ASME
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Fig. 10 Instantaneous pressure signals during cavity growth /destabilization cycle, o¢=1.25, C11 is the instantaneous pressure
signals on the pressure side

ity scale. The value of 0.2—0.3 is often attributed to the presenaad 1.5 chord length, in the present experiments the maximum
of a re-entrant jet. Here, the pressure measurements did not dekeatjth of the partial cavity never exceeded 0.75-0.8 of the chord
a clear sign of a reverse flow such as a pressure wave traveliaggth and it was observed that the cavity growth stopped and was
from the cavity closure towards the leading edge. This is considpplanted by cloud shedding. Arndt et [dl4] showed that, de-
tent with the model of an open cavity—without re-entrant jet—pending ono/(2a), two competitive mechanisms can be respon-
suggested by the “frothy” aspect of the cavit9]. However, to be sible for cloud cavitation. For large values a re-entrant jet was
clearly detected the re-entrant jet must have an extent larger tHaond to dominate whereas for smaller valuesodf2a) bubbly

the spacing between two consecutive transducers. As the ca¥iopw shock waves dominated. The transition was found to occur
closure oscillates with small amplitude the capability of the walfor ¢/(2a)=4. The data which we observed during the transition
pressure transducer arrangement to detect a re-entrant jet viitween stable and unstable cavity are plotted on Fig. 13 using
small amplitude can be questioned. 2(a—a,) instead of 2 (this is equivalent to Arndt et al.14]

For I/c>0.5, the cavity varied periodically from a small/¢ using a symmetrical hydrofoile,=0). It is very interesting to
~0.1) to a long cavity Ifc~0.7—-0.8) producing large cloud observe that the transition is consistent with the transition given
cavitation and was stated to be unstable. In certain cases, bBye o/2(a¢— «,)=4. Moreover, the relative frequencyc/U
cavity could disappear totally on the foil surfacéd~0). The =0.11 of the unstable cavity/c>0.5) agrees with 0.15 found by
frequency of the phenomenon was lower than the previous oneKjéldsen et al[21] thus attributing the instability to shock wave
increased linearly with the velocity and corresponded to a cophysics. Song and Qif22] observed numerically that a cloud
stant value of the Strouhal numbéc/U=0.11. A secondary fre- cavity generated by a long sheet cavity might emit rarefaction
quency, twice as high as the fundamental one, was also obserwgdves on the pressure side before collapsing. In the present case,
The low Strouhal numbefc/U=0.11 is close to low theoretical the dynamics of cavity growth/destabilization cycle are the fol-
values for transition between partial cavitation and supercavitatitowing: (1) for small cavity length /c~0.1-0.2) the cavity in-
found by Watanabe et dl15], without modeling re-entrant jets or creases without shedding vapor cloud structu(@sas the cavity
cloud shedding in their simulations. Contrary to Watanabe whmntinues to increase, it begins to shed vapor clo@@swhen
found that the oscillation of the cavity length ranged between OlZ&~ 0.5, the cavity growth is slowed, unsteadiness of the closure
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Fig. 11 Spatial-time history of wall pressure in the cavity wake

during cavity growth and vapor cloud shedding,

o=1.25. Fig-

ures on the left (resp. right ) depict the sequence (a) (resp. (b))
on Fig. 10, filled symbol is transverse transducer C82.

increases and the cavity produces larger vapor clo@tisivhen

just before cavity destabilization, the angle of attack decreases
significantly to a value of about 4 deg. It was observed that for the
operating cavitation number=1.25, 4 deg was close to the angle

of cavitation inception and then small enough to destabilize the
cavity, [16]. This indicates that the pressure wave can be strong
enough to induce cavity destabilization. Furthermore, such shock
waves, caused by a low pressure cloud arriving at the trailing edge

I/c~0.7-0.8, a pressure peak occurs towards the middle of taed the collapse, can explain pois and(6) of the cycle. In our
cavity surface and is strong enough to cut the cavity into twepinion, in this particular case of cloud cavitation, a re-entrant jet
parts—a residual partial cavity still attached to the leading edgéd a shock wave phenomenon are both responsible for the cavity
(I/c~0.3-0.4) and a large cloud cavitation which is convectedestabilization. Moreover, the Strouhal number is lower than 0.2—
downstream)(5) during the convection motion of the cloud, the0.3, because the re-entrant jet is slowed by its interaction with the
residual cavity tends to continue its growil6) when the cloud cavity interface, and because the collapse of the cloud influences
reaches the trailing edge, it collapses, and the residual cawtgd slows the development of the residual cavity.

length suddenly decreaséa some cases the hydrofoil could be
free of cavitation. At this point, a new cavity appears at the lead-
ing edge and a new cycle of cavity growth/destabilization is ini-
tiated. Point(3) is consistent with the development of a re-entrant
jet, which interacts with the cavity interface, as it was observed by
Callenaere et al.23], in the case of a thin cavity. The numerical
simulations of Arndt et al[14] reveal a high pressure zone where
the re-entrant jet breaks the cavity. Hence the high pressure peak
described point4) is a probable signature of the re-entrant jet in
the present experiments. The last sigi@l1) on Fig. 10, shows a
decrease of the pressure on the pressure side when cavity length is
maximum (/c~0.7-0.8) just before cavity destabilization. The
decrease of the pressure on the pressure side, as observed here, is
consistent with the rarefaction wave found by Song and|[Qj.
Moreover, they observed the radiation of strong pressure waves
from the nose of the foil, and suspected this to be due to the
shifting of the stagnation point when the flow is highly unsteady.
In our opinion, this shifting can be equivalent to a variation of the
angle of attack. Let us considered that the pressure wave on the
pressure side on Fig. 10 is comparable to that which would be
induced by a change of the angle of attack. In the present experi-

1‘5 T T M T 7
O present experiment @/
'<(>0
10 + e 1
stable cavi ,’/<>
ty o
P
I // unstable cavity
05 B //
\_o/z(a-aﬂ):4
00 & ' e
0.0 0.1 0.2 0.3
2(a-0y)

04

ment, it was possible to convert the pressure signal of the pressp(& 13 Limit for which stable cavity transits to unstable cavity

side to the corresponding angle of attdBig. 14). This was done in'the plane (o,2(a—a,)). The dashed straight line is Amndt
using a linear relationship that we measured between the pressatral’s criteria given by  ¢/2(a—a,)=4 (with a,=0). Angles are
on the pressure side and the angle of attack. As shown in Fig. ifradians.
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Introduction certain special casg®—4] and depend on the relative motion

Although two-phase bubbly flows have been extensively stuf€Ween the phases as well as on bubble parameters. There is also
ied for many years, they continue to be of great interest. There 4f§ COmPplexity in solving the system of non-linear differential
two major reasons for this. First, there is a continually growinggquations.
use of engineering devices that contain bubbly flows, for example, The simplest case of a two-phase bubbly flow is a frictionless,
nuclear power-stations, liquid rocket engines, and submarine amaimogeneous, isothermal flow. The formulation and basic analy-
boat propulsion systems. The second reason is that despite csig-of such flow were performed by Tangren et[&].and later by
tinuing studies, there are still fundamental aspects of two-phagriir et al. [6], Wijngaarden[7] and Brenner{8]. The problem
flows, whose physical description and modeling may give insufrecomes more complicated when a relative motion between the
ficient |n5|ght, whlle existing theoretical solutions often do nof,,q phases is introduced, by means of a bubble momentum equa-
agree with experimental results. tion. Many models exist for this equatidpmh,7—15. They differ in

The processes, which take place in two-phase bubbly flows, expression for virtual magsvhich has been the subject of
quite complicated. Their mathematical formulation requires a sys-

tem of non-linear differential equations. Because of the compléx2"Y pgperﬁl,lG—.la), gnd in interphase dra[g,13—15,1.9—2]2
nature of the two-phase gas/liquid flow phenomena and their prfc‘le“ without the_ inclusion of mass transfer, change in bubbles
tical applications, bubbly-flow analyses have yet to reach the maumber, change in temperature, and pressure differences between
ture stage of single-flow theories. Instead, numerical solutions g€ phases, the solution accounting for different phase velocities
ing heavy computational means replaced theoretical analyses aleacribes well the true picture in nozzle flovsithout drastic
relatively early stage, substituting the physical evaluation of thghenomena such as shock wayégence it has been widely used
effects of major parameters by multi-variable numerical present@r analyzing propulsion systenig0—23.

tions. Computational fluid dynamic&CFD) codes are commer-  |f the phases are introduced with different initial conditions, the
cially available. Most of them were originally developed forohlem becomes very complex. A formulation of such a problem,
single-phase flows. However, modified versions can treat Wy ging heat and mass transfer, was presented by Albagli and

phase flows as well. Some special computer programs have b . .
specifically developed for bubbly flows, for example the VOR‘F’e ¥[22] anq .treated .n.umerlcally. In their work they show that
code[1], which solves 2-D slow bubbly flows. or different initial conditions, both the pressures and the tempera-

While the use of CFD codes enables the solution of compld¥res of the phases become almost equal at a very short distance.
flow-fields, one loses much insight into the dominant parameterslt is worth noting that for over a hundred years the fluid dy-
and processes that could be gained via analytical treatment. M@mic sciences have come up with closed-form expressions for
reduce the degree of complexity of the physical description asthgle-phase gas flows, establishing the basic characteristics and
mathematical formulation and at the same time to increase undgmdamental relations for the ideal case. Most useful both for the
standing of the fundamental phenomena, much effort has begiderstanding and practical applications of flow systems are, for
devoted to one-dimensional or quasi-one-dimensional flowgsiance, the relations associated with perfect-gas isentropic flows
Nevertheless, even so, most of these cases have been tregipd,oh nozzles, flow properties ratios across shock waves, flows
numerically. . . tHrough ducts with heat addition or friction, etc. As stated above,

The complexity of the problem starts with the sound spee . o
equations, which are found in closed analytical form only fo?UCh expressions are scarce for two-phase bubbly flows. This is

the background that has stimulated the present research. The ob-
1—Presently, Post-Doctoral Fellow, Dept. of Aeronautics and Astronautics, Univégcnve,s of thls_ research were to investigate the baSIC_ phenomena
sity of Washington, Seattle, WA. associated with two-phase, bubbly, steady, quasi-1-D flows

Contributed by the Fluids Engineering Division for publication in tlo&JRNAL through nozz|e5, Obtaining novel ana|ytical solutions for homoge_

OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division . . L .
October 25, 2002; revised manuscript received September 3, 2003. Associate Edfi§tOUS flows with and without wall friction as well as mass addi-

S. Balachandar. tion.
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Formulation of the Problem of Air Bubbles in Water where P is the pressure and7d is the drag term due to wall

- L iction. d is the cross-section diameter,is the stress which is
For the basic investigation of two-phase bubbly flows througgpplied by the walls of the nozzle on the flow. It can be defined as

nozzles, we will reduce the three-dimensional problem to a qua: )
ollows:
1-D one, and develop a model for a homogeneous flow.
For further simplification of the mathematical formulation and

solution, a number of physical assumptions are used and justified T= EPWU\?Vf -®? (5)
by their minor effects on the overall development of a high speed
flow through a nozzle: Here f is the wall friction coefficient andb? is the correction

factor due to air bubbles.

a. Equal temperatures of the two phases and no change of t&fi,ation of state of air:

perature along the nozz{esothermal flow. As stated beforg22],

it was found that even in the case of different initial temperatures P=p,RT (6)
of the two phases, they quickly attain thermal equilibrium. Thﬁ/hereT is temperature an® is the specific gas constant
substantially small air mass flow ratby three orders of magni- Water is incompressible, hence: '
tude than that of the water and the large thermal capacity of the ' ’
water, should result in an almost constant temperature over the pw=const @)

entire flow field, é]ranalytical treatment of these equations, including some closed-
b. No mass transfer between the phases. The air and wa@) I solutions, is revealed in the ensuing sections,

phases are practically insoluble, and no evaporation or conden A
tion of the water is taken into account, as is implied by the con-
stant temperature assumption. ;

c. The pressures of both phases are the same. This assump%gr?lySIS and Results
holds well in the entire flow-fieldsee Albagli and Gany22]), Frictionless Flow. In order to make the problem analytically
except in the vicinity of a shock wave or during the process @factable we seek to introduce Mach number into the governing
mixing between two phases with different initial conditions. equations. As we shall demonstrate, this also reveals a strong

d. Equal velocities of the two phases. This assumption finalimilarity between one-phase airflow solution and the new solu-
leads to the case of homogeneous flow, which provides fairiypn for bubbly flow. The speed of sound, which can be easily
good results in the case of large interphase drag, typical to flowerived from Egs(1), (2), and(6), is given by:
with small radius bubbles. The other limit case concerns nonho-
mogeneous flow with no interphase drag, predicting fairly well the _ /dP_ B 8
flow behavior in instances of low velocities or large bubbles. This a= dp ¢a ®)
case will be dealt with in a separate study.

where
Based on the above physical description, the following set of —
equations results: p=apat(1=a)py ©)
Water Mass Conservation: is the mean density of the mixture. The paramefiand ¢ are
defined as follows:
1- UA=m 1
( @)py w (1) B=\/ﬁ (10)
where « is the volume fraction of airp-density, U-velocity, ¢:m (11)

m-mass flow ratgwhich may be a function ok for mass addi- )
tion), andA is the cross-section area of the nozzle. The indicesTdien Mach number is:
and w denote air and water, respectively, but can generally repre-

air . U ¢aU
sent gas and liquid, respectively. M= —=-_—— (12)
Air mass conservation: a B
From Egs.(1), (2), and(6) together with Eq(10) we find:
apUA=Mmy=pum,
P = ! 1 13
where u is the air/water mass flow rate rat{a function ofx if By a (13)

mass is added

Single bubble mass conservation: Then, substituting Eq.13) into Eq.(12) gives:

If assuming spherical bubbles with no coalescence or fragmenta- B P
tion, then: U=—M|1+ 55— 14)
¢ B pw
4 Substituting Egs(13,14 into Eq. (1) and Eq.(4) (without fric-
mb:§wr3pa=const:>par3=const (3) tion) one can obtain the following useful expressions:
1 P
wherer is the radius of the bubble. The no-coalescence assump- vz~ ljdin(M)=—{1+ B din(A) (15)

tion is realistic for small air volume fractions, while spherical
bubbles and no-fragmentation are typical for small velocity differ-
ences between the phases as well as for small buldibtels con- . )

ditions indicate small Weber numbdrk9]). Nevertheless, the ho- M2 " B?%p, w

mogenous two-phasg flow model is |ndependept of the?\‘i’:eording to Eq(15) the critical area for whictM =1 appears to
aﬁsumptlons, accounting only for the overall fraction of eacl!;e the nozzle throat ardas expecte@l,2]), as it is for isentropic
'?’o?eﬁeﬁwomentum conservation: one-phase gas flow. Using Eq&~7) and Egs.(15) and(16) we
) can deduce the behavior of various two-phase bubbly flow char-
q q acteristics as a function of nozzle geometry and Mach number, as
T is presented in Fig. 1. The schematic picture is identical to the one
(M U=—AG P45 “) for isentropic airflow.

2 ai P*—(l—ki)dl M 16
z n(P)= 2, dINM)(16)
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Fig. 1 Two-phase homogeneous bubbly flow behavior in
nozzle Fig. 3 Choking curve vs. air void fraction at stagnation point

Equation(16) contains pressure, Mach number and other flowyrve describes the ratio between the static and stagnation pres-
characteristics such as water density and the paransetehich  gyres(as a function of Mach numbkfor a specific void fraction
contains the flow temperature, mass flow rate ratio, and the spg+he stagnation point,.
cific air constant. However, substituting E43) into Eq.(16), we Solving Egs.(13) and (17) we can derive a choking curv@-
obtain a differential equation for the void fraction and Mach nuMsiaaq of a choking point as in one-phase JloR* /Py, which is

ber only: presented in Fig. 3. HerB* denotes the pressure at the cross-
1 1 1 section whereM =1, coinciding with the throat of a choked
w2t o —1]d In(;—l =- ;d In(M) (17)  nozzle[23]. Typically Mach number at this cross-section is unity.

The ratioP*/P, is a function of the air volume fraction at the
From Eq.(17) we can conclude that the solution for the air volstagnation point only, and can be approximated by the following
ume fraction depends on Mach number and the air volume fragxpressior(obtained by curvefitting a numerical solutjon

tion at one specified Mach number. We choose the stagnation

point, namelyM =0, as this specified Mach number. Therefore, p 1

based on Eq(13), the ratioP, /P, of two points in the flow also — =f(ag)= —=ad?e (0175 In(arg)]? (19)
depends on Mach numbers at those points and on the air volume Po \/E

fraction at the stagnation point only. Similarly, we can deduce the

same conclusion for the rest of the flow parameters. The pressure ratio predicted by the homogeneous flow ni&del

As is well known, for one-phase, isentropic perfect gas flow19)) underestimates the experimental results obtained by Muir
the static to stagnation pressure raitP, depends only on Mach and Eichhorri6]. However, according to Wang and CHé], the

number and the type of gas: inclusion of slip motion between the phases implies only small
p y—1 YI(1-y) changes compared to the homogeneous flow model prediction.
— = ( 1+ —MZ) (18) This suggests that at least for the nozzle used by Muir and Eich-
Po 2 horn (having a 60 deg inlet angleother influences, such as the

Therefore, for a givery there is only one curve of pressure ratidligh dimensional effects, may be responsible for the discrepancies

versus Mach number. However, in the case of two-phase honR§tween model predictions and experiments.

geneous flow a set of curves is relevant, as shown in Fig. 2. Eachlhe mathematical analysis of the homogeneous bubbly flow
model presented above can be applied for any range of the void

fraction « (except of the vicinity of zero and one, where the speed
of sound can no longer be represented by By. However, it is
worth noting that, in a two-phase flow consisting of mono-
disperse bubbles, there is a geometric limit for the gas volume
fraction. This limit corresponds to a face centered cubic lattice
configuration, or “orange pile” packinga=/18=0.74 (see
Devlin [24]). If one deals with the above mentioned flow regime
of water flow with air bubbles, the air void fraction limitation of
a=0.74 also leads to a restriction on Mach number. Figure 4
shows the behavior of Mach number in a bubbly flow constrained
by a=0.74. The limit value of Mach number in such a case,
M(a=0.74), becomes a function efy only. It can be seen that
the condition of <0.74 imposes severe restrictions on the
achievable maximum Mach number, particularly in the high

range.
; So far, the results of the investigation show an analogy between
0 . T= the behavior of an isentropic airflow and that of an air-water bub-
0 08 1 M 15 2 26 3 bly homogenous flow. Another analogous point lies in the charac-
ach Number . !
ter of the mathematical solution. We recall the well-known solu-
Fig. 2 Behavior of pressure ratio as a function of Mach num- tion for isentropic airflow presented in E(18). Let us assume an
ber and air void fraction at stagnation point analogous solution for a bubbly flow:
104 / Vol. 126, JANUARY 2004 Transactions of the ASME
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Fig. 4 Limit value of Mach number  M(«=0.74) for gas volume  flow through a converging-diverging ~ (Laval) nozzle. Initial con-
fraction restriction of a=0.74 as a function of a, ditions: A,,=13.2 cm2, P,,=3.5 atm (0.35 MPa), T=293 K, u
=0.002, M,,=0.2. (Relative variation of bubble radius, r/r;,, is
presented as indication for the case of monodisperse spherical

bubbles. )
P=P]] (1+a,M?)n (20)
n=1
Each member of this product series is analogical to the expré:ser the second approximation:
sion, which is a solution for one-phase isentropic airflow. Com- _
| ) 1€-pI] 18—T7apto
parison of both the first approximation: a=— ————
8 @
PMW=py(1+a,M?)b (1) 0
18—T7ag—¢
and, more so, the second one az:g R
@p
PP =py(1+a;M?)P1(1+a,M?)P2 22 26
o(1+a;M%)(1+a,M*) (22) 1 (4—5ay+ ¢)? (26)
with a numerical solution of the governing equations reveals an b,=-— 2 59 3
excellent agreement. The parametarsand b, (that depend on ¢(1=-ag) 16-9ap+3¢
the volume fraction at the stagnation pojrare evaluated by solv- 1-ag 2+3ayg
ing a system of equations, derived as follows: Substituting the b,=-16
relevant approximation in Eq$21-22 into Eq. (16), we use a ¢ (8=Tag—¢) (4=5apt¢)

Taylor series expansion in the Mach number of the relevant
proximation to obtain the necessary equations, by taking the first
term of the series for the first approximation and the first three ©=1/32—32ay+ a’ 27)
terms for the second approximation. To complete the system we
use the choking condition criteria to receive the additional equand for unknown stagnation void fraction:
tion. ForM =1, Eq.(16) takes the following form: 1
ag=

=-1 (23) 1+ 1-ay,
M=1 ain(l+alMizn)bl(l+aZMi2n)b2
Then substituting Eq$21—-22 into Eq.(23), for the first approxi-
mation we finally write:

(28)

d
d—MIn(P)

Figure 5 shows some flow characteristic distributions in a
converging-divergingLaval) nozzle versus Mach number for the
1 two first approximations and a comparison with a numerical solu-
a;=—-1 tion. We see that the first approximation gives a relatively good
(24) match for results in the subsonic region up to the low supersonic
flow range. Calculations show that at higher Mach numbers the
by=— > error of the first approximation tends to increase. However, the
second approximation reduces the maximum efimpressurg
Knowing the void fraction at stagnation point the coefficientfrom 6% (for the first approximationto less than 1%).
a,,b; can be easily evaluated from the system above. However, . . . .
the stagnation conditions are usually unknown, so an additionalVVall Friction Influence. In this section, we introduce wall
equation fora, (see Eq(13)) has to be solved together with Eqslfrlctlon effects that are generally not included in numerical solu-

1(1

1—a/0

(24): tions of bubbly flows through nozzles. Substituting Mach number
definition (Eq. (12)) into Eq. (2) for air mass conservation and
1 1 using Eq.(6) together with the definitions fog and ¢ one can
o= S 1 (25)  obtain the following relation:
0 — Qip
1+ — 1+ 5 -
BPpw ain(l-l-alMin) 1 2lt can be easily proved that the relative errors in pressure, density and cross-
. . o . sectional area are equal. The relative errors in the other flow characteristics are
The indexin represents initial conditions. smaller.
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Fig. 6 Nozzle flow with friction

1
Initial Mach Number

Fig. 7 fXmax/d¢? vs. initial Mach number—analogy of Fanno-
P.-M-A=¢Bm, (29) line in a two-phase bubbly flow

Also defining parameter as:

My

v-A= =const (30) d
Bpw M0 M<1
we can obtain from Eqg13), (29), and(30): X (36)
d
1 —M<0, M>1
a= » (32) dx '
1+ M The result of Eq(36) is identical to that of a one-phase airflow. If
the flow is subsonic, the wall friction of the duct causes the flow
and from Eqgs(12) and(31): to accelerate until it chokes & =1. For a supersonic flow, how-
B d g/ d 1 d ever, the friction slows it down untii=1.
U=-(M+v)=—U="= ( —M=-v-— —A) (32) Integrating Eq(35) between 0 and one gets an expression for
® dx = ¢ \dx A” dx the locationx as a function of Mach number:
Differentiating Eq.(29) and substituting it together with Eq&0) y
and(32) into the total momentum conservation equatiiq. (4)) 22— ——2
we finally obtain the following equation: “inl1+ i) n M —0.x+ 0 37)
— V1 2
LRV (P NPT VICR e e
MM AT W BATE M 33) where:
: 2 f
where: 0,=1202=— v~
, 2 f ¢” d
YA (34 ",
When substituting the expression for the wall shear stre$. _2| 4 g Min
(4)) to yield Eq.(33), it was simplified by assuming a value of 02’; nj 1+ M, + M, +v (38)

unity to the correction factor due to air bubble®q Eq. (5)). ) o ) .
Hence, the correction factor does not show up in@d). The use ThiS solution includes the parameterwhich, according to Eq.
of ®?=1 is a reasonable representation particularly for relative 0, dep_ends on flow charac_terlstlcs such as the temperature, wa-
small values ofx. It is further justified by the view of Walli§25] (©F density, etc. However, using E(R1) for a constant area duct
(e.g. p. 28 and Ch.)9that the wall friction in a turbulent bubbly W& ¢an write:
flow is basically due to the liquid phase. 1

According to Eq.(33) Mach number reaches unity in the di- y=const=(——1)Min (39)
verging part of the nozzlésee Fig. 6 and not at the nozzle throat @in
(this phenomenon is identical to the one which occurs in a singlenerefore the solution fof -x/(d- ¢2), Egs.(37) and (38), de-

phase gas flow with friction Direct integration of Eq(33) inits  pends only on the air void fraction and Mach number at the initial
global form is not possible. However, analytical solutions can Bgsint, and Mach number at point

found for some special cases, such as flow through a constant areg js interesting that the behavior of the bubbly flow under ex-
duct or flow through a nozzle with a constant Mach numbefgrna) friction influence is similar to the so-called Fanno-line of a
These special cases will be discussed below. single-phase gas flow. Figure 7 shows a variation of Fanno-line
(similar to figures presented in Shapi®3]), where Xy, is the
maximal possible length of a duct whelé= 1.

From the figure we can conclude that the higher the parameter
v (namely, lowera;, for the same initial Mach numbgrthe

Flow Through a Constant Area Duct With Friction: Anal-
ogy to Fanno-line. In this caseA=-const, therefore Eq(33)
simplifies to a simple differential equation:

d M2 shorter the distance to attain the choked cross-section. This can be
d—M =0%2——(M+v)? (35) explained using Eq(30). Indeed, ifv increases, thefunder the
X 1-M . :
same conditionsa greater water mass-flux has to be introduced
From this equation we can conclude: and this, of course, reduces the valuexgfy.
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Fig. 8 Behavior of cross-section dimensionless diameter as a
function of location for various v and Mach number values

N

Fig. 9 Behavior of cross-section diameter as a function of
for various locations and Mach number values

Interesting relationships can be obtained between the flow char-

acteristics at some pointand their values a1 =1. According to _ f \/M
Eq. (32): 01—2? =
UMy (40) M2+ 1 M2-1
u* 1+vw 0= vE arctamam) + —M P '12 47)
In the case ofv—0, Eq.(40) reduces to: 1+di,
U andd is a dimensionless diameter which is defined as:
Gr =M (41) o
. . d=+\/=-d (48)
In addition, from Eq.(29) we obtain: v
P p 1 As is known from the literatur¢26], in a single-phase airflow
o p—* v (42) with friction the change in cross-section diameter is linear with
2
The expressions in Eq¢41) and (42) are identical to those of d= M fox+di, (49)
one-phase ideal gas flow through a constant area duct with fric- 4 '

tion, when substituting/=1 (unreal case This case is identical |44\ ever, in a bubbly flow the solution is characterized by strong

to isothermal gas flow conditions, which are actually similar to thﬁon-linearity. This can also be seen in Figs. 8 and 9. Figure 8

conditions in our case of a bubbly flow. presents the behavior of the dimensionless dianttes a func-

tion of the parametefr- x/(d;, - ¢?) for various values ob and M.

It is obvious that the higher the Mach number the faster the

growth of the dimensionless diameiéhis also applies to dimen-

sional diameterin order to keep the Mach number constant. In

1 1 addition, for the samg, an increase in causes a reduction df.

x i d—XA:QZ(W‘ M)? (43)  However, such a strict conclusion cannot be applied to the dimen-
sional diameted (see Fig. 9.

Substituting Eqs(30) and (34) into Eq. (43), and supposing a In order to understand the behavior @fwith 7, we return to

nozzle of a circular cross-section, we obtain a differential equatiee definition ofd*:

for the cross-section diameter:

o M 4 r'nw - 1/2
: SNCIIEE. S
v T Bpw

Flow Through a Nozzle With Friction and Constant Mach
Number. In this caseM =const, therefore Eq33) can now be
rewritten as follows:

v+

v
ARl d, f ) ' "
P72 gydT 2 M -
d v M dx ¢ (b(l—a)pw-ﬂ—-—dz
d2+ 2 4 da 4 @
=M — .d= =
where: m Bpw “«
(50)
_ 4 4 ¢m, . . — .
:;v~A=;W=const (45) Now, according to Eq(45) an increase inv (which causes a
w

reduction ind) causes an increase in the water mass flow rate
Integrating Eq(44) as before, the following solution is obtained:m,,. This does not dictate an increase in the cross-section area.

Indeed, according to Eq50) a reduction ind causes a reduc-

M2+1 — M2-1 d ion i ir voi i ich will i i
arctarid) +  —gx+ 0, (46) tion in the air void fractiore which will increase the flow velocity
M? M? 14 .
SEquation(50) is obtained using Eq$45) and(48) for v andd, and Eqs(1) and
where (12) for in,,, U andA.
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U (see Eqs(31) and(32) for a constant Mach numberThere- J
fore, the expressiomn,, /A =(1—a)p,U will increase too. So, “
the increase in mass flow rate may be a result of either an increase
in velocity or a decrease in air void fraction and not necessarily an
increase in cross-section area. For low Mach numbers the influ- s
ence of changes ia andU on mass flow rate is not considerable, §
and so an increase i strictly causes cross section area growth. &
However, for higher Mach numbers an increaseincomes 1
strictly from « and U, in which case the cross section area can 5 2k b
also decreasésee Fig. 9.

"[— MexiL, gix}=0

Iy
LS e v et e

Flow With a Distributed Mass Addition of Air and Water. L%
To complete the discussion about homogeneous, bubbly flows, the
case of the influence of mass addition to a flow was originally — **
investigated. Due to injected air bubbles and water, the mass flow e . =
rate of both phases increases and is a function of the location ) nitial Mach Number
along the duct:

Fig. 10 Location of the choking point  (Xax) VS. initial Mach
m,=m, (1+f(x)) (51) number for different mass addition distributions

and
mW: mwin(1+g(x)) (52)

We assumex;,, =0, sof(0),g(0)=0. Neglecting the momentum Analyzing the RHS expression of E¢61), we find (after much

of the introduced air and water, the total momentum equation Cglrgebra.
now be written as follows ) M2 +1
d d ax Fz(X)( (I =1)= =y )
—[(1+pw)M,U]+A-—P=0 (53)
dx dx Therefore, similar to the case of flow with frictideee Eq/(36)),
where the mass flow rate ratio is determined using 552 for a subsonic flqw, the injection of air bubbles causes the flow to
accelerate until it chokes, whereas for a supersonic flow Mach
1+f(x) number decreases unhl =1.
M(X):#inH—g(x) (54) The solution of Eq.58) for different mass addition distribu-
tions of air bubbles and water is presented in Figs. 10—11.
Considering a case of flow through a constant area @ubich Figure 10 presents the location of the choking point along a
can be solved analyticallyone can investigate the basic phenomeonstant area duct vs. initial Mach number for different mass ad-
ena of the influence of mass addition. Substituting €4) into  dition distributions. For illustration, the parametewas taken to
Egs.(10) and(11) one obtains: be equal to 1, and according to E®9) it represents the initial

T+ 1 00 volume fraction ratio between the water phase and the air bubbles
B(X)=Bin\ 7o)

>0 (62)

(55) phase. According to Fig. 10, the behavior of the flow due to in-
jection of water and/or air is similar to the behavior when influ-
enced by external dra@lue to wall friction). More detailed as-

S0, \/1+ Hin - T0=9(%) (s6) Pects of behavior of the flow are presented in Fig. 11. The
n 1+uwi,  14+9(x) injection of bubbledfor a constant mass flow rate of waten-
) - creases the mass flow rate rafigx). Yet the mass flow rate of

Let us define(similar to Eq.(30): the air phase is negligible compared to the water. However, the

& My, change in mass flow rate ratio directly causes a change in the
= ,B_m X in (57) Value of air volume fraction. The injection of water, on the other
in APw

Then, integrating Eq(53) and using Eqgs(12), (13), and (31)
together with Eqs(55—57, we finally can write a simple second
order equation for Mach number:

2

M2 +1
M2+r2(x)(v(r§(x)—1)— i |M+1=0  (58)

where

u 1+
ry00= 2 e RO+ (1 000)

% r.nwin 1+ win
(59)
and
Bi 1 1+g(x) 1
L20="5 00 = VIt o0 (60) o . . 1 . ‘
1 1 o 0.5 14 18 2 2.6 3
Differentiation of Eq.(58) provides: kel Mach Numbee
d M2 ( i Mi2n+ 1 Fig. 11 Normalized mass flow rate ratio at the choking point
—M=———|TL,(X)| »(T%(x)—1)— ” 61) vs. initial Mach number for different values of v and mass ad-
dx 1-M? dx 2 (I1) M; (61) dition distributions
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hand, directly influences the total mass flow rate, and apparently 0,,0, = parameters defined in Eq®8) and (47)

such an influence causes a more substantial change in flow param- p = density
eters(see also Fig. 10 ‘p = mean density
Finally, according to Fig. 11 the influence of the parameten T = stress
the flow in the case of injection of air bubbles or(lyo added ) = parameter defined in E§34)

watep is negligible. From Eq(58) the influence of the parame’[erSubscripts
v depends on the expressib*rﬁ(x) — 1. Expanding this expression

to a Taylor series, one obtains: a = _allr.phase .
in = initial conditions

1 max = Maximal value
P60 =1=9(x)+ 5[f(X) =9(X) Juin+O(uir)  (63) t = nozzle throat
o ) o _ w = water phase
If water is injected, the parameteris multiplied by g(x), so its 0 = stagnation conditions

influence is considerable. However, if only air is injecteds .

multiplied by w;,, therefore there are almost no differences be2UPErscripts

tween the curvegpresented in Fig. 31in such a case. (1) = first approximation

(2) = second approximation
*

Conclusion = conditions at Mach number of unity
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R. J. Martinuzzi Time-averaged and phase-averaged si;e and.velocity distributions of water droplets in the
turbulent wake of a square cross-section cylinder, measured with a phase-Doppler an-
emometer, are presented for a Reynolds nunidey=18,500, based on the free stream
velocity, U,, and cylinder side dimension, D. It is shown that the coherent motion
strongly influences the particle distribution and that the mean flow representation can be
misleading in interpreting mixing. The results show that small particle concentration is
largest in the very near wake. The mean particle distributions are homogeneous as early
as 4D downstream of the cylinder, but the influence of vortex shedding on instantaneous
distributions persists much longer. It is also observed that at the point of maximum mean
streamline curvature, which also coincides with the region of maximum streamwise ve-
locity fluctuations, particle separation is most effectif®Ol: 10.1115/1.1637637
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Introduction ing face. Durao et al[2] report substantially higher values. How-
) o .
The transport of aerosols in the wake of bluff bodies is impo 2ver, in the latter study, the blockage rafi®.6% is much higher

I I 0, 0,
tant for many industrial applications such as drying and combuQaBnot'E t?t?e(;)atrr;?/\;i:;ugle(i)s /aor[lz] gpgsss_ﬁ[ég'mv(q 9 velocit
tion processes where mixing characteristics are critical. Growi RM M y

environmental concern and stricter regulatory legislation has p?@ctuatlons are large in the near-wake. The maximugys ap-

moted renewed interest in controlling dispersion of contaminal gsaches 0., and occurs in the shear layer at approximately
5D downstream of the trailing edgé®ughly 0.6D above and

In the wakes of free-standing structures. The wake flow of t‘E)below the centerline This location coincides with the maximum
structures or flow control devices in incinerators or driers may he

approximated by the flow around a two-dimensional bluff bodmeirtwasnttre;ngllge ?;'rrr?éu::é?éﬂ?a%ge r(;e?éirugﬁ’a"Séforosu?&l{her
immersed in a stream. These flows give rise to separated sh A o glon, p

. : {)wnstream. The cross-stream fluctuations are also largest in the
layers and regions of reverse flow, which affect scalar transport. . . . .
recirculation region but decrease more slowly in the wake. The

Amplification of shear layer instabilities causes large velocit aximum. 0.9 occurs along the centerline at the mean loca-
fluctuations in the wake, which tend to redistribute scalar quan& Lo '9 . :
lon of the saddle point marking the end of the recirculation re-

ties normal to the flow. Particles, for example, can thus be cop- . . 0
vected by the main stream or be entrained into the reverse fl@}?n' Lyn et al.[1] found that shedding contributes about 50% to
sand less than 30% torys.

towards the obstacle before being re-entrained into the shear lay earman and Obasajid] report a base pressure coefficient
and finally convected downstream. These competing mechani NS ed on the ambient ieferer?ce ressureFl)an of —1.6 and '
result in complex flow patterns and mixing characteristics, whic P ’

are of interest both fundamentally and for simulation purposes.prﬁiiiriiggcgsé'sontr:gogr::r?r;s‘gurﬁgsgoch)f?g;’]?:%g e?n:cgi
The single-phase flow field around two-dimensional bluff bods . e N
.%3, respectively. Haidn et 455] obtain similar results, but also

les has been the subject of several studies. The structure of how that there exists an underlying long-wave disturbance which
flow around a square cross-section cylinder suspended in a Vit ; ying 'ong )
form stream, for example, is independent of the Reynolds numbe difies the shedding frequency. This phenomenon is shown to be

for 10,0006< Re;<<100,000, with Rg based on the side dimension < a.ted to the freqyency jitier reported, for example, by Lyn et al.
of the’cylinder(D) ana thé freestream velocity of the flow (). [.1] n wal_<e yelocny measurements. A general_ consensus in the
The wake flow is characterized by high levels of velocity fluctua!1teralture indicates a_drag coefficient of approx_lmately 2.1 .
tions, which Lyn et al[1] discuss in terms of incoherent turbu- In the case of partlc_le-lac_ien_ f'OYVS' shed vortices have a S|gn_|f|-
Iencé concentrated along the two opposite shear layers t effect on the particle distribution and may lead to preferential
quasi’regular passage of large-scale coherent structiJaesahed’ concentration depending on the particle size and local turbulence
vortices. They show that the coherent fluctuations can account ,fs?(})[ﬁlsi‘rEBEr-eNeu$igﬁ‘llc?ng ﬁg\egnf?(i:]stzldséundlri?x?nng F}Z;;flg]@per'
up to 50% of the total velocity fluctuations. . - ’
P 0 Y d wake[14—21] and jet flowg22—24. Crowe et al[7] point to the
that the mean wake recirculation extended roughly 1D dowfPortance of large-scale structures, compared to |ncohere_nt,
iSgnall-scale turbulence, on particle dispersion and discuss the im-

velocity component increases rapidly behind the obstacle up to rtance of inertial effects in term of the particle Stokes number,

downstream of the trailing face where it reachesud,5 The >t defined as the ratio of the aerodynamic response timefo
downstream recovery is much slower. Lyn et[d]} and Wu and 2 characteristic time scale for the fluid motior) [7], generally

Martinuzzi[3] report approximately 0.85, at 6D from the trail- related to the scale of coherent motion. The particle response time,
” 75, can be approximated from Stokes drag formula. Peak particle

Contributed by the Fluids Engineering Division for publication in tloJBNAL dlspersmn IS Ob.serVEd fa@t of Ord(.:'\r unity. Particles in this size .
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionf@Nge are Cent”fUQEd. QUt of vortical StrUCtures and tend to dis-
Jan 17, 2003; revised manuscript received Sept. 16, 2003. Associate Editor: J. Kperse morg7,25]. Sufficiently small particles $t<0.01) follow
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closely the fluid motion, while very large particleSt1) carry
sufficient inertia to cross the vortical structures with little trajec-
tory modification. Several mixing layer experiments report similar
behaviorg8,9]. .
Several numerical studies show that the influence of the particle
Stokes number on mixing in bluff body wakes can be very impor-
tant. Laitong 14] shows that particles witBt=1 which originate
upstream of a circular cylinder essentially do not penetrate the
mean recirculation region. Chein and Churig] also note this gjg 1 schematic of the experimental geometry and nomencla-
effect on particles with &St<25, released upstream of a flatwyre
plate normal to the flow and suggest that inertia keeps the par-
ticles from entering the cores of large-scale vortices. Bor
=0.5, particles are shown to be captured in the wake recircula- .
tion. A different behavior is observed when particles are releas perimental Set-Up
directly into the obstacle wake. Chein and Chiib§] found that, Experiments were conducted in a suction-type, open-circuit,
in the range 16 St<50, particle dispersion was inversely proporsubsonic wind-tunnel in which a square cylinder was placed at the
tional to both the Stokes number and the particle initial velocityvorking-section mid-height, as shown schematically in Fig. 1.
Tang et al[16] and Crowe et al[19] show that, in the extreme The airflow is uniform and the Reynolds number is about 18,500,
case whereSt=1, “demixing” occurs as particles are concen-based on the freestream velocity and obstacle side dimeri3ion,
trated in a thin layer on the outer edge of vortices. The freestream turbulence intensity, measuredlat= —b5,isless
Bachalo et al[17] and Bachald 18] investigated experimen- than 3% and the nominal blockage is 5.5%. Water droplets are
tally the distribution of water droplets in the wake of a circulagenerated with a spray nozzle located about 100D upstream of the
cylinder for three Reynolds numbers. The flow was seeded wigiylinder. These droplets range in size from 0 to 308, with a
steam droplets, with diameters ranging up to/28, in a stream NuUmber mean diameter, measuredéd = —5, of dyg=16um,
approximately 4 cylinder diameters wide. They observed th@fd Sauter mean diameter d§,~40um. The overall droplet
large-scale vortices serve to entrain fluid containing high concencentration is at maximum of order 10in the regions of high
trations of drops into the wake. In the recirculation region, extengoncentrations such as the shear layers so that we may consider a
ing to about 2D downstream of the cylinder, droplets of up to 2@ilute regime. Typical droplet number densitiesxéb = —5 and
um could be found for Rg=16,000. For larger Reynolds num-X/D=-1 are_prowded for three vertical chatlons in Flg. 2. The
bers (Rg=80,000 and 122,000 only droplets smaller than 10 Number density Nidy) for the kth droplet size class is given by
um could be found in the recirculation region. Upon reprocessiﬁgdk:(1Nk-TS)2;'§17kj wherery; is the residence time of thjéh
these data, Bachalo et 4lL7] showed that droplets entering theparticle of thekth droplet size class), is the number of particles
recirculation region typically correspond to Stokes numbers of this size class measured during the sampling flgeandV is
order 0.1, while droplets with larg&tremained on the outside of the effective volume of the optical probe for this size clagsis
the recirculation region. determined by using the burst length mo@27]. No significant
The aforementioned results show that large particles>() differences are observed both between transverse locations and
released upstream of the obstacle do not enter the recirculatimetween the two streamwise locations, except for the largest drop-
wake. Numerical15] and experimentdl17,18 studies show that lets. The latter seems to be subject to a not negligible gravitational
particles with lower Stokes number can be captured in the nesattling effect. Note that the terminal velocity of the largest drop-
wake. Mixing layer studie$7—9] show that mixing is related to lets in air is of the order of 0.1 to 0.2 m/s, which may become
the influence of coherent structures and is thus difficult to detémportant in stagnation or recirculation regions. Furthermore, the
mine from time-averaged flow properties. Performing a Fouriemumber mean diameter measurecdd = —1 is also close to 16
analysis on the time series, Bachalo et[dl7] observed larger um, indicating negligible evaporation between the two upstream
concentration at the same frequency as the shedding. locations. A two-component Phase-Doppler Particle Analyzer was
These results confirm that coherent structuigised vortices used to simultaneously measure particle size, streamwise and ver-
play an important role in mixing, but fail to provide a detailedical velocity components. A liquid spray is well suited to this
description of the phenomenon. The present study aims to provieasurement technique as droplets are nearly spherical. Measure-
such detailed information on the influence of shed vortices on theents were performed in forward scattering mode. The receiving
wake mixing characteristics of droplets released upstream ofoptics was positioned at an angle of 30 deg with respect to the
square cross-section cylinder. This geometry was selected beczagfécal axis. Both receiving and transmitting lenses had a nominal
the shear layer separation point, occuring at the leading edgesfogal length of 400 mm. The light source was a 300 mW Ar-lon
well defined. When compared to the circular cylinder, the squal@ser operating with wavelengths of 514.5 fgneen) and 488 nm
cylinder wake width and the maximum velocity in the shear laydblue). A Bragg cell was used to shift the frequency and permit
are larger. The contributions of the coherent motiotJtg,sand Measurements in reverse flow. Signals detected by the receiving
especiallyVg\ s are also greater. As a consequence, the flow will
feature stronger streamline curvature, larger velocity fluctuations

and the droplet Stokes number will evolve significantly in time 10°

and space. Tests were conducted at a Reynolds numberpf Re

=18,500, based on the cylinder side dimensibn,The particle %‘ 107} ¢ * .

size distribution resulted in particle Stokes number ranging up to a _§ o x/D=-1; yID=-0.5 (]

maximum of order unity for a 3Qum-droplet in the shear layer v 10°F © x/p=.1§ y/D=0 L
region, which allows to investigate the efficiency of the entrain- 2 o x/D=-1; yO=+0.5

ment of particles in the wake as a function of size during the E 105} * D=5 yD=05

shedding cycle. This paper first presents data analyzed in terms of 2 ¢+ xD=5; y/D=0

the time-averaged mean field for five droplet size classes. Then, a 10— X0=S 1’2%34'0'5 1 0
phase-averaging technique based on the double decomposition Diameter (ym)

representation of Hussa[26] is used to extract the influence of

the coherent structurehed vortices on particle motion as a Fig. 2 Droplet number density distribution upstream of the
function of size and location. cylinder
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Fig. 3 Centerline (y/D=0) streamwise velocity (U/U,) and 2 ]
streamwise (Ugys/U.) and cross-stream (Vgys/U,) Velocity
fluctuations downstream of the obstacle. Comparison between 1 1
present study and results of Lyn et al.  [1]
Qo )
>
optics were processed using the Multi PDA 58N80 Signal Proces _q .
sor and the Fiber PDA 58N70 Detector unit of DANTEC.
Uncertainty. The average flow statistidselocity moments ‘20 068 0 1

were estimated using interarrival time weighting. The uncertainty
estimates for the velocity field were calculated as in Wu and Mar-
tinuzzi[3], based on the method of Abernethy et[28] and the
criteria for Laser Doppler Anemometry outlined in Edwafas].
The statistical contribution to the experimental error was obtained

based on Benedict and Goul80]. The maximum uncertainty occur. In order to reduce the possible occurrence of secondary

occurs in the shear layer, where the velocity gradients and flu TR : X
tuations are largest. It is estimated to 5€.03U., and +0.07U., &fomization in the wet, solid cylinder corners, the obstacle was

; _ L _ regularly wiped during the experiments. This also attenuated the
Iic\)/relt;elz(r;e?hne ir:)c:]errcg[(?heaasne_ssvfr(g\g?/eﬂ;i?etg'eZ’ déﬁ%’f{; effect of particle deposition and re-entrainment in the downstream

sources of uncertainty were the resolution of the peak detecti%'rgeh O.f (tjhe C)c;“ndler g_ue .:)O _the nezr}:_vvalge recirculation, which
algorithm (about 1% of the perigdand the reduced number of M9 tinduce droplet distribution modifications.
samples per phase and size bin. The maximum uncertainty for théParticle Number Distribution.  Figure 5 shows the particle
velocity components is estimated to range from Q.Q5or the number mean diameted(y) as a function of the streamwise lo-
smallest to 0.18,, for the largest particles size classes. cation (x/D) for several vertical locations. Figure 6 provides the

A sufficiently large sample size of droplets is required to obtaiparticle concentration per size class compared to the freestream
reliable statistical results. Therefore, phase-averaged properijgfue (C..) of the corresponding class as a function of the stream-
were determined on larger size classes than those used for tinyse location &/D) and for several transverse locations. The par-
averaged properties. In that first case, it may still be assumed, wiiitcle concentration €,) for the kth droplet size class is given by
some caution, that results from the smallest particle size cl@§:Ndk.(ﬂ/6)(D30k)3 whereNd, and D3QK are respectively the

(d,=3.6um) provide a good approximation of the continuou$,mper density and the volume mean diameter forkthedroplet
phase properties. The trends and values obtained in these %e class. A/D=+1, di, is lowest in the region close to the
suremdents ﬁre. S|md|Iar to those reported in the literature as Giiterline(directly behind the cylinder which indicates a higher
cussed In the introduction. relative concentration of small sized particles, as seen in Fig. 6.

e number mean diameter increases away from the centerline
measurements from the PDA system could not be assessed rglig reaches a maximum fgfD~ =1 and decreases slightly for
ably. The operating conditions were set to optimize the validati

; : _ 190/D|>1 (Fig. 5. Thus two regions existti) the recirculation
rate, which typically ranged from 70%-80%. The signal to nois gion betweeny/D~—1 andy/D~+1, characterized by the

rejection criterion was set at 0 dB, the sphericity at 0.90. The Siﬁ%arl exclusive presence of small sized droplafs=(3.6 um
bin resolution was 0.@&m. Variance measured in the uniform flow y b plal5=(3.6 1

¢ f the obstacle i dt ducibility. F nd, in a lesser exterd,=7.1um), and an external region where
upstream of the obstacie IS used 10 assess reproaucibility. For {pe particle distribution is essentially that of the ambient stream.
data shown in Fig. 2, fod;q~10uxm, the variance ig~1.5 um,

and forday~40 um, o~6 g, This behavior is similar to that observed by Bachalo et ). At

VRMS/UOO

Fig. 4 Approaching flow conditions at  x/D=-—1

Time-Averaged Properties

The mean and fluctuatingms) velocity estimates for small 20 ‘ ) ‘
particles of mean diametéf;=3.6,um mostly agreed within ex- — 15 QQQOQ ? 8 Y g ]
perimental uncertainty with flow field data reported in previous £ X o e *
studies[1,3]. Figure 3 shows the centerline downstream stream- 2 1 pnB ¢ * Vgﬂs .
wise velocity and the streamwise and cross-stream velocity fluc- e 920” E y/D;1‘
tuations as a brief comparative summary. Except for some differ- © g} o §ID=1.5 .
ences noted in the cross-stream velocity fluctuations in the close X y/D=2
near-wake, it is concluded that velocity measurements with this 0 1 2 3 4 3 3 >

class of particles approximate well the fluid flow field. 0 x/D
Figure 4 shows the upstream time-averaged velocity character-

istics a.t X/D: —-1. StreamWIse aﬂd tranSVEI‘SE Ve|0CIty pl’OfI|€ﬁ|g 5 Particle number mean diameter (dlo) as a function of

clearly indicate that larger droplets will be less deflected and, & streamwise location (x/D) at several vertical locations

expected and observed, that impingement on the obstacle Wi D)
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Fig. 6 Non-dimensional particle concentration (CIC,) as a function of the streamwise location (x/D*) and particle size
classes for three vertical locations.  (a) y/D=0 (b) y/D=0.5 (c) y/D=1

y/D~ *+0.6, the relative concentration of small particles is maxiresults|1-3,3] for the same location. Outside this recirculation
mum. This location coincides with the largest mean streamlimegion, droplet mean streamwise velociti&$ quickly increase
curvature and maximurdzys. In this region, particle separation across the shear layer to a maximum of approximately 1.8t
would be greatest due to two effects. First, the inertial slip of thg/D|~1.0. All particle size classes feature similar velocity pro-
larger particles would also be largest so that particles deflectedfiles. However, the number of large particles is low close to the
the front face would concentrate along the shear layer. Secowdnterline upstream of/ D =2 (Fig. 6), which reinforces the view
centrifugal “demixing” [16,19 concentrates particles along thethat the streamline curvature is sufficiently strong to prevent en-
outer rim of the recirculation. trainment of nearly all particles larger than about® into the

As x/D increases, g increases along the centerline to a valueecirculation vortex core. The net effect is that migration of larger
of 16 um atx/D~5 and remains nearly constant downstream. Iparticles towards the centerline is delayed downstream as a con-
Fig. 6, it can be seen that the relative proportion of larger particleequence of trajectory modification and weaker streamline curva-
rapidly increases along the centerlinexéB increases. Thus, the
increase irdq, is due to the influx of larger particles entrained by
the shear layer towards the centerline. A similar trend is observed
alongy/D =0.5, but untilx/D =4, the mean diameter is somewhat

larger than along the centerline. However, it is also noted that the 2fe " 38um ' ! : 2F 1
smaller the particles are, the earlier is their influx. ;1}12 ﬁm %

From the point-of-view of particle mixing, the near-wake re- 4 [«28:5pm (3 1t 9:90‘1:1» .
gion, where particle segregation is clearly evident, is upstream o »56.9 umg, o, LU L }i"

x/D~3 (Figs. 5 and & Forx/D=2 andx/D=3, relative concen- Q gl % ] Qot o .
tration of the smaller particlesdt=3.6 and 7.1um for x/D=2 > *9 % ame, >

and alsodp=14.2um for x/D=3) is higher about the centerline  _4[ P00, | s o 20 ]
(ly/D|=<0.6). Further downstreanx(D >4), the streamwise gra- Ef

dients of the velocity and Reynolds stress field are small so tha o[

the mean particle distribution changes slowly and the droplet dis- g5~ 015 i ~15 1 05 0 05 1

tribution, in a mean sense, appears homogeneous/for=6. un,, ViU,
However, it will be shown below that these “smooth” profiles are i i i . y ;
artefacts of the averaging operation. A phase-averaged analys 2 ] 2 ]
will show that the passage of each vortex is associated with shar
changes in particle size distribution both temporally and spatially. 1} 6%_‘“ o° %5 ] 1T Dt E“o" ]
Pl s ‘> ti e

Droplet Mean and Fluctuating Velocities. Figures 7-10 QgL ; .:‘P ] 9ol m";g, i
give non-dimensional, time-averaged mean and fluctuating™ by 1 ‘;o o > w %Ted g0*°
streamwise U/U..,Urys/U..) and vertical {//U.. ,Vrys/U-.) AL 3% %" ] 4t 6y oo ]
particle velocity profiles for several downstream locations. Recall yf
that the velocity characteristics of particle size cldss3.6um 2 ]l 2 ]
should match those of the continuous phéai). The periodic 0025 05 0751 0 025 05 075 1
passage of large-scale coherent struct(sked vorticesresults in Yoo Vews/Yoo

high velocity fluctuations, especially close to the centerline

(y/D=0). The contribution to the vertical velocity fluctuation byrig. 7 Time-averaged non-dimensional flow conditions at

the coherent motion due to the passage of shed vortices accouwnd=+1

for up to 50% ofVgus[1]. In the near and intermediate wakes

(1<x/D<20), the center of these vortices move roughly parallel 2F i Y ' g 2t .
¥

to the locus of points of maximum shear raf@/dy, in each of

the opposite shear layers. The distance between opposite loci 4 1 1} §%, "o, .
symmetric abouy/D=0 and increases in the streamwise direc- %5 L P
tion to asymptotically approach a classical wake spreading rateQ 1 Qof S, L o0
The vertical spread of th¥grys profile is consistent with these > > "é’; ° °D -

observations. Between the loci, the flow is strongly influenced by _4
vortices in both shear layers, explaining that the maximugy, s
always occurs at the center, and not along the lines of maximun _,
shear rate as is the case fdgys.

At x/D=1 (Fig. 7), negative mean streamwise velocities can be
observed close to the centerlingD=0). This indicates the pres-
ence of the recirculation in the close near-wake. These negativg. 8 Time-averaged non-dimensional transverse velocity
velocities are observed fdy/D|<0.4, which is similar to earlier conditions at x/D=2

1 0 025 05 075 1
v

RMS/UOO
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of the tranverse velocity component indicates a motion in the

2 f ?? ﬁ: ; 2 direction of the cgnterline. As a result, thg Iarger particle.s seem to
4Lo 142 um ] 1 be globally entrained towards the centerline. This behavior will be
<285 pum further documented in the phase-averaged analysis.
QgL »56.9um 12g Differentiation based on particle size is very subtle basedon
> > but is clearly visible for the other components f8b= 3 (Fig. 9.
1 3‘,’» 14 The profiles are also close for small particle size classks (
5 =3.6 and 7.1um), but lower fluctuations are still observed for
2 »% 1 2 larger particles. Inertial effects persist far downstream xAD

Fig. 9 Time-averaged non-dimensional flow conditions at

0.5
Urus/Uoo

xID=+3

ture downstream. The relative importance of inertial effects for
heavier particles also leads to the attenuatiotJifys, for ex-

ample aroundy/D|=0.6.

At x/D=2 (Fig. 8), it can be seen that the fluctuating {9

05
VRMS/ Uoo

=6 (Fig. 10, Ugys for larger particles is still clearly lower than
those of the flow. The vertical particle velocity component illus-
trates different stages of evolution of the particle velocity field. In
the region of maximum flow vertical fluctuation £x/D=<3),

the downstream location at which the particdle and Vgyus
matches that of the flow field is delayed proportionately with size
class. Inspection of Fig. 9 shows that, as ¥6b=2, the magni-
tude of vertical velocity of larger particles is also larger than that
of the flow atx/D=3. The lowerVgys Observed at the same
streamwise locations is consistent with a global transverse entrain-
ment of larger particlesdp=28.5 and 56.Qum) towards the cen-
terline, as previously suggested by resultsx/@=2. At x/D=6,
segregation according to size cannot be made baseW an
Vrms, except fordp=56.9um. This suggests, as in Fig. 6, a
homogeneous redistribution. The phase-averaged analysis of this
flow, shown next, suggests that this conclusion may be
misleading.

Phase-Averaged Properties

The importance of the coherent structure passage in describing
turbulence management generally, and specifically the evolution
of the particle size distribution, requires a strategy to isolate the
influence of shed vortices. In the obstacle wake, the f(aimh-

vertical velocity characteristics for small particle size clas [ Ortic ! {
=3.6 and 7.1um) are very similar. Mean particle velocitiey’) ~tinuous phasevelocity field is characterized by the passage of
are also close to zero for both classes. However, segregation ba¥e@f vortices, which influence the dispersed phase velocity and
on particle size can be observed for larger particlés=(14.2, concentration characteristics differently depending on droplet size.
28.5 and 56.9um). The vertical velocities { andVgyo depart Counter-rotating vortices are alternately formed and shed from
significantly from those for smaller particles. For the two largepPPosite cylinder faces. The core of the shed vortices are con-
size classes, minima ofgys occur at|y/D|~0.9. A strong at- Vvected downstream. The average convective spégg) (was
tenuation of the fluctuations is noted in the upper and lower réhown by Lyn et al[1] to be Uc~0.43J., in the base region
gions corresponding to 05ly/D|<1.5, whereas higher trans-(X/D<4) and to increase rapidly to 0.68 for x/D>4. The co-

verse velocity magnitudes are observed in the same time. The st

ent motion results in large velocity fluctuations, especially in
e vertical direction, at each vortex passage upon which turbulent
(incoherenk fluctuations are superimposed. The average charac-
teristic frequency {s) of the coherent fluctuations corresponds to

= 3.6um a Strouhal number oty =fsD/U,,=0.132+0.003[1-3,5.
¢ 7.1pm Hussain 26] proposes that the influence of the coherent motion
1 °;g§ “2 can be represented in terms of a “typical” or average cyclical
O al 5569 Em passage of a coherent structure subject to the double decomposi-
S.0f tion written for the generalized flow variablé

PO =)+’

where ¢(t) represents the instantaneous val(®, is the phase

-2 . averaged value angt’ the turbulent(incoherenk fluctuation con-
0 04 tribution. For periodic eventgyy) represents simply the average
un value of the coherent velocity at a given phase of the cycle so that
2 ={4), where the overbar indicates the time average. The aim of

phase-averaging is to obtain a statistical description of the flow
during a “typical” cycle. Experimentally, this requirement implies
measurements of a sufficient number of cycles, typically over 200.

Qo Depending on the data acquisition réagenerally a few kHg, the
> data is then subdivided into finite phase bins, the size of which is
A determined by the desired sample size. As reported by many re-
searchers, there is a slight cycle-to-cycle variation, or phase jitter,
2 due to turbulence and transient three dimensional instability. A

0.5
URMS/Uoo

0.5
Veus/Uoo

cycle will be considered to occur between two peaks of the verti-
cal velocity. The peak occurrence is determined by filtering the
original signal(time series for the vertical velocity compongnt
with a bandpass filter about the average shedding frequelezy

Fig. 10 Time-averaged non-dimensional flow conditions at
XID=+6
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Fig. 11 Phase-averaged non-dimensional vertical velocity (top) and droplet number density distribution (bottom ) at the
centerline (y/D=0) for three streamwise locations. (a) x/D=2 (b) x/D=3 (c) x/D=6

on this enhanced signal to determine the beginning and the endupper vortex and just upstream of the lower one. Transitions with
each cycle. Subseql_JentIy, each cycle is subdivi_dgd in a numbermofransverse velocity component close to zero occur when one is
bins (NB), or phase intervals, of equal lengths, (#me between |ocated just above or below vortices’ cores. Note that only partial
the two peaksNB. In this study, NB=18, corresponding to phasedata are provided fod,=22.6um and 56.9um as insufficient
bins of 20 deg. The phase-averaged streamwise and vertical ¥8mpers of particles were detected for some phase bins at this
locity components, incoherent turbulent fluctuations and the NURation. This flow pattern suggests that shear laffepping

ber of droplets in each bin can then be deduced. abruptly redirects the particle stream into the wake region with

As indicated in the literature, the particle Stokes numBérijs . . . . . .
an important parameter to characterize the effect of particle Sg@llar velocity magnitudes observed in both directions for a

on dispersion. To determin8t, the particle response time,, given size. class. I\./Ioreover., a slight phase lag is observed for
can be approximated fromA:ppdf)/lBMf where pp is the par- !arger partlcleg. Thls effect is more pronounced ¥6b=3 and
ticle density,dp is the particle diameter is the fluid dynamic |nd|cates_that_|nert|al ef_fects are presenta@: 22.6,um_and 56.9
viscosity and is a coefficient linking the Stokes drag to the actugit™- The inertial effect is also evidenced by the relative low num-
drag so thaCp=f24/Re. For Re:<1000, a good approximation Per density of droplets withi,=22.6um and 56.9um at both

of f is given byf=1+.15R§%[6]. Following Bachalo et al. these locationsy/D=2 and 3 as seen in Fig. 11. quther down-
[17], based on the similarity between the circular and the squafeam, ak/D =6, droplets up tal,=22.6um have similar flow
cylinder wakes, the characteristic fluid motion time scale is agharacteristics. However, the phase lag is still observed for the
proximated byre=D/Ug, whereUg=U—U,. Using these defi- largest dropletsd,=56.9um).

nitions, it is found that for 3um droplets the Stokes number isin The influence of the fluctuations associated with the coherent
the critical range, being of the order unity in the region of maximotion on the local, instantaneous, droplet concentration is char-
mum Ugys in the shear layer and dropping to order 0.1 downacterized by large changes and two peaks in the particle number
stream. Thus, the existing particle size distribution will result in gensity distribution during the shedding cycle. These peaks occur
sufficiently largeStrange to study particle entrainment efficiencyg|ose to the middle phase of either the upward or downward mo-

Results on the Centerline. The non-dimensional phase averdion. This behavior is consistent with the observed shear layer
aged vertical velocity component(\()/U..) at the centerline dynamics. The poorer mean mixing characteristics in the very
(y/D=0) and aix/D=2, 3 and 6 is shown in Fig. 11 as a functionnear wake region observed from the mean particle distributions
of particle size. A sufficiently large sample size is required to geeem directly related to particle slip as the shed vortices cause
reliable statistical results. Therefore, phase-averaged propertiesrientation of the shear layer. The oncoming particles directly
were determined for a reduced number of size classes whose mepstream of the cylinder are deflected preferentially along the
diameters @) are 3.6um, 9.0 um, 22.6 um and 56.9um, re- separated shear layer. As these shear layers are redirected in the
spectively. Like for the time-averaged analysis, velocity measur@ake, they convect these high particle concentrations towards the
ments corresponding to the class of the smallest partidgs (center line. Particle trajectory deflections towards the centerline
=3.6um) may be assumed to approximate the fluid flow field4epend on particle inertia with a better response of small, i.e. low
The origin of the cycle is arbitrarily chosen at an instant such thatgyes number, particles to the reorientation of the shear layer. A

the magnitude of the vertical velocity is a maximum for this sizg, e getajled description of particle behavior in the shear layer

class. As concerns particle concentration, number densities h?ééaion is provided later

been used to account for velocity induced bias. For a given siz Due to the larae droplet size range and in order to keep a
class, results are presented as the particle number defisigy)( . 9 P - 9 P
sufficient number of large particles all along the flow despite

compared to the average particle number densiVq{p—¢) of e ) ;
the Eorresponding sizegcle?ss computed on asf:tgrqn)(/p[iet(ae) Cycleggﬁmtatlonal effects, some asymmetry in droplet concentrations

x/D=6 and for the same vertical locatidyD). could not be _avoided, as pbserved just doyvnstream of th_e cylinder
At x/D=2, the phase-averaged vertical velocity has a squal’%t-x/D:1 (Fig. 12. The importance of this asymmetry is size-

wave shape, which shows the alternate presence of shed vorti¢ggendent. Considering that the region in between, and including,
coming either from the upper or lower side of the cylinder. Thihe shear layers contains the particles contributing to the feeding
combined effect of these alternate vortices results in an apparahthe centerline, droplet concentrationsxéb =2 and for each
upward motior(i.e. (V)>0) when one is located just upstream ofize class may be corrected by taking the ratio between the aver-
the upper vortex and just downstream of the lower vortex, andage droplet number densities above and below the centerline at
downward motion (V)< 0) when located just downstream of thex/D =1 (Fig. 13. Time-averaged vertical velocity profiléBig. 7)
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T T ™ y T close to the vortex core. In that case, when the particle is at a

2 f :;:? :: shorter distance from the core than the characteristic length scale
1 [ 0 14.2 pm p ] of the vortex motion, the flow time-scale, and subsequently the
<28.5pum Q «¥o AP corresponding Stokes number, change. In such a situation, heavy
a >56.9 ym g O 4 & > particles (i.e. such thatpp>pg) tend to be centrifuged out as
= O g; ‘4 Dlg" ] observed and described by several auti6r$3,25. This results
1, ¢ <o’ b in depleted vortex cores and leads to the observed large nonho-
At ;’ 8, 4: > 7 mogeneities in the temporal distribution. Type Il droplet, (
& ;‘a g =22.6um) appear only intermittently in the near wake and are
2t ) ", 3 ; . not observed during the transitions between upward and down-
107 } 10'-10 10° 10° ward motions, which indicates important slip velocity effects.
Concentration Further downstreamx(D=3 and 6, no correction is applied
for droplet concentration results. If needed, comparisons will be
Fig. 12 Time-averaged droplet concentration distributions in done with uncorrected droplet concentrationsx4d =2. How-
the close near-wake at  x/D=1 ever, qualitative as well as quantitative resqitisase lags between

density peaks, for examplare obtained and will help in detailing
o o ) ) o the underlying mechanisms of droplet dispersion in this plane
indicates that this inner region is roughly delimited by \ake. At x/D=3 (Fig. 11, Type Il droplets are observed at
D|<1.25. Symmetry is recovered for three of the four size classen%aﬂy any phase of the cycle, whereas Type | particles tends
However, for the larger particles, the influence of gravity is stilyyards a more homogeneous temporal distribution. Type IV
not negligible, giving the particles a net downward settling my.q5jetg @,=56.9um) also appear intermittently, especially
tion. The number density profiles are smoother for the Sma”When the downward and upward motions are the most intense, but
droplets @,=3.6um and 9.0um, Types | & I). These tend to | during the transitionésimilar behavior as Type Il droplets at
follow the streamline curvature better so that small parti€lgpe x/D=2). Due to the ejection process, these larger droplets are

1) are foun_d during the complgte cycle, even if not at the_san& nfined at the very outer edge of vortices so that, during a typical
concentration. Once these particles have been entrapped in vof-

ces, one would expect to find them distributed homogeneously edding cycle, they are not present during most of the passage of

along the shedding cycle. However, a substantial modulation § her vortex. Another noticeable characteristic of the droplet dis-

observed leading to small number of particles near the veloci ) utlop IS the §I|ght Sr."ﬁ of the Ioc.at|on OT the maximum con-

transitions. The use of a single Stokes number based on the cifgitration with increasing dfop"?t Size, Wh'Ch’ t.ogethe'f with th_e

acteristic time-scale of the vortex motion appears to be insurFE served response lag to velocity fluctuations, is consistent with
d

cient if one wants to consider the behavior of a particle locatdd® €jection phenomenon. A/D =6, Type | as well as Type II
particles feature rather homogeneous distributions, while two

peaks are still observed in the number density distributions of the
larger particles d,=22.6um and 56.9um) indicating that the
phenomenon of ejection of the entrapped droplets towards the
outer edges of vortices is still prominent for these sizes and is
indicative of particle “demixing” as noted by Tang et &lL6] or
Crowe et al[19].

Droplet Characteristics Away From the Centerline. Figure
14 shows the vertical velocity 3 D=0.5 and for three stream-
wise locations x/D=2, 3 and 6 as a function of droplet size and

0 6Phase bins12 shedding phase. At/D=2, Type Ill and IV droplets are mainly
present when the downward motion occurs. This downward mo-
Fig. 13 Corrected and normalized phase-averaged droplet tion lasts longer and the transition towards the upward motion is
number density distribution at the centerline (y/D=0) and for ~ smoother, osmearegdindicating slip. Such size-dependent phase
xID=2 lags in particle motion characteristics were also observed in the
@r B [©)
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Fig. 14 Phase-averaged non-dimensional vertical velocity (top) and droplet number density distribution (bottom ) half a
diameter above the centerline  (y/D=0.5) for three streamwise locations. (a) x/D=2 (b) x/D=3 (c) x/D=6
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Fig. 15 Phase-averaged non-dimensional vertical velocity (top) and droplet number density distribution (bottom ) for three
locations close to the shear layer region. (@) xID=1, y/ID=1 (b) x/D=3, yID=1 (c) x/ID=3, y/D=1.25

phase-averaged results of Kiger and Lash¢i&$ in their study droplets have nearly identical velocity profiles. Only the largest
of a mixing layer. This is accompanied by delayed peaks in thtgoplets 6;= 56.9um) feature slightly different flow character-
number densities. Phase lags between the number density peakstifs. However, the droplet concentrations do not evolve simi-
Types Il, Il and IV particles and the number density peak of Typgyrly. As was observed at the centerline, two characteristic peaks
| particles are about 40, 70 and 100 deg, respectively. A significaftihe number density distributions during a cycle remain for the
lower magnitude of the particle vertical _veloc_lty is also observqgrger droplets a;= 22.6 and 56.9um) due to the preferential
for the largest dropletsde=56.9um) during this downward mo- ¢,ncentrations of these droplets combined with the alternating up-
Itl)ocri]fy'\(ljc;[g t;?et'n%l:r;)nr%vtizz du?g\;a'lrgngtlllclmar?(fj ﬁ@eglgm’efggﬁevﬁhard and downward flow induced by the vortices, b_ut Fhe _mixing
limited sample sizes. ?hatkhas occurred upstrean; te_r;]dshtoI smea(; thPi dlStrIk&utlﬁn. T:ne
_ _ peaks are more pronounced with the larger droplets and phase lag
Further downstream, a#D =3, both Type I .and Type Il drop .6 still pronounced. The distribution characteristics observed for

lets are found throughout the cycle. Types Il and IV particles alj X o X
appear during the upward motion. For example, the transition J8[9e particles are similar to those for smaller particles further

tween the two kinds of motiolupward and downwajdoccurs UPstream. Finally, a uniform droplet distribution during a com-
later for Types Ill and IV particles. The vertical velocity magni-lete cycle is not yet totally achieved atD =6 (Fig. 14), even
tude is still lower for Type IV particles in the case of the downfor the smallest droplets. This illustrates how conclusions drawn
ward motion. As droplets are entrained from the upper shear lajegm time-averaged results alone, where droplet concentration is
towards the centerline, the smallest droplets follow more easityn average uniform along the vertical, can be misleading. It is
the strong curvature of the vortex and have a more intense doveencluded that redistribution or mixing is still active, which ex-
ward motion than larger droplets whose trajectories are less g#ains intra-cycle differences. The averaged results are weighted
flected. For the upward motion, higher vertical velocity magnimore to the events at which peak concentrations occur.
tudes are observed for the larger droplets. This motion may be due o .
to the passage of the trailing edge of the upper vortex with a peakDroplet Characteristics in the Shear Layer. As discussed
in Type IIl droplet concentration occurring earlier than for Typdor X/D=2 andx/D=3, larger particles enter the centerline re-
IV. Then, this upward motion is maintained by the subsequegiion during a preferential phase of the shedding cycle. Conse-
passage of the leading edge of the lower vortex, which will coguently, the velocity of the large particles is biased towards peak-
tinue to provide large droplets. The leading edge of the lowéY) and the particle/ry s is lower, as observed in Figs. 8 and 9.
vortex should then be able to feed with droplets the trailing eddrarticles originating upstream of the obstacle are initially concen-
of the previous upper vortex, resulting in the formation of particlerated in the shear layer. Particle trajectory modifications due to
streaks in the region between the two vortices similar to thos@ed vortices in the wake, and thus entrainment towards the cen-
observed in the experiments of Longmire and Eaf28] and terline, depend on particle inertia and local fluid motion charac-
Lazaro and Lasherd40,11] or the numerical study of Martin and teristics, i.e. their local Stokes number. Figure 15 shows the
Meiburg [13]. Furthermore, this means that droplets must be Iase-averaged vertical velocity for three vertical locations close
cated in the outer edge of the vortices. Very large concentratiopsor in the shear layer a/D=1 for y/D=1, and ax/D =3 for
of large dropletsespecially Types Ill and IVare observed in the y/p—1 and 1.25. These locations span regions where minima of
middle of the downward motion. This phenomenon may be e ie Vs Were observed for the larger particled, & 14.2,m at
plained by the fact that the upper vortex feeds from the uppgin 7 g — 28.5um and 56.9um atx/D=1 andx/D =3, Figs.
separated shear layer containing high droplet concentratiogs. d9 pTh lest dropletsdl— 3.6 I mixed
These droplets are convected downwards along the leading e na 5. the smafles rOpe.Sa.E = jum) are we mixed
oughout the shear layer as is indicated by the nearly uniform

of the upper vortex. Important phase lags are also observed.-. . !
Whereas the passage of negative to positive velocity is close Rarticle number density throughout the shedding cycle at the three

the smallest particle&Types | and 1), the change occurs 30 andlocations. .

40 deg later for Types 11l and IV droplets, respectively. Such a lag The largest particlesd;=22.6um and 56.9um) have Stokes

is also evidenced by particle number densities temporal evolutiofiémbers of the order unity, or larger, throughout the shedding

during a shedding cycle. Although lower than at %D, phase cycle. They tend to follow the flow less well as can be seen from

lags of about 50 and 80 deg are still observed for Type Il aritie phase-averaged particle velocity profiles/dd =1 for both

Type IV particles, respectively. streamwise locationsx(D=1 and 3. At x/D=1, the low cross-
Further downstreamx(D =6, Fig. 14, the three first types of stream velocity magnitudes indicate that both types of particles
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are subject to little lateral motion during the cycle. For Type llthe outer side of the shear layer. The ejection process of heavy
particles 6;: 22.6m), this weak lateral motion is accompaniedparticles from vortices’ cores is an essential additional phenom-
by a very high droplet number density for about half of the cyclenon complementing the description of the droplet dispersion pro-
followed by a near total absence of droplets for the other halfess. These effects result in clearly identifiable lag between par-
This suggests that Type Il particles are confined in a very thiicle motion and flow field, which is significant for particles
layer close toy/D= 1. This behavior evokes particle “demixing” bigger than 15«um. The spatial reorganization and redistribution
or “focusing” in the outer edges of vortices previously describedf particles due to the vortex motion is very strong in the very
by Tang et al[16] or Crowe et al[19] for particles withSt~1. near-wake, as expected, but also persists far downstream. The
As concerns Type IV particlesdf=56.9um), whose Stokes effect of the coherent motion results in instantaneous, nonhomo-
number is roughly six times that of Type Ill particles, they appeayeneous spatial distributions. However, since time-averaged sta-
to be more scattered in the shear layer and to be less influencedibtjcs are inherently biased towards peak concentration events,
the coherent motion. Inertial effects remain important for thogbe mean distributions are fairly homogeneous, for which interpre-
largest particles. This “demixing” effect may explain the mini-tation can be misleading and thus to be treated with caution.
mum relative concentration observed in Fig. 6 in the near-wake

recirculation region, just downstream of the cylinder, in the inter-

mediate size classif,=14.2,m) with higher relative concentra- References

tions of larger particles 6{;= 28.5um and 56.9um) both at  [1] Lyn, D. A., Einav, S., Rodi, W., and Park, J.-H., 1995, “A Laser-Doppler
y/D=0 andy/D=O.5. Velocimetry Study of Ensemble-Averaged Characteristics of the Turbulent

i ; ; ; Near Wake of a Square Cylinder,” J. Fluid MecB0Q4, pp. 285-319.
Mlxmg is also not tOta"y achieved for Type I partlcleﬁg( [2] Durao, D. F. G., Heitor, M. V., and Pereira, J. C. F., 1986, “A Laser Anemom-

=9.Q,um) atx/D=1, as it can be inf_erred from the lack of uni- etry Study of Separated Flow Around a Squared Obstacle,5iser Anemom-
formity of the number density profile. Further downstream, at etry in Fluid Mechanics IlI(Ed. R. J. Adrian et al, LADOAN-IST, Lisbon,
x/D =3, this mixing is achieved for Type Il particles, which fea- Portugal. o . ) o
ture similar velocity and concentration profiles with Type | par- [3] Wu. K. C. Q. and Martinuzzi, R. J., 1997, “An Experimental Investigation of
icl . o . h the Flow Around a Two-Dimensional Square Prism in the Proximity of a Solid
ticles (Figs. 15b and 15c At y/D=1 (Fig. 15h, both Type I Wall: Effect of the Gap Size,Proc. 11th Symposium on Turb. Shear Flows

and Type IV particles are strongly influenced by the coherent mo-  Grenoble, France, pp. 1116-1121.
tion. The droplet number density is very high during the down- [4] Bearman, P. W., and Obasaju, E. D., 1982, “An Experimental Study of Pres-

; _sure Fluctuations on Fixed and Oscillating Square-Section Cylinders,” J. Fluid
ward motion of the deflected upper shear layer and very low dur Mech., 119, pp. 297321,

ing the subsequent upward motion. No number density peak I$5] Haidn, O. J., Bailey, S. C. C., and Martinuzzi, R. J., 1999, “Relating Pressure

observed during the latter motion. The lower vortex has no longer  Field and Vortex Shedding Suppression for a Square Cylinder in the Vicinity of

any effect so far from the centerline so that droplet feeding from a Solid Véa",;' PIFBOC-b 1st lrS-SSmeositirgagn Igﬁulence and Shear Flow Phe-
H nomen anta Barbara. OLA. . — .

th.e lower vortex may I’!O Ionger occur at th&}t location. However, [6] Eaton,?]. K., and Fesslér, J. R 5894, “Preferential Concentration of Particles

high droplet concentrations are convected with the downward mo- by Turbulence,” Int. J. Multiphase Flov20 (Supplement pp. 169—209.

tion of the deflected shear layer, which may be sufficient to feed7] crowe, C. T., Chung, J. N., and Troutt, T. R., 1988, “Particle Mixing in Free

the centerline regiony(D~0) with large droplets and would ex- Shear Flows,” Prog. Energy Combust. Sdi4, pp. 171-194.

; ; B ; | Lazaro, B. J., and Lasheras, J. C., 1989, “Particle Dispersion in a Turbulent,
plain the sharp increase in the concentration of the larger dropletE.8 Plane. Free Shear Layer,” Phys. Fiuids 1,pp. 10351044,

observed downstream of the recirculation regiéig. 6). The [9] Wen, F., Kamalu, N., Chung, J. N., Crowe, C. T., and Troutt, T. R., 1992,
droplet motion will decelerate under the influence of the subse- = “Particle Dispersion by Vortex Structures in Plane Mixing Layers,” ASME J.
quent upward motion. However, because of their larger inertia, . Eluids Egg.jllﬁl, ;(ijl-_65h7—666j C. 1992 “Particle D on in the Devel

5 H H azaro, b. J., an asneras, J. C., , “Particle ispersion in the Develop-
larger particles \_N|II decelerate less quickly t_han the smaller onest ing Free Shear Layer. Part 1. Unforced Flow,” J. Fluid Me@85, pp. 143
At y/D=1.25(Fig. 150, cross-stream velocity and number den- ;75
sity profiles of Type Ill and Type IV particles still differ signifi- [11] Lazaro, B. J., and Lasheras, J. C., 1992, “Particle Dispersion in the Develop-
cantly from those of the fluidType I). Low cross-stream velocity ing Free Shear Layer. Part 2. Forced Flow,” J. Fluid Me@85 pp. 179-221.

; H : . ] Kiger, K. T., and Lasheras, J. C., 1995, “The Effect of Vortex Pairing on
magnitudes, as well as lower concentrations, are noticed dum{af Particle Dispersion and Kinetic Energy Transfer in a Two-Phase Turbulent

the upward motion. Shear Layer,” J. Fluid Mech302, pp. 149-178.
[13] Martin, J. E., and Meiburg, E., 1994, “The Accumulation and Dispersion of
. Heavy Particles in Forced Two-Dimensional Mixing Layers. |. The Fundamen-
Conclusion tal and Subharmonic Cases,” Phys. Flui@3), pp. 1116-1132.

The results for an investigation on the dispersion of droplets iILI:L4] Laitone, J. A., 1981’,’ “A Numerical Solution for Gas-Particle Flows at High
. Reynolds Numbers,” J. Appl. Mech48, pp. 465—-471.
the near-wake of a square cylinder have been presented. The g chein, R., and Chung, J. N., 1988, “Particle Dynamics in a Gas-Particle Flow
fect of shed vortices on the particle size and velocity distributions ~ Over Normal and Inclined Plates,” Chem. Eng. Sd&(7), pp. 1621—1636.
in the wake of a square-cross-section cylinder were measured witH! Tang, L., Wen, F., Yang, Y., Crowe, C. T, Chung, J. N., and Troutt, T. R., 1992,

_ : ; ; “Self-Organizing Particle Dispersion Mechanism in a Plane Wake,” Phys. Flu-
a phase-Doppler anemometer. Results were first given in terms of ids A, 4(10), pp. 2244-2251.

time'averaged properties, and then analyzed by phase'averagt@q Bachalo, W. D., Bachalo, E. J., Hanscom, J., and Sankar, S. V., 1993, “An
using double decomposition for a fully turbulent flow. The mecha-  Investigation of Spray Interaction With Large-Scale Eddies,” PARIAA 31st
nism for entraining larger particles towards the cylinder centerline _ Aerospace Sciences Meetirigeno, NV, paper AIAA 93-0696.

(y/D=0), and thus improving mixing, was described from waké 18 aiﬁt';a;‘;s‘é";,ﬂ;vig‘i‘;'u"ETSriZ%}ema'%ft_hggg i Mltphase Flowsint. J.
flow velocity characteristics. It is found that the coherent motion; g Crow%, C.T. Troutt, T. 2? Chung'pf.'N” Davis, R. W., and Moore, E. F., 1995,
has a strong influence on the particle trajectory and that particle = “A Turbulent Flow Without Particle Mixing,” Aerosol Sci. Technol22, pp.
slip velocity cannot be neglected for droplets larger tharub® 135-138.

; ; [20] Burns, T. J., Davis, R. W., and Moore, E. F., 1999, “A Perturbation Study of
diameter, that is for Stokes numbers larger than 0.1. Particle Dynamics in a Plane Wake Flow,” J. Fluid MecB84, pp. 1-26.

The flow is mainly composed of two regions, which can(sq) goree, J., Ishima, T., and Flour, I., 2001, “The Effect of Mass Loading and
roughly be separated by the streamline associated with the maxi- Inter-Particle Collisions on the Development of the Polydispersed Two-Phase
mum streamwise velocity. This leads to an inner-wake region F|60W Downstream of a Confined Bluff Body,” J. Fluid Meci43 pp. 129

: et e 165.
Where p_artlcle statistics dep‘?”.d SIrongl.y Qn their size, a.‘nd an OL&Z] Chung, J. N., and Troutt, T. R., 1988, “Simulation of Particle Dispersion in an
side region where these statistics are similar for all studied droplet™ axisymmetric Jet,” J. Fitid Mech.186 pp. 199-222.
diameterqup toa;: 56.9um). In the near wakex{D<4), poor  [23] Longmire, E. K., and Eaton, J. K., 1992, “Structure of a Particle-Laden Round
lateral mixing is observed. High streamline curvatures and high Jet”J. Fluid Mech. 236, pp. 217-257. .
streamwise velocities accentuate inertial effects. In the recirculd@?l Sakakibara, J., Wicker, R. B., and Eaton, J. K., 1996, "Measurements of the
R . . . X X Particle-Fluid Velocity Correlation and the Extra Dissipation in a Round Jet,
tion region directly behind the cylinder, only particles smaller than ot 3. multiphase Flow22(5), pp. 863-881.

10 um were found. Larger particles tend to be concentrated alongs] Raju, N., and Meiburg, E., 1997, “Dynamics of Small, Spherical Particles in

118 / Vol. 126, JANUARY 2004 Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.153. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Vortical and Stagnation Point Flow Fields,” Phys. Flui@2), pp. 299-314.  [29] Edwards, R. V., 1987, “Report of the Special Panel on Statistical Particle Bias

[26] Hussain, A. K. M. F,, 1983, “Coherent Structures—Reality and Myths,” Phys. Problems in Laser Anemometry,” ASME J. Fluids En$Q9, pp. 89-93.

Fluids, 26(10), pp. 2816—2850. [30] Benedict, L. H., and Gould, R. D., 1996, “Towards Better Uncertainty Esti-
[27] Saffman, M., 1987, “Automatic Calibration of LDA Measurement Volume mates for Turbulence Statistics,” Exp. Fluid®, pp. 129-136.

Size,” Appl. Opt.,26(13), pp. 2592—-2597. [31] Saha, A. K., Biswas, G., and Muralidhar, K., 2001, “Two-Dimensional Study
[28] Abernethy, R. B., Benedict, R. P., and Dowdell, R. B., 1985, “ASME Mea- of the Turbulent Wake Behind a Square Cylinder Subject to Uniform Shear,”

surement Uncertainty,” ASME J. Fluids End.07, pp. 161-164. ASME J. Fluids Eng.123 pp. 595-603.
Journal of Fluids Engineering JANUARY 2004, Vol. 126 / 119

Downloaded 03 Jun 2010 to 171.66.16.153. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Understanding Magnetic Field
ponghong 620+ | Gradient Effect From a Liquid
Neil 8. Morley I [Vietal Droplet Movement

Vijay Dhir

A two-dimensional liquid metal droplet moving into magnetic field gradient regions in a
vacuum space in the absence of gravity has been simulated in VOF-CSF method. The
general one-fluid VOF model for tracking free surfaces, and associated CSF model for
applying surface tension to free surfaces are formulated. The calculations show us that
the droplet encounters strong magnetohydrodynamics (MHD) drag from the field gradient
along moving path. Interaction of liquid motion with a magnetic field induces electrical
currents and Lorentz force on the droplet. The force is always to oppose the liquid motion
in both increased and decreased field conditions. More attention is given to understanding
the MHD equations and numerical resul{Ol: 10.1115/1.1637638

Department of Mechanical and Aerospace
Engineering,

University of California,

Los Angeles, CA 90095

Introduction by the finite volume scheme using a volume-of-fl(\dOF) free
surface tracking method. The VOF methfdd—13 is based on
fixed staggered grid and widely used in the free surface simula-
{.jon. The VOF method, instead of tracking free surfaces explicitly,
racks the volume fraction of fluid in each cell to avoid topologi-

| restriction which happens for most direct surface tracking

Interest in liquid metal magnetohydrodynami®dHD) arises
from the possibility of utilizing liquid metal film flows or droplet
curtains in future magnetic confined fusion for protection of soli
structures from the thermonuclear plasihh Interaction between

magnetic field and electrically conducting flow induces electric . : -
currents in the flow. Steady duct MHD flows in a uniform mag- ethod. Scardovelli and ZalesKL3] provided a comprehensive

o . nd informative review on numerical methods for tracking inter-
netic field ha_ve been well unqlerst_ood in regard to the Hartmaﬁgce and applying discontinuity conditions at the interface with
layers and side layef®,3]. Quite different from Hartmann-type

. P mphasis on VOF methods. They provided formulations from sev-
problems where the closure of induced currents is in the plaﬁ . .
perpendicular to streamwise, the currents induced by a potenﬁg?l aspects and summarized problems with VOF methods. In the

variation of velocity or magnetic field along flow direction en- esent work, the projection method is used for solving the
circle in the plane parallel to stream-wise. Some studies on thlgwer-Stokes equations. The van Leer second-order accurate con-

induction effect from velocity field variation can be found in ref- ction scheme is adopted from RIPPLH]. The split operator

- scheme from Puckett et dl14] is used for the VOF advection.
erence$2,4]. Recently, the studies by Sellers and Walkgy Gao . e i : )
et al.[6,7] and Morley et al[8] pay more attention to spatial field The dynamic conditions at free surface are numerically imple

variations due to the fact that potential field gradients exist fﬁeme.d thrpugh .”;]e\?gr;tmuu? Zur_ltz?]ce fo(ﬁlSFl) E:né)gel[lé,llﬂf
fusion environment. Now, 3-D numerical modeling and expen'- conjunction wit method. The genera model often

results in so-called spurious curreiis3,16 at neighborhood of

mental study for MHD free-surface flows in complex fusion-lik : .
magnetic environment can be found in a recent article by Morlgrg?nscu;agz féunmdoirglaccurate representation of surface tension

etal. [9]; interim reports are available on website

; . Some advantages of this case are listed in the following re-
www.fusion.ucla.edu/apex, where the works by Neil Morley et a|, : .
are more-closely abouFt) the liquid metal MHDy. A 2-D mo}éelinipeds‘ One is that we do not need to concern boundary condi-

with focus on the field gradient can be found in the dissertation v'élohrésr; 'tl'hhee cﬁ%:?tgtargof/zg(jilr??/gézgrf X%'; n?nettzgda%(;zi Qeo torfnr?]tgzr_
G?h[el%ﬁrpose of this study is to improve our understanding ﬁftic field and gravity field, the solution is known, but calculation
the field gradient induction effect through simulations of drople crhséunig ?nsgﬁl]i C:esr? SE‘:;”L??;E gfg;g:iggﬁcw;:ﬁ t&%gu?rigﬁl

movement in field gradient regions in a 2-D regime. The droplet ?Sovement. For a MHD droplet moving in a field gradient region,

given an initial uniform velocity in the absence of gravity. Withou A . ;
magnetic field, the droplet simply moves like a solid ball at hre electromagnetic force is the only external force acting on the

constant velocity. However, when a magnetic field gradient is a oplet. Changing the magnetic conditions, we should be able to

. . . - ; ee easily the corresponding changes. From these simulation re-
plied along its moving path, complex interaction between mag- - : e s
netic field and flow field makes it too difficult for us to obtain an ults at various properly designed magnetic field conditions, we

analytical solution to the seemingly simple droplet movement. fFn understand the MHD effect to some extent.

the case here, the numerical simulation is a useful tool to undet- . .

standing physical principles because we can concentrate on %%vernlng Equations

factor, but experimental settlement is difficult or impossible. The velocity field V=(u,v,0) and the del operator V

Moreover, the experimental results are often the visualization &f(d/dx,d/dy,0) are considered two-dimensional in the x-y plane.

all physical principles. The applied magnetic field,=(0,0B[x,y,t]) is aligned in the
We choose to simulate the time-dependent governing equatigngirection and can in general vary both temporally and spatially

in the x-y plane. The field gradient interacts with liquid metal

*Corresponding author e-mail: donghong@seas.ucla.edu; mail: Mechanical dRPtion, producing electrical currents and thereby the Lorentz

Aerospace Engineering Dept., 43-133 Engineering 1V, University of California Loforce in X-y plang2]. The induced currents in turn build their own

Angeles, Los Angeles, CA 90095. magnetic fieldB;, which is also aligned in z-direction. We actu-
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[6,10] (other variants of this infinite and/or axisymmetric 2-D 0.01
model can be seen [18]). In a VOF model, two immiscible fluids

in the computational area are considered, and interfaces, or free
surfaces, are no longer grid boundaries. The surface tension terrg ]
at an interface is transformed to a volume foFcg which is only = |

non-zero within a limited thickness of interface region. The scalar
field f is defined to denote the volume fraction of the fluid whose
dynamics we really want to know. THeollows fluid motion and 0
satisfies the advection equation. Therefore, in a VOF method, the
incompressible liquid metal flow is described by the time-

dependent electromagnetic induction equat[@®, momentum Fig. 1 Droplet movement in the absence of magnetic field and

0 0.01 X (m) 0.02 0.03

equation, mass conservation, and VOF advedtidn13: gravity
BB‘+(V V)B,= 'y ( ! VB) (V-V)B Ba 1)
ot " pm loe @ gt n=(n,,n,)=-Vf, A=n/n| (10)
Vv 1 1 1 ,
—+(V-V)V=—=Vp+=V-(2uD)+ =Fg, . n 1| n2 on,
at P P P K:(V'n):*W WV |n\f(V~n) Z*W Wﬁx
1
+ —(VXBz)B,z, 2 2
p,um( iZ)By @) nxny(ﬂnx &) ny any dn, any 1)
V.v=0, 3) [n2\dy x| |nj2dy oIx dy
of The VOF advection equation, E(), is adopted from Puckett
— 4V (fV)—fV-V=0, (4) et al.[14]. As indicated by Scardovelli and ZalegKi3], the VOF
ot advection equation can not be differentiated as we do to a general

whereD is the strain-rate tensd;; = 1/2(9;u; + 4;u;), p the pres- partial differential equation, such as Navier-Stokes equation. Ac-
sure, anc, u, oe, 1y are respectively density, dynamic viscositytually, it is only well-defined in integrals, expressing the volume
u, electrical conductivityr,, magnetic permeability. The,, can (mas$ conservation during interfacefree-surfacg advection.

be considered to be constant for non-ferromagnetic material. Thieerefore, an approximate free-surface needs to be constructed
gravity is set to zero here in order to highlight the MHD effectfrom the volume fraction data when we solve Ed). Here, a

The properties of the mixture are estimated by the voluméurvy free-surface is represented as segment straight lines. A line

weighted average of two fluids: function is determined by its slope and intersection length in its
local x-y coordinates with the origin at cell center. The slope is
p=tp1+(1=F)p, (3)  obtained from surface normaland the intersection is determined
w=Ffu (1 u,, (6) by the volume fraction of liquid in the cefland the slope. More
details about implementation of the VOF model and verification
ge=foe 1t (1—-F)oey, (7)  for the numerical scheme are available in Rgf€,17]. The com-

For the free-surface flows in vacuum or light-gas surrounding, tiéitation time step is controlled by parameters such as velocity,
dynamics of this side can be ignored, and a two-fluid VOF modgHrface tension, viscosity and mesh size, and encoded in the code.
is simplified to one-fluid/void model wheyg,, u,, o, are zero. The most time-consuming part is the solving of the pressure Pois-
As a matter of factB; is very small(about 104 times the SON equation, which is done by using the LU factorization solver
applied field as will be shown in the calculatiorfsr the liquid 'esiding in ESSL and IMSL math library on RS/6000 cluster

metal MHD. Its real role is to represent induced current derjsitymachines.

because of: . .
UxBS Results and Discussion
X Bz S L - .
i= = (8) The liquid Lithium droplet is given the initial velocity 1 m/s to
Hm move into several different field gradient regions in a vacuum

The B; contours function as streamlines of induced currents. Tis®ace without gravity. The velocity is chosen to easily show MHD
induction equation, Eq(1), reveals that the source term of in-effect since the intensity of induced currents increases with mov-
duced magnetic fieldelectrical currentscomes from the spatial ing velocity. The computational area is 3 cm in x-direction and 1
or temporal variation of the applied magnetic field; it does ndm in y-direction, the grid number is 120 in x-axis and 40 in
depend at all on the absolute value of applied field. The induct¥eixis. The droplet originally sits &0.5 cm, 0.5 cm

currents are also transported by diffusion and convection as inThe ordinary droplet in the absence of magnetic field is first
general transport equation. The induced currents are confinedc@iculated. The positions and shapes of the droplet at a series of
liquid flow, in other wordsj,=0. The condition is interpreted asmoments are shown in Fig. 1. The solution is well agreed with our
B;=Constant along free-surfaces, and thasis set to zero for expectation that the ordinary droplet moves in vacuum at the con-
convenience in calculations. stant speed.

The surface tension is taken into account by incorporating aThe droplet is then shot into a field gradient region between
volume forceFg, into the momentum equations. At an interface=[1,1.5] cm, where the magnetic field linearly increases from
the normal stress is balanced by capillary force, and the sh@&fo atx=1cmto 1 T atx=1.5cm.B, is zero inx<<1 cm, and
stress vanishes for the liquid with constant properties. The volurfgmains 1 T aftexx>1.5cm. The field gradient is 200 T/m in
force F, is defined in the VOF-CSF mod§gl1,13,15. x-direction, which is a very large gradient. The droplet movement

is modified by induced electromagnetic force as shown in Fig. 2.
Fo =0k VI, ©) Here and in the following, the applied magnetic field gradient
where is the surface tension coefficient, ards the curvature region is marked by the two vertical lines. It is apparent that the
of surface. The relation shows th&t, is concentrated on inter- droplet has moved much shorter distance than the ordinary droplet
face regions; away from interfaces it is zero dueVtb=0. The in 25 ms. It encounters opposition so-called MHD drag. For better
interface characteristic values: the outward normand curva- understanding the MHD drag, contours of the induced fig;ldre
ture k, are calculated as: shown in Fig. 3. The magnitude &; decreases with the depth
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Fig. 2 Droplet movement in the field increasing fromO0Tto 1 T
at x=[1,1.5] cm Fig. 4 Droplet movement in the field increasing from0Tto2 T

at x=[1,2] cm

into center with the biggestB(i,»,=0) at the outermost surface.
As state by Eq(8), the B; contours reflect the electrical currentFig. 4. The droplet almost does not change position after 20 ms,
field. The strength of a current field is indicated by the density diut it indeed changes the shape. This behavior implies the velocity
contour lines. The currents encircle clockwise following the drogield is not zero everywhere like a solid ball. There must be rela-
let shape, and thus the resultant electromagnetic force pressestitree velocities between different parts of fluid inside the droplet.
droplet into inside. But the force is not uniformly distributed du@his can be confirmed from the contours®f shown in Fig. 5,
to the spatially varying field. In an increased field region, thehere the non-co-centerd®| contours occur. In contrast, at the
backward electromagnetic force acting on the front-half is largeeginning when the droplet has dominant forward velocity and
than the forward force acting on the rear-half, resulting in theegligible relative velocity, thé; contours are co-centered. The
MHD drag effect. The droplet is also squeezed into the elongatprbblem of spurious velocity fielfiL6] due to the CSF represen-
shape as shown in Fig. 2 for=10 ms. tation of surface tension may contribute to the oscillation at the
The strength of induced currents is proportional to the magrstopping state. But the relative velocity field is also dictated by
tude of velocity field. This can be seen from the decreasing mirphysics in the case here. The spurious velocity problem is more
mum value ofB;, i.e., Biy, in the figure, as the movement isdifficult to identify because of the complex coupling between ve-
slowed down. When the droplet still has dominant forwardecity field and magnetic field. Popinet and Zalegké] pointed
moving velocity, the electrical currents should close co-centeredit the spurious velocity may cause computational difficulty, but
as shown byB; contours in Fig. 3, According to induction E(l), we did not encounter any numerical convergence problem for this
the source of generating currents is located inside the field gradierk. This may be due to the one-fluid model so that the coeffi-
ent region. After the droplet comes out of field gradient region, @ients of discretized pressure Poisson equation are adjusted to
will keep moving at the velocity obtained at the end of field grayield zero pressure in void side.
dient region, but the shape may change because the relative veFhe increased and decreased field gradients put same resistance
locity is already generated inside the droplet. on the droplet movement. The droplet is put in the opposite mag-
As the field gradient region is elongated to 1 cm, the dropleietic field distribution, wherd3, decreases from 2 T to zero in
with the initial velocity may be stopped by MHD drag as shown ix=[1,2] cm, andB,=2 T atx<1cm, B,=0 atx>2cm. The
result is shown in Fig. 6. Comparing with the preceding case with
increased field, we see the very similar deceleration of movement

0.01 T e e from the decreased field region. A little difference is that the drop-
" =5 . ] let here is decelerated slightly faster than the preceding one. This
t=oms g!m:()s 6E-4 is caused by the larger absolute value of applied field here around
[ Ymin = 7 S x=1. At the same velocity field and same field gradient, the in-
> . 1 duction equation model states that the same magnitude currents
r 2064 ~a4E4 ] except current directions will be induced, but the electromagnetic
[ force generated by the cross product of induced current and mag-
0 i | S S PR | S
0 0.01 X 0.02 0.03
0.01 amanay T 0.01 r————r—r—r— T | B
[ - _ ' [ t=10ms Bi =0
t=10ms 1,..“;_04 3E4 ~ Bi_,, =-42E-4
> &
/ - b -3.2E-4
LIE4 324 [ 14
0 L - L NI S TS VPSS S S L i b ] 0 ....... | P S S S S S Lo P
0 0.01 X 0.02 0.03 0 001 m) 0.02 0.03
0.01 . - 0.0t T ..,,. —
- ’ ' - F t=25ms e = 8.2E-5
t=20ms e =0 1 [ --49E-5
=-8.1E-5 1 0 -1.6E-5
> 1 ; (E Et— 1.7E-5
yd ~~ 4.9E-5
F 2.08-5 SiEs | -3.9E-5
o” ------ PRI BT P FENEP ) Y “ P 0 ‘‘‘‘‘‘‘‘ ;- i bk — i
0 0.01 X 0.02 0.03 0 0.01 (m) 0. 02 0.03
Fig. 3 B; contours for the droplet in field increasing from 0 T Fig. 5 B; contours for the droplet in field increasing from 0 T
tolTat x=[1,1.5]cm to2 Tat x=[1,2] cm
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Y (m)

........

Fig. 6 Droplet movement in the field decreasingfro m2TtoO0 T at x=[1,2] cm

netic field is proportionally larger for the larger field, resulting in
larger drag at beginning of the course. The induced currents at 10

t=10ms ] ms are illustrated in Fig. 7, and it is shown that B)és nearly the
Bi. =3.6E-4 | counterpart of thé3; in Fig. 5. TheB; here in the decreased field
Bi =0 1 represents counterclockwise currents instead of clockwise currents
2.7E-4

0.01

Y (m)

1 in an increased fieldBi . Bimin=3.6E—4 here is a little bit
S1ES : : smaller tharBi,,.,—Bi,in=4.2E— 4 for the last case because at 10
R by ] ms, the droplet already moves slower than the droplet in the last
X (m) 0.02 0.03 case. .

As another example to see the same MHD drag from increased
field and decreased field, we have computed the droplet move-
ments in the magnetic field increasing frorl T to 1 T in the
region ofx=[1,2], and in the field decreasing from 1 Ttol T
in the same region. The only difference for the two conditions is
the direction of field gradient. The results are shown in Figs. 8 and
9. The positions and shapes of the droplet at a series of moments
0.01 —————r— are nearly the same for these two conditions,

(= 2 ] All the above cases have the field gradient 200 T/m. To clearly
] show that the MHD drag is more than linearly related to field
] gradient, the movement of the droplet in the magnetic field which
1 linearly increases from O T to 1 T in the regionxf[1,2] cm is

P N TR SR T WS |
0 0.01

Fig. 7 B, contours at 10 ms for field decreasingfro m2TtoO0T
at x=[1,2] cm

Y (m)

] shown in Fig. 10. Compared with Fig. 4, it is shown that in this
C [TBaar=IT . . ]‘3§=|1LT : smaller field gradient the droplet encounters much less resistance
o 0.01 0.02 0.03 so that it can come through the field gradient region. .Indeed, from

: X (m) ’ our understanding of preceding results shown in Figs. 2 and 3,

strength of induced currents is linearly proportional to the magni-

Fig. 8 Droplet movement in the field increasing from  —1Ttol tyde of field gradient, and MHD drag magnitude is quadratic to

Tat x=[1,2]cm the increase of field gradient.

Conclusions
0.01 We have calculated the 2-[x-y) liquid metal droplet move-

t= 2 1 ment in different magnetic field gradient conditions. A VOF-CSF
] numerical method is used to deal with free-surfaces advection and
1 application of discontinuity conditions at free surfaces. The basic
numerical model and a 2-D MHD model have been presented. The

Ba=-1T results point to the field gradient opposition effect on liquid metal
JBadT>-1 T movement. Interaction of liquid metal motion with the field gra-
X (m) 0.02 0.03 dient induces electrical currents, thereby creating Lorentz force on
the droplet. The strength of induced current field is proportional to
field gradient magnitude and velocity magnitude, but independent
of the absolute value of field. Due to the spatial field gradient, the
backward electromagnetic force is always larger than the forward
force in both increased field and decreased field conditions, caus-
ing the MHD drag from field gradient along moving direction.

Y (m)

Fig. 9 Droplet movement in the field decreasing fro m 1 T to
—1Tat x=[1,2] cm

0.0t ol . 150 . The drag increases quadratically with the increase of field gradi-
1 ! ° ' 25ms ent. The MHD drag decelerates the droplet and may stop it, plac-
Tt 1 ing cautions for possible engineering applications.
o AN |
[ Ba=0T Ba=1T ]
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o . Skudarmo Double-Species Slurry Flow in a
" cxur | Horizontal Pipeline

M. A. Ebadian Slurry transport experiments were performed with five double-species slurries composed
of glass beads and water. The double-species glass beads were various combinations of
Hemispheric Center for Environmental beads having two widely different densities and three narrow particle size distributions.
Technology, Pressure gradients for double-species slurries were compared to those for individual
Florida International University, components at the same solids volume concentrations. Effect of mean particle diameter on
10555 W. Flagler St., EC 2100, pressure gradient of double-species slurry in the pipe was studied. Experiments were
Miami, FL 33174 performed in a horizontal pipe flow loop of 23 mm internal diameter. Obtained data are

useful for pipeline systems design and also valuable for verification of numerical simula-
tions of the slurry flows[DOI: 10.1115/1.1637925

1 Introduction 1. The loop is constructed out of 25 mm O.®D. D =23 mm)
}ainless steel circular tubing. The slurry is circulated in the loop
iron ore, mineral concentrates, ore tailings, and sewage slu iér?aglsgzggﬁl dl\r/li\%ZE-?rﬁ:qgggghillssgjrG%-Etlérpgoﬁ?clgfgsgp\{;ﬂtgﬁk
[1,2]. In many of these applications, transported slurries are COHlp loop is also equipped with a heat exchanger and constant

plex multi-species mixtures containing solids with different den- .
sities and particle sizes. In the past, most of the theoretical :E? perature bath to maintain slurry temperature constant. There

. . . ; ; : are two K-type thermocouples installed near the loop inlet and
expermdwental StIUd'es dealt wgg_g]nl?_/ Ismgli-speuez slurrlels_ SUSUtlet to measure slurry temperature. The loop is 17 m long and
as sand- or coal-water mixtur ; little is known about multi- "
species slurries. Several multi-species slurries were testethF two 130D flow development sections followed by pressure

Saskatchewan Research Courf@l|5]: however, tested slurries drop measurement sections. The length of the flow development

e L : : ections was chosen to ensure that the flow is fully developed
were ver ific in composition to simulate uranium or nr% . . o
ere very specific in composition to simulate uranium ore, and when it enters the measurement section; minimum flow develop-

systematic study was undertaken to stud_y the effec_t of individu &nt section should be at least BO[1,12]. Pressure drops in the
gcr)]mplgase]n(tjs onl ove(;all Slurry Eransportatlon éoropertles.h Roco & 158 D horizontal straight measurement sections of the flow
00 eveloped a space/time averaged approach to moge ) . .
multi-species slurry flow numerically, but their model was onl o0p are measured with Rosemount 3051 differential pressure
tested for coal-water slurry with coal particles having diﬁererﬁ

densities in the narrow range of 1310 kd/to 1730 kg/mi. Sev-

Pipeline systems are widely used in the transportation of co3

ansmitters. The volume and mass flow rates as well as slurry
ensity are measured with a Micro Motion T-100 Coriolis mass
: . . .- 2="  flow meter. The pressure transmitters, the thermocouples, and the
eral studies were dedicated to the effect of particle size in sing 5w meter are connected to a National Instruments data acquisi-
spepies slurries on pipe!ine roW—ll]; thesg sIurrjes contained tion system, which is controlled by a LabView program. The data
solids of the same density but different particle sizes. In Contragcquisition system allows simultaneous measurement of pressure

the effect of particle size in multi-species slurry with solids o radients, mass and volume flow rates, and slurry temperature.
different densities is unknown. Th

Th t desi £ pineli ¢ based on the studi same LabView program is used to calculate solids volume
_'he current design of pipelin€ systems based on the SWdAIeS8h-antration in the slurry from known solids and liquid densities
single-component slurries causes substantial limitation of saf

and efficiency. Thus, there is a significant need to study mul |-¥d measured slurry density:

species slurry transportation in order to build a scientific basis for
better pipeline system design in the future. c Psi— Pi )

For this paper, we studied double-species slurries composed of Y ope—p
well-characterized spherical glass beads of various mean particle

diameters and densities. Pressure gradient in a pipe versus flowne experimental procedure for each test run consists of the
velocity relationships for several double-species slurries wefgowing. First, the supply tank is filled with carrier fluigvates,
m_easured experimentally m_the_honzontal plpellne flow loop. Ol the pump is started. Next, while water is circulating in the
tained data are useful for pipeline systems design and also valys, 4t a flow velocity well above the stationary bed velocity, the
able for verification of numerical simulations of the slurry flowsygigs are gradually introduced into the loop through the supply

since the solid particles of the tested slurries are spherical k, and the slurry concentration is monitored with the Coriolis

closely sized. mass flow meter. The solids are added until the desired slurry
concentration is reached. The slurry then is allowed to circulate in

2 Experimental Facility the loop for some time to obtain homogeneous solids distribution.

The pressure gradient measurements are taken with a stepwise
2.1 Flow Loop. Measurements of slurry transport characterdecrease of the flow rate from the maximum flow rate to the
istics were performed in a flow loop of a closed tyath mix-  minimum. The flow rate is controlled by the rotation rate of the
ture returning from the loop directly into a pump inlethe sche- pump.
matic diagram of the flow loop used in this study is shown in Fig. It was estimated that the accuracy of the flow velocity measure-
ments is+ 5% 10" 2 m/s; that of the slurry density is 2.0 kg/n?;
*Corresponding author: Phone: 305-348-1596; Fax: 305-348-1852; e-mand that of the pressure gradient 350 Pa/m. The roughness
lin@hcet fiu.edu value of the flow loop tubing was determined experimentally to be

Contributed by the fluids Engineering Division for publication in tleJBNAL f ;
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division32 pm. The flow IOOp was calibrated by performlng clear water

November 11, 2002; revised manuscript received September 11, 2003. Assocl&8'S- C_omparison of measure_c! pressure g_radients for water with
Editor: S. L. Ceccio. predictions of Wood’§13] empirical correlation from Eq(2) for
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from Potters Industries Intand from Flex-o-Light. These glass
beads were of two different densities (2490 k§/mand
4200 kg/n?) and three different mean particle diamet€ré0 um,

Differenlial 260 um, and 530um). Out of five double-species mixtures, three
Pressure M . . . ..
Transmilter dPZ | Flow Develogment Section = had solids of the same mean particle size but different densities,

while the other two had solids with different mean particle sizes
) and different densities. Detailed properties of solid component of
all double-species slurries are summarized in Table 1.

3 Results

Canirifugal Differantial
Pump Pressure
Tramamifiar dF1

3.1 Comparison of Double-Species and Single-Species
Fig. 1 The schematic diagram of the flow loop Slurries. Prior to our experiments with double-species slurries,
we performed tests with single-species slurries consisting of each
individual component of the double-species slurries. Single-
) ) . ) o species results are reported in detail elsewh&dé In this section
turbulent flow in a pipe with a rough wall is shown in Fig. 2Z.ye compare double-species slurry transport characteristics with

Good agreement between our measurements and Wood's corri@se of individual components of each slurry at the same solids
tion indicates that the results obtained in the flow loop are relpiume concentrations.

able:
0.205 3.1.1 Double-Species Slurries Consisting of Particles of the
+0 13{ E) Same Mean Diameter but of Different Densitie&.irst, we con-
' D)’ sider double-species slurries consisting of particles of the same
044 0134 mean diametgr but of different densities. Figures 3-5 shqw the
. and c=1 62‘(3 @) pressure gradient versus flow velocity curves for such slurries for
' D three different mean diameters. These figures confirm that the
o . ) pressure gradient curve for a double-species slurry is always be-
2.2 Slurry Characterization. In this study five double- tyeen the curves for its individual components. However, double-
species slurries were used. The solid component of the slurrgep%cies curves are not exactly in the middle between the single-
was glass spheres, and the carrier fluid was water. The doublgacies curves, which indicates that the pressure gradient of
species mixtures were 50% by 50% by volume mixtures of twgoyple-species slurry is not the average of the pressure drops of
different kinds of glass spheres. The glass spheres were obtaiygflidual components. To illustrate the difference between
double-species and the average between the single-species slurries
more clearly, we fitted all our experimental data with second-order

D

f=a+b-Re °, wherea= 0.002% —

bZZZ(B

7000 polynomials and then created difference curves between pressure
] ® Water (Experiment) gradient for double-species slurries and average pressure gradient
6000 Woodsequation with:el= S2/um for single-species slurries according to the formula:
£ 1 AP _species AP
E 5000 - % deviatior= double-species average 100% (3)
& 1 APaverage
& 40004 where AP gqupie-speciedS the pressure gradient of a double-species
K 1 slurry, andAP ,eraqeiS the average of the pressure gradients of
(5 3000 . - ge A
g single-species slurries of individual components.
£ 2000_' The results are shown in Fig. 6. On this figure, the position of
g ] the difference curve close to zero indicates that the pressure gra-
& 10004 dient of double-species slurry is close to the average of the pres-
| sure drops of individual components; the position of the difference
0 T T T . . . curve above zero indicates that the pressure gradient of double-
1.0 15 20 25 3.0 35  species slurry is closer to that of the denser compoffesi-o-
Flow Velocity, m/s
Potters Industries Inc., P.O. Box 840, Valley Forge, PA 19482-0840, USA.
Fig. 2 Comparison of experimental data for clear water flow www.pottersbeads.com
with prediction of Wood’s  [12] empirical equation 2Flex-O-Lite Inc., 125 Cassens Ct., Fenton, MO 63026, USA
Table 1 Properties of solid components of double-species slurries and test conditions.
Component
ComponentMean Particle Component  Tested solids ~ Tested Flow
Density, Diameter, Particle Size volume Velocity Range,
Components kg/m?® mm Range,um concentrations, % m/s
1. Potters P-0060 2490 140 100-150 5, 10, 15 0.7-3
2. Flex-O-Light(100/140 mesh 4200 140 100-150
1. Potters P-0120 2490 260 210-300 5, 10, 15 1-3
2. Flex-O-Light(50/70 mesh 4200 260 210-300
1. Potters P-0230 2490 530 430-600 5, 10 0.7-3
2. Flex-O-Light(30/40 mesh 4200 530 430-600
A. Potters P-0060 2490 140 100-150 5,10 1-3
B. Flex-O-Light (30/40 mesh 4200 530 430-600
C. Potters P-0230 2490 530 430-600 5, 10, 15 0.7-3
D. Flex-O-Light(100/140 mesh 4200 140 100-150
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Fig. 3 Comparison of pressure gradients of double-species
slurry with single-species slurries. Mean particle diameter 140
pm: a) C,=5%; b) C,=10%; c) C,=15%
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Fig. 4 Comparison of pressure gradients of double-species

slurry with

pm: a) C,=

single-species slurries Mean particle diameter 260
5%; b) C,=10%; c) C,=15%

Light), and the position of the difference curve below zero indiabove the average of the pressure drops of individual components,
cates that the pressure gradient of double-species slurry is closer, closer to the pressure gradient of deri&éex-o-light slurry.

to that of the less dense componé¢Rbtters.

However,

when the concentration increases, the double-species

Figure 6 shows that for a mean particle diameter of addand slurry pressure gradient becomes very close to the average pres-
5% concentration, the double-species slurry pressure gradiensise gradient of individual components.

Journal of Fluids Engineering

JANUARY 2004, Vol. 126 / 127

Downloaded 03 Jun 2010 to 171.66.16.153. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



9000 ¢, =5% 10_- Mean particle diameter 140 um
1 Mean Particle Diameter d =530 um i C 5%
8000+ _g— gingle-species (Potters p = 2490 kg/m’) % 8 C"_1 02/
1 —@— Single-species (Flex-o-Light p = 4200 kg/ms) g 1 T T EIe
£ 70004 _a— Double-species (Potters + F-o-L) a 6 Ttte CV=1 5%
3 | ]
2 6000 A E 44
E &y -
5 5000- § 27
i 1 © 0 -
O 4000 = [ ==Tgrzooa=—==r
S
S 1 - 24
@ 3000+ /Af e * :
g 1 Aﬁ v -4
2 2000 P 1
" -6
1000- 8
T T T T T T T T T T 1
0.5 1.0 15 20 25 3.0 T T T T T T T T T
. 1.0 15 2.0 2.5 3.0
a) Flow Velocity, m/s a)

Flow Velocity, m/s

9000+ ¢, =10% .
1 Mean Particle Diameter d_ =530 pm 10 Mean particle diameter 260 um
8000 | —m— Single-species \ 4 * C =5%

(Potters p = 2490 kg/m’) . o CV—1 0%
7000 -| —e— Single-species : Uis
(Flex-o-Light p = 4200 kg/m®
- 6000 - —A— Double-species

Pa/m

o
D
o
o
>
©
"q:'; (Potters + F-o-L) /A} s 4
5 5000- e T 2l
8 ; ye o |
S 2000 o B 0
- B g ]
@ 3000- & . S -2
o ) /./ S 1
2 2000 " 4]
J -6
1000 ]
Y T Y T Y T Y T Y T 1 -8
0.5 1.0 15 20 2.5 3.0
T T T T T T T T T
b) Flow Velocity, m/s b) 1.0 15 2,0 2.5 3.0
) ) ) ) Flow Velocity, m/s
Fig. 5 Comparison of pressure gradients of double-species
slurry with single-species slurries. Mean particle diameter 530 :
pm: a) C,=5%; b) C,=10% 10 Mean particle diameter 530 um
o ol C =5%
o ] \---C=10%
o N
For a mean particle diameter of 26@m, the 5% and 15% & 6'_ %
concentration slurries display pressure gradients above the ax E 4] S o
age of the pressure drops of individual components, while ti ,g ! TR e -
10% slurry has pressure gradients below the average of individi 3 2+ B
components, except for flow velocities below 1.25 m/s. Thus, 2 \
contrast to smaller particles slurry, thay,=260um double- 'S ] o
species slurry pressure gradient does not become close to the $ 2
erage pressure gradient of individual components with the increi a2 1
ing concentration. -4
For still larger mean particle diameter of 530n slurry and -6-.
C,=5% and 10%, the double-species slurry pressure gradient |
above the average of the pressure drops of individual componet -8+
However, forC,=5%, this is true only for flow velocities below T T T T T T T d T
2.5 m/s; for higher flow velocities, the double-species slurry pre ¢ 1.0 1.5 20 25 3.0
sure gradient is below the average. Flow Velocity, m/s

3.1.2 Double-Species Slurries Consisting of Particles of Difig. 6 Difference between pressure gradients for single- and
ferent Mean Diameters and Different DensitiesSecond, we con- double-species slurries:  a) d,=140 um; b) d,,=260 um; c)
sider double-species slurries consisting of particles of differeflit;=530 um
mean diameters and different densities. Figures 7 and 8 show the
pressure gradient versus flow velocity curves for slurries cortarge particles having low densityComponent € mixed with
posed of such particles. Figure 7 shows pressure gradients fogsraall particles of higher densitfComponent . Both figures
slurry composed of small particles having low dengiBompo- show that, as for double-species slurries with particles of the same
nent A mixed with large particles of higher densif€¢omponent mean diameter, the pressure gradient curve for double-species
B). Figure 8 shows pressure gradients for a slurry composed shiirry is always between the curves for its individual components.
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Fig. 7 Comparison of pressure gradients of double-species
slurry with single-species slurries Slurry composed of dm 9000 -
=140 um, p=2490 kg/m?® and d,,=530 um, p=4200 kg/m? par-
ticles: a) C,=5%; b) C,=10%

C,=15%

8000 - °
. /
£ 7000
The difference curves between pressure gradient for doubh,;_\‘I 1
species slurries and average pressure gradient for single-speca 6000 1 / A
slurries of individual components are shown in Fig. 9. Figure% ] /
9(a) shows that for the slurry composed of small particles havm("’ 5000'_ A
low density mixed with large particles of higher density, pressur«s 4000 4 ~
/I

gradients are below the average pressure gradient of individu@ ] "
components and closer to that of Component A, exceptCior ﬁ 3000
=5% slurry for flow velocities above 2.25 m/s for which the @ { 7 .
effect is opposite. Figure ®) shows that for the slurry composed & 2000 = —®—Potters: d, =530 um, p = 2490 kg/m"
of large particles having low density mixed with small particles of ] _Z: FIEXG-LIGHI: 8= 14QILIT, j-=4200 kgl
higher density, folC,=5% the pressure gradients are above the 1000 s=&—=Denplcssperies (Patlers + FlexolLight)
average and closer to that of Component D; @&r=10% the 05 10 15 20 25 30
pressure gradients for flow velocities below 1.5 m/s and abov ¢)
2.25 m/s are above the average; for other flow velocities, th
pressure gradients are below the average, an€Cfer15% the Fig. 8 Comparison of pressure gradients of double-species
pressure gradients are below the average. slurry with single-species slurries Slurry composed of dn

In general, for most of the slurries tested, the difference curvess30 um, p=2490 kg/m® and d,,=140 um, p=4200 kg/m? par-
have parabolic shape with a minimum at flow velocity betweetitles: a) C,=5%; b) C,=10%; c) C,=15%
1.75 and 2 m/s. The pressure gradient for double-species slurries
composed of particles of the same size but different densities lecomes above the average for high flow velocities. Similar be-
haves similarly for all tested slurries. This pressure gradient ligvior is observed for double-species slurry composed of Compo-
above the average pressure gradient of individual components fients C and D. The double-species slurry composed of Compo-
low flow velocities, goes through a minimum for intermediat@ents A and B displays different behavior for different solids
velocities going below the average for some slurries, and agaoncentrations: ForC,=10%, it behaves similarly to other

Flow Velocity, m/s
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Fig. 9 Difference between pressure gradients for single- and
double-species slurries:  a) Slurry composed of d,,=140 um
(p=2490 kg/m®) and d,,=530 um (p=4200 kg/m?®) particles; b)
Slurry composed of d,,=530 um (p=2490 kg/m®) and d,,
=140 um (p=4200 kg/m?®) particles

The maximum deviation of double-species slurry pressure gra-
dient from the average pressure gradient of individual components
is about 10% and is always found at the lowest studied flow ve-
locities. Thus, for practical applications, the pressure gradient of a
double-species slurry can be approximateithin 10% accuracy
as the average pressure gradient of individual components at the
same solids volume concentrations.

3.2 Particle Size Effect. The effect of the solid particle
mean diameter on the pressure gradient-flow velocity relationship
for double-species slurry was studied by comparing the data ob-
tained for three slurries each composed of particles of the same
mean diameter. Studied mean particle diameters were y0
260 um, and 530um. Pressure gradient-flow velocity relation-
ships for these slurries are compared in Fig. 10 for the three solids
volume concentrations a@,=5, 10, and 15%. The figure shows
that with the increase of the mean particle diameter, the pressure
gradient for low flow velocities increases, while for high flow
velocities, it decreases. Similar behavior was observed for single-
species slurries composed of the same part[dlék If linear fit is
used for pressure gradient data, the slope of fitted lineC{or
=5% and 10% decreases almost linearly with the mean particle
diameter as shown in Fig. 11. Figure 11 also shows that the
change in the slope of pressure gradient curves due to mean par-
ticle diameter is higher fo€,=10% than it is for 5%. The avail-
able data on Fig. 1@) suggest that the change in slopeGyt
=15% should be even higher than at 10%. Thus, the change in
slope of pressure gradient curves due to change of mean particle
diameter is increasing with solids volume concentration in the
slurry. For all three concentrations tested, pressure gradient curves
intersect at approximately the same point. This point shifts in the
direction of higher velocities as slurry concentration increases
from 5% to 10%.

4 Numerical Modeling

Detailed model description and modeling result are presented in
a separate papdi5]. Only brief model description and some
results are presented in this section for comparison and discussion
purposes.

Eulerian Granular MultiphaséEGM) model [16] was em-
ployed to model double-species slurry flow numerically. In this
model momentum and continuity equations are solved for each
phase, and a single pressure is shared by all phases. Coupling is
achieved through the pressure and interface exchange coefficients.
The multiphase flow is described as an inter-penetrating con-
tinuum using the concept of phasic volume fractions. Volume
fractions represent the space occupied by each phase, and the laws
of conservation of mass and momentum are satisfied by each

double-species slurries, while fay,=5%, its pressure gradient is phase individually. EGM model was used in conjunction vkita
below average for low flow velocity and increases with flow veturbulence model to simulate slurry flow in circular pipe. The 3-D
locity until it becomes higher than average for velocities abowylindrical computational domain was used in the model with di-

2.25 m/s.

mensions corresponding to those of the flow loop tubing.

The fact that the pressure gradient of double-species slurry igFigure 12 compares pressure gradient predicted by the EGM
not the average of the pressure drops of individual componef@®del and measured experimentally for double-species slurry

indicates that there is an interaction between the components tih d,=140um andC,=15%. As seen from the figure, pre-
contributes to the overall pressure gradient. As indicated by Figlicted pressure gradient curve has the same shape as the experi-
6 and 9, this interaction is dependent on flow velocity, particl@ental one; however, the numerical model under-predicts pressure
size, and solids concentration and thus is quite complex. For slgfadient observed in the experiment. Possible reasons for this dis-
ries composed of particles of the same size but different densitRigpancy are that interface exchange coefficients used in the
(Fig. 6), in most of the cases double-species slurry pressure graodel are not capturing all the interactions between different
dient is higher than the average pressure gradient indicating tRhgses and that the wall function and roughness constant used in
denser component probably contributes more to the overall prée turbulence model were developed for single-phase flow and
sure gradient. For double-species slurries consisting of particlese®y need modification for multiphase system.

different mean diameters and different densitigig. 9), the trend
is more complex with several cases of double-species slurry pres- .
sure gradient below the average pressure gradient. These c eSConcIusmns

may be an object of future studies of identifying combinations of Slurry transport experiments were performed with five double-
slurry components that would produce lower pressure gradiesgecies slurries composed of various combinations of glass beads
when pumped though a pipe. with two widely different densities and three narrow particle size
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distributions. Pressure gradients for double-species slurries weg ]
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The effect of mean particle diameter on pressure gradient ¢ ] . T : T . T . T . .
double-species slurry in the pipe was studied. It was found that tt 0.5 1.0 15 20 25 3.0
pressure gradient curve for double-species slurry is always b Flow Velocity, m/s
)

tween the curves for individual components. However, double-

species curves are not exactly in the middle between the singt®y. 12 Comparison of pressure gradient predicted by the
species curves but exhibit complex behavior depending on meaBM model and measured experimentally for double-species
particle diameters of individual components. For practical appkturry with d,, =140 um and C,=15%
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0il Sands Slurry Flow in Flexible
Pipe

Production cost and efficiency optimization for the Athabasca oil sands is a key to secur-
ing North America’s energy supply. Current oil sands production cost is about $13/bbl
compared with $1.25/bbl for conventional crude oil. The effort to reduce production cost
must focus on truck haulage because it contributes the dominant component of the pro-
duction cost of about 26%. Toward this objective, hydraulic transportation has become a
competitive means for materials handling. There is a desire to extend the hydraulic trans-
port system to production faces using mobile train of flexible pipelines to optimize the
system efficiency and cost. This flexible arrangement introduces a unique set of hydraulic
transport problems, which must be addressed through rigorous modeling and analysis.
This paper provides multiphase oil sand slurry models in flexible pipelines. New math-
ematical models are developed to characterize the multi-phase flow of oil sands slurry.
The models combine the effects of dispersed particles and the carrier continuous phases.
The coupled equations of each field are solved numerically for flexible pipe configuration.
The models yield the productivity and deliverability of bitumen slurry between two mine
facilities. The flexible arrangement allows modeling in elbow-type joint at different angles
and in conventional linear pipelines, enabling adaptation of pipelines to various mine
outlays. Numerical examples are presented to show the applicability of the new model and
to ascertain optimum operational conditions of the flexible pipes in mine layouts.
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Introduction into elbow-type configuration is that, this type of configuration

. . . . allows for the adaptation of the transport line to different mine
Frimpong et al[1] presented a detailed review of slurry flow iNavouts P P

pipes. They al_so presented the mechanics of 0|_I sanc_js slu_rry 'ﬂo hangirwa et al[2] observed that the most rigorous approach
in a flexible pipeline system termed grand articulating pipeling modeling slurry flow is to model the dispersed and continuous
(GAP). The GAP system is made up of pipelines connected tghases as distinct, separate interacting continua, such that the con-
gether with flexible joints in each pipe sections. This allows deinua have their properties including velocity concentration and
flection, thereby avoiding the torsional stress from the adjoiningressure fields. The work presented here uses the FlexRite pipe-
frames. They consider the problem as a single-phase flow modéate arrangement for comprehensive modeling and analysis. The
ing of slurry in flexible pipe in one-dimension. Changirwa et almain objectives include mathematical modeling of the multi-
[2] presented details of different flexible pipe arrangement beigase slurry through the flexible pipelines. Numerical models ex-
considered by Syncrude Canada Limited. This study deals wiiples are also presented to ascertain optimum operational con-
one of the options recommended by Changirwa ef2].that is, ditions for flexible pipes, when used in the design of hydraulic
the use of FlexRite flexible pipeline. transportation system in a oil sands mine layout.

FlexRite provides alternate way of slurry conveyance in a flex-
ible pipe arrangement. With FlexRite, the p!pellr_le_ can span SV ihomatical Modeling Assumptions
eral meters without any need for any flexible joints. The flow ) ] o ) ) )
across the FlexRite pipeline can change in any direction due to thel Ne basic assumptions underlining the equations described in
flexible nature of the pipeline system. This change in flow diredDis section are:
tion at the bend points should be investigated to determine its1, Multiphase flow of incompressible and immiscible phases
effect on throughput. In considering slurry mixture flow in(water, oil, and solid phasgsThe solid(sand particlesphase is
FlexRite pipes, many interactions can take place. The flexible pigispersed or suspended and carried continuously in the slurry mix-
can bend to a maximum angle of 60 deg. The material contenttafe. The presence of trapped air is neglected.
the flexible pipe enables this bending characteristic. FlexRite2. Uniform distribution of phases through the pipelif®mo-
pipes are more flexible than conventional steel pipes and provig@neous ) )
maximum bending with smooth flow of materials. Two types of 3. Sand particles are dispersed and do not settle at the bottom
particles/mixtures impingement can occur includifig straight /ong the pipe length to form stationary bed. These conditions are
horizontal flexible pipe andii) bend (from 0 deg to 60 deg de- not quite rigid and the particles’ behavior can change intermit-

flection) flexible pipe. These two types of pipe configurations ar‘?ntly between settling and non-settling. For an average size of

considered in this paper. Direct impingement occurs in the beﬁand particles, there IS a tendency for the solids in the slurry
mixture to settle. Centrifugal pumps create adequate energy to

configuration while ra”d°fn Impingement oceurs in the hor'z,omglnsure that the conveying velocity is above the settling velocity to
arrangement as reported in Edward ef3].and illustrated in Fig. maintain operational stabilitj4].

1. The advantage of investigating flexible pipe that might result 4 Density of each phase is constant and different from the
density of other phases.

*Corresponding author. o o o 5. Velocity for each phase is assumed constant over the whole
Contributed by the Fluids Engineering Division for publication in ticeJBNAL reaion
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division 9 " . . . .
Dec. 6, 2002; revised manuscript received Sept. 21, 2003. Associate Editor:6- Pip€ wall shear stress is constant irrespective of the phase in

D. Siginer. contact with the pipe surface.

Journal of Fluids Engineering Copyright © 2004 by ASME JANUARY 2004, Vol. 126 / 133

Downloaded 03 Jun 2010 to 171.66.16.153. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Direct Random Impingement

1a: Direct and random impingement mechanisms

LEGEND

D = pipe Diameter

I = elbow {bend) radius of curvature
r« = inside radius of pipe

ro = outside radius of pipe

[ @ = 28 — 90 = incllnation of pipe length (L+ or Ls) to the horlzontaIJ

h = distance from pipe wall inside (elbow) = D/2
B = elbow {bend) angle, has maximum value of 60° a: Upward-Downward Flow Pattern

-
1b: Nemenclature of elbow-type configuration in Flexible pipe
Flow 1 1 l [ SN Y S S

b: Conventional Horizontal Flow

z

Fig. 1 Impingement and Nomenclature in Flexible Pipes
(Sources: Edwards et al., 2001 )

7. Hot water and bitumen are the continuous immiscible
phases. This assumption is quite reasonable because hot water
reduces bitumen viscosity to a continuous viscous fluid.

8. Bitumen temperature is assumed approximately constant
through the pipe length.

9. Average sizes of sand particles are less than 2 inches. Fig. 2 Pipe Flow Configuration

10. Mixture properties: Solid particlegdensity of 2650
Kg/m®), bitumen (API<10 deg and density of 995 Kgfnand
water/hot wateldensity of 1000 Kg/m), [5—6].

11. The slurry mixture flow is continuous from one end to the
other end. D S

12. Flow can be horizontal or inclined depending on the flex- dz A '° A
ible pipe bend angle.

13. Laminar or turbulent flow. +(1=0s=Ae)peaVeal + - - -

+9-sinf[gspst (1—0s—02)pcat (1—0s— A1) ezl
Continuity Equation 7

Considering the elemental portion of the pipe in Fi)1three |n Eq. (7), P is the pressure in the mixture at a given point in the
possible flow directions are axial, radial and tangential. Axial flowross-section at axial position, To is the wall shear stress at a
is considered in this study. Radial and tangential flows can pgint around the peripher§ For round or circular cross-section,

neglected since they are often very small. The flow between t"?:%quals 4D and D is the pipe diamete is the total volumetric

ends of the pipeline can be modeled with the continuity and m@a,y rate of the mixturep is the densityg is the acceleration due
mentum equations, which give the conservation of mass bet""%”gravity, ¢ is the pipe inclination angleA is the pipe cross

- X &¥ctional area, the subscripts and other terms are as previously
point aI_ong the pipes. Th‘?. two ends must be conljec_ted bydéfined, all in Sl units. From Eq4), j is given by EQq.(8) or
streamline where the conditions are known. The continuity equdy (9):

tion for the control volume of solid particles and two continuous

¢: Downward-Upward Flow Pattern

dP S Qd
d_z[quSVS+(17QS7QC2)p01VCl

phases can be written as followa]: J=A=[0spst (1= 0s—dc2)pc1t (1—0s—dc)pca]l  (8)
%4_ aqsvszo (1) A=0spst A=At A (9)
o 2 Ne=0c1Pc1 1 e2Pc2 (10)
s 9 _
— et 2 (1705 G Ver + (105~ Ge)Ved) =0 (2) As=0ers ()
) V=V + Ve (12)
Z_J: (3) Hence, Eq(7) becomes:
z }

] dP S Qd )
J :qSVS+(1_qS_qCZ)VC1+(1_qS_qu)VCZ (4) E: K7'0+ Kd_z[)\svs+)\cvc]+g'sm 0()\s+)\c) (13)
0=0st et =1 () The problem associated with solving Eqg) or (13) is that de-

Ue=0c1+ Ucp (6) tailed information on the local mass flux, velocity, and density is

seldom available. Data on the profiles of these variables through
The definitions of all the variables are given in the nomenclaturthe pipeline is required. The profiles depend on the phase, their
physical properties, and the pipe geometry. The unknown vari-
Momentum Equation ables, which are functions of positionthrough the pipe cross-

a section arep;, V;, andq;. Based on the assumptions given pre-
Considering axial flow direction, the momentum equation caviously, these reduce t@;s(dc1; ,dcoi »dsi) -

be written in the form presented by Hewitt and Hall-Tay[8t in As shown in Figs. @), 2(b), and Zc), the flexible pipeline can
Eq. (7): be in upward-downward modépositive), horizontal (conven-
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tional) mode, or downward-upward dissipation moghegative. AQs  +Bgs=C; i=123..n (31)

The inclination angles for the downward and upward sections are e '

the same. In Figs.(@) and Zc), the equations above are solved aEquation(31) is a system of linear equation that can be solved by
the discretized intervals up to the upward or downward point feack-substitution method based on the boundary conditions speci-
investigate the effects at the bend ends. The results are then uéed above. In Eq(31):

as input for the downward or upward sections. By combining Egs.

(1) to (6) with Egs. (7) or (13), solutions are obtained for the A= (10psVs ™ 0pcVe) (32)
possible downward and upward flow patterns through the flexible Bi=(70pVe— MopVs+ psd-Sin 6+ p.g-sin 6) (33)
pipeline. Various solution maps for the deliverability are generated g
at every point along the pipe length. Ci=-— ( (d_‘;) +peg-sind+ 9, (34)
i
Numerical Scheme and Solution WOZ_AQA (35)
z
Equation(13) was solved for all variables to give deliverability
and performance at any point along the pipe especially at the bent S
points at various geometrical orientations as given or formulated M= To (36)
below. Boundary and initial conditions are:
) . D P
Q(0)=Q(z=0 to L) (14) ro=z( - 5) —<pc+ps>gsine) (37)
i
Pinien="Po 19 Eor practical field applications, the expressioaP(dz),, in Eq.
IP oP (37) can be neglected along the pipe length at any point in the
9z =\ %7 (16) pipe wall, because it is always small when compared with the
(inlet) 0 expression, f.+ ps)g sin 6, that is:
ps(z=0)=ps(z=0 to L)=ps 17) ( )g'si ((ﬂ:)) (38)
pctps)gSing>| —
per(2=0)=pcy(2=0 1o L)=pcy (18) T 9z},
pea(2=0)=pea(z=0 to L)=pe, (19) Hence, Eq(37), becomes:
—0)— _ _ D .
V¢(z=0)=V¢z=0 to L)=V (20) TO:Z(—(chrps)g)smﬁ (39)
V.1(z=0)=v(z=0 to L)=V 21
el J=val )= Ve 1) The coefficients of the unknown terms can be obtained from the
Veo(z=0)=v¢(z=0 to L)=V, (22) given initial and boundary conditions. Pressure gradient values are
only specified at the inlet and outlet. Hence the pressure gradient
0c1(z=0)=0c1 (23)  values must be known at least in either of those points. As a rule,
Qea(z=0)=q (24) whenever the pressure is specified at any point in the bounglary,
c2 c2 must be specified too at that point for the system of equations to
as(z=0)=qs (25) be solvable. Alternatively, if thes's are given at the boundaries,

. . the pressure gradient values must be known at the boundaries
The vectork, the average momentum flux density, can be writtegiherwise the matrix will be ill-conditioned. In the numerical ex-

as: amples given below, the characteristics of the flexible pipe, such

k=pOVe+ pe(1— oV (26) as the range of diameter, elbow angle, etc. and other flow proper-
stsTs e se ties and parameters, used as input are within the operational limits
gc=1—0q (27) of the flexible pipe.

Substituting Eq(26) into Eq. (13) leads to: . . . .
ubstituting Eqi(26) in O_ a. (13) leads to Numerical Examples of Slurry Flow in Flexible Pipe
dP S Qd System

—=— 7yt —— Vet po(1—q9)V
dz AT A dZ[quS strell=aV] The mathematical models are applied to solve a real-world

. slurry flow problem in a flexible pipe system. The mathematical

+9-Sin0(qsps (1 0s)pe) (28) models are translated into computer simulation codes using MS-

With the assumptions of constant density and velocity for eadtxcel. Table 1 contains the input data for the computer simulation

phase, Eq(28) gives: models. The computer models are used to examine three critical

. areas of the flexible pipe flow, which affect the flow efficiency.

dP S Q das d These areas include variations ([ the elbow anglefii) pipe
az_ ATt APy +p°VCd_z(1_q$) diameter; andiii) low and high elbow angles. The results from

) these experiments are discussed below.

+9-sind(gsps+(1—0s)pe) (29)
Hence, with the known boundary and initial conditions, E29) Numerical Results and Discussion
can be discretized and solved using finite difference approxima-

tion, resulting in a system of linear equations as follows: Elbow Angle Variation. Table 1 contains the input data to the

simulator. These are based on field data as well as on experience

dP S Q ds,,,~ s de, ., A, from field observations. In this example, the effect of varying the
FERN Tot+ y psVs A +pcVe A +g elbow angle on the flow pattern is considered. The angle is varied
z z z from O to 60 deg at an increment of 10 deg and the outputs of the
-siNB(gs ps+(1—Qs ) pe) (30) simulator are shown graphically in Figs. 3 and 4. The results show
' ' that as the elbow angle increases the fraction volume of the solid
Equation(30) can be rearranged as: phase along the pipe length decreases. The decrements are less far
Journal of Fluids Engineering JANUARY 2004, Vol. 126 / 135
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Table 1 Input Data

La 50.00 m Ofirst-upward 11.20 deg Q; 120.00 ni/s Veo 9.60 m/s
Ly 50.00 m Range of3 0-50.60 deg To —337.21 N/m Vg 70.80 m/s
Biirst-upward 50.60 deg 7 —485,200.18 Nm® P(0) 1,400.00 N/MA Az 5.00 m
Po 995 kg/n? S 26.67 m? D 0.1524 n A 0.02 nt
Ps 2,650 kg/m s inlet 0.59 n 10 dP/dZey) 1,000 N/m
Pw 1,000 kg/mi Ofirst-downward 11.20 deg A 39.60 m/s dP/dg ey 700 N/m
,Bfirst»downward 50.60 deg

away from the elbow joints and more rapid or abrupt at the elbofrom Fig. 5 is that the pipe diameter of about 3 ft gives the best or
corner. On the other hand, as the elbow angle increases, the \agtimum deliverability of the solid and the continuous phases.
ume fraction of the combined mixture of the continuous phas@sis is because this is the diameter at which the fractional con-
increases. Again such increments are less noticeable far aveaytration of the solid phase and the combined continuous phase
from the elbow joints and more noticeable at the elbow corner esmained fairly uniform.

shown in Fig. 4. These observed phenomena can be attributed t . .
the fact that the continuous phase mixture has lower specific grav-%IOW at Low and High Elbow Angles. For this example,

ity and generally required less energy per unit volume to movaput values are the same a??sthose of Table 1 but the flow rate
through the flexible pipeline than the solid phase. Also, as can K&lueés vary from 100 to 1351fs and the elbow angles of 30 deg

seen in Figs. 3 and 4, the Equilibrium State of the elbow angle can
be ascertained. This equilibrium position falls in the 30 to 40
ranges. In this interval, reasonable fractional volumes of they,
phases are being delivered through the pipes at optimized cor
tions. Hence for practical field design, flexible pipe operatior
should be design to fall in such elbow configuration ranges
majority of the mines’ layout.

Pipe Diameter Variation. The total flow, elbow angle, and ¢
other parameters are kept constant while the diameter is varig
Because the diameter varigh,also vary. That isQ is constant §
while Q/A changes. The pipe diameter was varied from about 0=
ft to 11 ft. The input data are the same as those in Table 1, exc®
that the elbow angle is kept constant at 35 deg for each of the pi 4
diameters. The results are shown in Fig. 5. From the figure, ge
erally, the distribution ofjs follows the pipe shape. The distribu-
tion of g remains fairly constant at lower values of diameter. A
the diameter increaseg, reduces along the pipe length until the
bent points where; rises till the end of the pipe. Ultimately at the .
pipe endgs is much higher at higher values of the diameter. Thi e 20 w 600 00 1000 1200
shows that the higher pipe diameter, the higher the quantity of t z(m)
solid phase that will be delivered eventually although less quantity ) ) .
is being transported at the first half of the pipe. Another deduction Fig. 3 Plotof g  Profile (Elbow Angle Variation )

0.6
05 -
0 R i T Ty mvlorracamatie i 3060544844444 H4RHRLRRARRRRLS RSO 00000 00014 44RRRKR KRR KR RRERRRRRRREARARRRRRRRRRRRL SRS BB OB OS 1000
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S p values
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| ——0Deg .
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30 Deg
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—+—50Deg
—+—50.6 Deg
0.0 . T T : . : . T : ' .
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Fig. 4 Plot of q . Profile (Elbow Angle Variation )
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(low) and 60 deghigh) were considered as indicated in Figs. € onclusion
and 7. Figure 6 shows the variation of the total flow rate with N th tical del developed f deling th
along the pipe length. The valuesayfincrease along the pipe for ew mathematical modeis areé developed for modeling he
each of the total flow rate values investigated. But as the total fldwlt"phase .ﬂOW of oil sand s_Iu_rry in a erX|_bIe plp(_ellne train. The
rate increases reduces. This can be attributed to the low elboduations yield the productivity and deliverability of bitumen
joint angle. This low angle contributes negatively to the soli@urry between two mine facilities. The models combined the ef-
phase throughput along the pipe length. On the other hand, at hf§Rts of dispersed particles and the carrier continuous phases as
elbow angle of 60 deg, as the total flow rate increases,qthe OPPosed to the single-phase assumptions. The flexible arrange-
values increase along the pipe length. This is due to the positif#nt allows modeling in elbow-type joint at different angles and
contribution of the elbow angle. From these, it can be conclud&a conventional linear pipelines, enabling adaptation of pipelines
that a high elbow angle favors a high percentage of the solid phdeevarious mine outlays. Numerical results show that the optimum
transportation through the pipeline while a low elbow angle favoedbow angle for the effective oilsand slurry delivery is about 30 to
transportation of a higher percentage of the continuous phasest0 deg. A pipe diameter of about 3 ft was found to be adequate for

0.90
Total flow rate values /
0.85 —e— 100 cumis / ; ’
= 105 cumis . -
— 4—-110cumis » X
0.80 { —o—115 cumis . A&
—x—120cumis A
—e—125cumis . A /
T —— 130 cum/s . S -
.§ 0.75 1 A’/_/
B p-30" L :
£ i
& 070 1 ’
0.65
0.60 .}0
0.0 200 400 60.0 80.0 100.0 120.0
z(m)
Fig. 6 Plot of g, Profile (Total Flow Rate Variation at Low Elbow Angle )
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Fig. 7 Plot of g Profile (Total Flow Rate Variation at High Elbow Angle )

optimized bitumen delivery under the model assumptions, al- Vg = average velocity ofj

though other pipe diameters can be used. High elbow angle gives z

a higher deliverability of the solid phase while a low elbow angle
favors a higher deliverability of the continuous phases. In addi-
tion, maintaining a higher ratio of the inlet to outlet pressure gra-
dient was found to be fairly appropriate for continuous phase
deliverability.

Nomenclature (Units are in SI Units) R

A = the pipe cross sectional area

D = the pipe diameter

g = the acceleration due to gravity

j = the volume-averaged velocity

k = the average momentum flux density

P = the pressure in the mixture at a given point in the
cross-section at axial position,

g = the total volume fraction of all phases

gd. = the total volume fraction of the two continuous
phaseqwater and bitumen
dc1 = the volume fraction of water
gc2 = the volume fraction of oilbitumen
gs = the total volume fraction of the solid particles
Q = the total volumetric flow rate of the mixture
S = 4/D, (For round or circular cross-sectipn
V. = velocity of the first continuous phaseatep
V¢, = velocity of the second continuous phasd)

138 / Vol. 126, JANUARY 2004
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axial position along the pipe

p = density

0 = pipe inclination angle

7, = wall shear stress at a point around the periph8ry,
Ni = Qijp;, i=solid phase or continuous pha&sl or water
or mixture of both
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Flow Through a Finite Packed Bed
of Spheres: A Note on the Limit of
agnes montiet | Applicability of the Forchheimer-

Laboratoire de Génie des Procedés appliqués a -
I'Environnement et 'Agroalimentaire, Tvp E q t
CR.T.T, Bd de I'Universite, BP 406-44602 e u a I 0 n
Saint-Nazaire Cedex-France

e-mail: montill@crttsn.univ-nantes.fr The variation of the pressure drop measured as a function of the fluid velocity through a
packed bed of spheres is presented and discussed in the range of particle Reynolds
number 36-1500. Based on previous studies, the observed limit of validity of the so-called
Forchheimer law may be attributed to the concomitant effects of the finite character of the
tested bed and of the transition of flow regime which is marking the beginning of the fully
developed turbulent flow regime. The limit of validity of the Forchheimer-type law was
formerly noticed by several authorfDOI: 10.1115/1.1637928

1 Introduction 2 Experimental Variation of the Pressure Drop During

Numerous experimental and theoretical studies have been cli¢ Flow Through a Bed of Spheres

ducted on single phase flow through porous meQia. Since the well- ¢ Experimental Details. An experimental apparatus was

known works of Darcy or Forchheimer, in particular, many eXequipped in order to study the pressure drop in the transition do-
perimental studies have focused on the pressure drop variatiom@sin between the unsteady laminar flow regime and the turbulent
a function of the fluid velocity. In the early years, between 193flow regime. The choice of the equipment was based on previous
and 1950, a great amount of interesting experimental data weaverks by Seguin et al.5,6] who studied the flow regime transi-

gathered and published. These data were mostly discussed onti@s in packed beds of various particles using electrochemical
basis of an empirical dimensional analysis and analogies wépécroprobes. In packed beds of 5 mm diameter spheres, the au-
suggested with flow through tubes and singularities. More recdfPrs observed a significant change of the fluctuating rate of the

experimental works, based on various experimental te(:hniquggrrent intensity, TFi, measured at the_probes for a particle Rey-
. . ) riglds number, Rgy, close to 100. This step was analyzed as
have focused mainly on proposing a more refined cartography

; : - rking the end of the purely laminar flow regime. The quick
flow regimes. In the mean time, theoretical works developed difiation of TFi was followed by a slow increase of the fluctuating

ferent approaches to the way of modeling the pressure drop. Thge of the velocity gradient, TFs, and then by its stabilization.
main features of this cartography, i.e. the different flow regimeshis stabilization was explained as an effect of the establishment
are now generally accepted: the Darcy regime, the steady nafi-a fully turbulent flow. Statistically, the stabilization of TFs at
linear laminar flow regime, the unsteady laminar flow regime arttie different microprobes is not observed for the same value of
the unsteady and chaotic flow regirhg], also called turbulent Réy:. The authors suggest that the turbulent flow can be consid-
flow regime. ered as fully established in the bed when the stabilization of TFs is
The present objective of this paper is to examine and discuained at 90% of the microprobes, i.e. for Re-530.

the pressure drop evolution in the transition domain of the flo Based on these rgsuIFs, experiments were conducted in a bed,
regime which occurs between the unsteady laminar flow regirﬁie geometry of which is the same as that of the bed used by

and the turbulent flow regime. This point still remains obscurg 94" et al[5,6]. A cylindrical column was filled with identical

i . - glass beadémean diameter g,=4.92 mm). The bed diameter, D,
Kuwahara et al[2] observe that experimental works dealing wit s 60 mm and its total height is 160 mm. The overall porosity,

this particular transition domain are few and suggest that this r§g-g 367, The static specific surface area of the spheres, avs, cal-
sition is probably difficult to observe in practice. Theoretical studsjated per volume of spheres, is 1220 mAccording to Zou and

ies which are modeling the pressure drop in this transition domajg [7], the geometry meets expectations considering the thickness
are basically relying on two recent experimental works: that @fffects. The flow of demineralized water was studied over a range
Fand et al[3] and that of Kececioglu and Jiad]. The problem of velocities corresponding to a Rg range of 30-1500. The

is that these two references are not in accordance with each ottiéficulty of the experiments consisted in measuring the pressure
concerning the localization of this transition domain and that thrdop in the same thickness of the bed with an acceptable accuracy
localization of such a transition cannot be identified solely frori the above whole range of Rg. Therefore, the pressure drop
the evolution of the pressure drop. In this paper, a new set of di(@s measured in the same central part of the bed, 30 mm in
is presented, obtained from an experimental apparatus especiligkness, using a membrane pressure-mefeita bar 0-25
designed for the study of the flow in the expected transition zoffPar, Hendress & Hauseras well as inclined and straight

between the unsteady laminar flow regime and the turbulent ﬂo%\imanog‘etﬁ;& TV\1° _?entrif_u?al P‘:jmps were "used.dC;neh\_/vis
regime. Then the localization of this transition is discussed. equipped with a velocily variator and 1S especially used for hig
flow rates. Suitable electro-magnetic flow-meters were used, de-

pending on the flow rate valu@ecMag DN15 and PicoMag DMI
6530 DN4, Hendress & HauseiThe experimental set-up is de-
Contributed by the Fluids Engineering Division for publication in ticeJBNAL picted in Fig 1. The measurement uncertainty of the different
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division T

March 27, 2001; revised manuscript received June 23, 2003. Associate Edifdi@nometers is given in Fig. 2. According tq the manufacturer, the
L. Mondy. measurement uncertainty of the flow ratestis%. Measurements
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This phenomenon has already been observed in the past. The lim-
ited validity of Eq.(1) was reported early on by Carmg®|, who
mentioned a few works in which the phenomenon was noticed.
Carman suggested using an equation allowing the calculation of a
30 mm Blake function where Rg,has a power of 0.1. Later, Rop&0—

12] proposed an empirical equation of the form:

2 . AP dyoq 1000 60

30 mm

160 mm =f(e + +12 (2
30 mm H puo? R&art (R
where f is a modified friction factor ands) is an empirical func-
. tion of the porosity, the value of which is 1 fe=0.4. Using an
arbitrary value of 1.294 for(£), this equation is in keeping with
V our data as can be seen in Fig. 4. The mean relative scatter be-
e tween the experimental data and Eg). is 1.7%:
n
Fig. 1 Schematic diagram of the experimental apparatus. On ERM= lz |(AP/H)measure6F(AP/H)caIculaleJi @)
the right: the packed bed. (the test section is the delimited by n<i (AP/H)measured
the two central pressure taps ). On the left: the experimental
device. FI: electromagnetic flow meter, TI: temperature probe In Fig. 4, some other recent experimental data from Wahyudi
(Pt 100), TC: temperature controller. [13] are presented which also concern a packed bed of 5 mm

diameter glass beads. The bed diameter is laf@® mmn), the

ratio D/d,, is 20 and the wall effects are generally considered to

be negligible for this value of the ratio in the Forchheimer regime.
were made after ensuring that a complete saturation of the bedthe limit of validity of the Forchheimer law is also noteworthy,
the fluid was achieved. The reproducibility of measurements wagen though the author has not mentioned it in his work.
verified by setting the flow rate in a random order. As much as Then, the equation of a capillary-type mod@omiti and
possible, some ranges of velocities were covered with two of tiRenaud[14]) is added in Fig. 4. In this model, a capillary-type
above-mentioned devices, so as to verify their reliability. The temepresentation of the flow in a tortuous model pore is made. The
perature was usually correctly regulated, except for highest flgwessure drop is expressed as the sum of two terms; the resulting
rates. Thus, the temperature was systematically read and encaijuiation is a Forchheimer-type equation. The first term of the
tered in the calculations. The data are presented in a dimensionlgggiel accounts for the wall friction in the pore and at the bed
form or converted to a single temperature if a presentation of thgll, while the second considers the energy loss due to flow di-
pressure drop versus the superficial velocity is needed. rection variation. The constants a and b of EL. are obtained
using the Poiseuille law and the Nikuradsee friction coefficient

2.2 Experimental Results. In Fig. 3, data are presented in a velv. Th d | ¢ Il eff h
dimensionless form as a function of Re Knowing that for respectively. The second term also accounts for wall effects. Eac

Re,,,>30 conditions are beyond the Darcy regifé, if the so- term of the equation of the mode_l is given as a functio_n_ of three
callgd Forchheimer lagequation 1 was valid in the whole range structural parameters: the porosity, the dynamic specific surface

of tested Rgyq, a linear variation of the experimental data shoul rltlaa(avd),dar’!dh the tortuosity). Tho'l.s mociljel hfas bﬁeg SUC_CTSS' .
be observed which is not the case. ully tested with various porous media made of packed particles o

various shapes or synthetic foams. It can be used in the permeam-
etry technique in order to determine avd andlrhe equation of

§ ~avot buo® (1)  the model has been used in Fig. 4 in order to predict the pressure
drop, using aveFavs andr=1.44. According to Fig. 4, the equa-
tion of the model is showing a discrepancy with experimental data
for a velocity greater than 0.12 m’ i.e. for R~ 580.

Pressure drop expressed as The equation of the Forchheimer-type proposed by Fand et al.
a column of water (cm) [3] for the turbulent flow regime is presented in Fig. 4. It is not
. closer to the experimental data than the Comiti and Renaud
T | i T 7 model.
| 25 3 4 78 In Fig. 5, the modified friction factor defined in E) is pre-

sented as a function of Bg. In this figure the discrepancy be-
tween the capillary-type model appears in a more significant way
beyond Rg,#~600. In this representation, the limit of f predicted
< > by the model when the particle Reynolds number tends to the
0*10/ 0:1‘V infinite is 20. It is 25% greater than that calculated from the em-
e . pirical Eqg.(2). An example of the variation of the fluctuation rate
: E of the velocity gradient, TFs, measured by Seduif] at a mi-

[ .Inclined manometer l croprobe located in a packed bed of spheres, is presented in Fig. 5.

‘e ; > As can be noticed, the relative stabilization of TFs coincides with

: © the appearance of the discrepancy between the modified friction

2.5% 0. A’ factor predicted by the capillary-type model and the experimental

: data.
| Straight U-manometer 3 Discussion
< > The progressive evolution of the pressure drop from the Darcy
339 1.4% 0.13% regime to the laminar flow regime is generally described with the
’ ' Darcy law and then with a Forchheimer-type equatigg. (1)) in
Fig. 2 Schematic diagram of the measurement uncertainty of which the constant a is taken as equal to the single constant of the
the different manometers used in this work Darcy law. In the particle Reynolds number range 30—-1500, about
140 / Vol. 126, JANUARY 2004 Transactions of the ASME
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Fig. 3 Experimental data expressed in a dimensionless form

the regime transition presently studied, we saw that the pressiiteey show that beyond Bg=400 the influence of the wall ef-

drop can be correctly described with an empirical equation of tliects is not negligible and that it tends to affect the pressure by a

form: factor lower than 1, whereas under Re=400, the wall effects
affect the pressure drop by a factor greater than 1. As expected,
f a e e ) for a given Reynolds number, the influence of the wall effect
Reyart R, decreases with the Djg ratio, but this influence is difficult to

evaluate at large Reynolds numbers for R/e> 10 due to a lack

with 6=1/2. In this equation, the consta@tcannot be calculated of information. The great difficulty of implementing experiments
from the quadratic term of the Ergun equation nor from that of thg these zones must be emphasized. At this stage of the investiga-
model of Comiti and Renaud4]. As a matter of fact, the value of tions, it cannot be excluded that the finite character of tested beds
the friction coefficient which is used in the model of Comiti angnay be an explanation or a partial explanation to the limit of

Renaud for the calculation of the constant of the quadratic termyiglidity of the Forchheimer-type equation.

too high beyond Rg,~500—600. This coefficient could be cor- |n the empirical Eq(4), a third term has been introduced by
rected in order to integrate the natural variation of the mOdIflqdose, where the particle Reynolds number appears at the power
friction factor. Thus, the classical equations proposed for the1/2. To our knowledge, the value of this exponent has no theo-
Forchheimer-Darcy regime cannot be properly used in theigtical explanation. We have tried to optimize its value as well as

present state to predict the pressure drop at higher particle Rgyose of3 and y while fixing « and calculating it from the model

nolds numbers. Moreover, the experimental pressure drop is lowsgrComiti and Renaud14]. The following correlating equation
than that predicted by classical models and it seems difficult {@as then found:

give a physical explanation to this phenomenon.

Rose and Rizk16] present an interesting set of curves showing 1410 45
the variation of wall effects for beds of spherical materials. These f= R +16+ ——= (5)
curves are partly based on experimental data and on calculations. Epart Ré&par

4,5E+05
©  experimental data, present work 4'
4,0E+05 o
O experimental data (spheres 5 mm), [ y
Wahyudi (1998) A A
0 3,5E+05 - = * * Comiti and Renaud model (1989) Ay
:?l 3,0E+05 Eq. (2) from Rose (1945)
w Fand et al. (1987)
£~ 2,5E+H05
E
é 2,0E+05
=
= 1,5E+05
<
1,0E+05
5,0E+04
0,0E+00 - , .
0 0,05 0,1 0,15 0,2 0,25 0,3 0,35

Uo (m/s) at 20°C

Fig. 4 Comparison of experimental data with different predictive equations
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Fig. 5 Evolution of the modified friction factor as a function of the particle Reynolds number. Comparison with the
variation of the fluctuation rate of the velocity gradient measured at a microprobe inside a similar packed bed by Seguin
(1997).

It fits the experimental data with a low value of the mean relativeioglu and Jiand4] which is Rg,~25. Moreover, in these two
scatter, ERM=2.0%. papers, the transition is presented, from the point of view of pres-

f

If the original Eq.(2) of Rose is considered again, a way ofsure drop fitting, as the succession of two different Forchheimer
using it as a predictive equation can be to propose a correlatitygpe-laws. One may notice that in these two papers, the transition
equation for f=) which would also take into account for the effectdomain is determined on the simple basis of the observation of the
of the D/g,: ratio. This function is now designated aspressure drop evolution. A change of slope in the pressure drop
f(e,Dldya . Using the present experimental data, that of Wahyuevolution does not prove that the turbulent regime has been
[13] and the fitting equations of the six experimental sets of datehieved. Seguifil5] has noticed that in the assumed domain of
from Fand et al[3], the following equation has been found: the fully developed turbulent regime, most spectral representa-
o017 tions of the velocity gradient fluctuation present-&/3 slope,
i) _oosd 2| (iz® (6) Vhich is not the case in the laminar flow regime nor in the tran-
& Opar) Opar &3 sition domain. This slope value is characteristic of a turbulent and
) ) probably isotropic flowf17] in the vicinity of the microprobe.
The mean relative errors between the experimental data and the
calculated ones are given in Table 1. This is an attempt to propose .
a general predictive equation but, obviously, more sets of experi- Conclusion
mental data are needed to confirm its usefulness. The objective of this paper was to discuss a remaining obscure
As observed above, the so-called Forchheimer law loses #@spect of single phase flow through porous media: the pressure
validity beyond Rg,+~500-600. This phenomenon coincideslrop evolution in the flow regime transition ranging from the end
with the establishment of a fully developed turbulent regime in thaf the unsteady laminar flow to the establishment of a fully devel-
whole bed as observed by Seguin et[él.in a bed of the same oped turbulent regime. An experiment was carefully conducted in
geometry. This is in contradiction with the laminar/turbulent trana packed bed of spheres. The pressure drop was measured in a
sition domain proposed in the cartography of Fand €t3dwhich  large range of the particle Reynolds numi@d—1500. The evo-
is comprised in the Rg,range 80-120. This is also in contradic-ution of the pressure drop pointed out a limit of the validity of the
tion with the transition domain proposed more recently by Kec&orchheimer-type equation which confirms the experimental ob-

Table 1 Mean relative errors between experimental data of f and values calculated from Egs.

(2) and (6)
System:
Author(s) d (mm) e D/dpar Range of Rgy ERM (%)
Fand et al(1987 [3] 2 0.357 41.3 3.4
3 0.360 28.2 4.0
4 0.359 215 120-440 7.9
3.69 (mixed spheres 0.348 23.5 6.7
3.27 (mixed spheres 0.344 26.4 5.1
3.3

2.76 (mixed spheres 0.342 31.4
4

Wahyudi(1998 [13] 0.392 25.2 140-905 2.7
5 0.377 19.9 140-1130 4.3
2.69 (mixed spheres 0.318 37.2 120-620 1.3
Montillet (present 5 0.367 12.2 120-1540 1.6
work)
Montillet 3.1(2 and 5 mixedl 0.327 19.3 120-450 6.9
(not published
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