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The end of 2002 brings about several changes tdthenal of Fluids EngineeringFirst, several Associate Editors have completed
their terms and new ones have joined us. | would like to express my gratitude to the departing Associate Editors, whose valuable and
thankless service is critical for the success of the Journal. Bruno Schiavello has served for two consecutive terms, and Dr. James
Bridges, Prof. George Karniadakis, Prof. Yoichiro Matsumoto, and Lisa Mondy have each completed a three-year term. Prof. Yoshinobu
Tsujimoto also competed a three-year term, but graciously accepted my request to stay on the Editorial board for another term. He will
continue providing his unique expertise, which combines applications and theoretical modeling of c@imglexphase and cavitating
turbomachinery flows.

Four new Associate Editors have joined us, and | would like to introduce and welcome them. Dr. Fernando Grinstein from the Naval
Research Laboratory is an expert in computational fluid mechanics, and has done substantial research in computations of turbulent shear
flows. Dr. Grinstein was also a primary driving force behind the special issue on applications of Large Eddy Sim{L&®nBrof.
Sivaramakrishnan Balachandar from the University of Illinois at Urbana-Champaign is an accomplished expert in applications of Direct
Numerical Simulations to modeling of heat transfer, structure and stability of wakes and boundary layers, and flows around bluff bodies.
He will join the multiphase flow group and will provide essential support for the growing number of papers involving computational
aspects in this area. Prof. Kyle Squires from Arizona State University has substantial experience in applications, Large Eddy Simula-
tions, and evaluation of associated subgrid stress models. He has also been involved in the modeling of solid-particle flows, and in
applications of CFD in separated flows. His wide range of experience will support both the extensive activity involving turbulence
modeling and the multiphase group. We are also happy to have Prof. Dennis Siginer, the Dean of Engineering at Wichita State
University, on board. He has made substantial contributions to the areas of rheology of nonlinear materials, flow and heat transfer in
non-Newtonian flows and flows in porous media. | am happy that this distinguished group has agreed to join us, and am looking forward
to working with them, taking advantage of their expertise and willingness to contribute.

Second, during 2003FE had parts of three issues dedicated to specific topics. Initiated and organized by Prof. Karniadakis, the
March issue contained eight solicited papers dedicated to uncertainty in numerical analysis. In the June issue, we presented a series of
eleven papers dealing with pump flows. These papers were selected and recommended by Dr. Adiel Guinsberg and Dr. Paul Cooper
from papers presented at a symposium on pump flows that they had organized. They also assisted us in the expedited review process.
The December issue contained a collection of papers on applications of Large Eddy Simulations. These papers were selected by Dr.
Grinstein and Prof. Karniadakis, who also oversaw the review process. It is evident that such special issues greatly enhance the quality
of the Journal, and improve the service that we provide to the community. We would like to thank our colleagues who initiated and
contributed to these efforts, and hope to continue to offer these special sections on other topics.

Third, starting from January 2003FE is being transitioned from a quartei(fpur issues per yeato a bimonthly, i.e., to six volumes
per year. The number of pages allocated to the Journal has also been increased by about 15%, enabling us to increase the number of
published papers and accommodate the increased number of submitted manuscripts.

Fourth, a primary concern is to support the authors with reliable, efficient and expedited service. In order to reduce the review time
and provide closer monitoring of the review process, ASME has developed an on-line manuscript submission and review system. This
new system has been in development and testing for several months, and has been made available for trial to several journals, including
JFE. Authors are welcomed to submit papershtip://journaltool.asme.orgffective immediately. We hope that the new journal tools
will improve the service that we provide to the authors, and that adapting to it will cause few problems. For the time being, authors are
also welcomed to submit their papers as before, either by e-mail or as hard copies. Once we get accustomed to this system, we believe
that the review process will be significantly improved and expedited.

Last but not least, | would like to express my gratitude to Mrs. Laurel Murphy, the Editorial Assist3REofs all of you who have
communicated with our office over the past few years already know, Laurel is the primary driving force that actually makes the Journal
function. In addition to managing the office, she supports several of the Associate Editors with communications/administration, helps
me in finding referees for papers with uncommon topics, reviews and helps many authors to improve the style of papers, and nags me
(as well as other people involved with the Joujnahen certain tasks need to be performed. We are lucky to have her.

Joseph Katz
Technical Editor

Journal of Fluids Engineering Copyright © 2003 by ASME JANUARY 2003, Vol. 125 / 1
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Prediction of Turbulent Flow Over
Rough Surfaces Using a Force

Jie Cui . . . .
wendra e et | F1€10 IN Large Eddy Simulation

Ching-Long Lin A force field model to simulate turbulent flow over a surface with arbitrary roughness is
described. A given roughness is decomposed into resolved and subgrid-scale roughness,

IIHR-Hydroscience and Enginesring conceptually similar to the flow decomposition in large eddy simulation (LES). For a
and Department of Mechanical Engineering, given flow and Reynolds number, a Cartesian grid is selected to satisfy LES requirements.
The University of lowa, This grid determines the geometric features of the roughness that are formally resolved.
lowa City, IA 52242-1585 The force field used to represent this resolved roughness is determined during the LES

solution process, without any empirical input. The subgrid roughness that is not resolved
is modeled by a random force distribution in which a drag coefficient is specified. Use of
this approach to model surface roughness is demonstrated by calculations of the flow in a
duct with a wavy wall with superimposed fine-grain roughness.

[DOI: 10.1115/1.1524587

1 Introduction being the drag coefficien the frontal area, and the volume of
. e cone. The cone height was generated randomly with a mean
o uent fow oer rouah suaces s ardy. o e rsear gl heuoen 15 ant 50 wal unc, an a v of 05 s b
! tggﬂbed forCq4 . The well-known effect of surface roughness in the
0

1933. Subsequently, numerous experimental studies have b o s
conducted to understand flow phenomena associated with diﬁg _arlthmlc velocity distribution was reproduced, and the authors
imed that the effect of roughness on the eddy structure was

ent types of surface roughness and parameterize their effect .
resistance, velocity distribution, and transport of heat and ma&s? simulated. However, the results depend on the chosen value

Computational fluid dynamic$CFD) has not significantly ad- of Ca-
vanced the understanding of this problem because it has rel'fd
mostly on concepts of equivalent sandgrain roughness and empiri-
cally determined roughness functions. In Reynolds-averagedThe present work is inspired by some recent LES and DNS
Navier-StokegRANS) simulations, it is common to avoid reso-computations using “body-force” or “immersed-boundary” meth-
lution of the flow in the roughness layer and wall region adjace@ds to represent very complex geometries. An example of this is
to the roughness by employing the method of wall functions. Aifie recent LES of Verzicco et dll2] who simulated the flow in a
alternative, again in the framework of RANS simulations, is thgiston-cylinder-valve assembly. The simulations were carried out
so-called discrete element approach, in which roughness due tih @ Cartesian grid with the geometry represented by a body-force
regular array of discrete two or three-dimensional elements, suigid to enforce the knowrizero or prescribedvelocity within

as ribs, cones, and hemispheres, is considered by adding a f&etid regions not occupied by the fluid. Although these and similar
drag term in the momentum equation, and under certain circuselutions were not concerned with surface roughness per se, their
stances, accounting for the blockage effect of the roughness elpproaches can be extended to develop a general and powerful
ments in the continuity equation2—7]. Patel[8] has made a model of turbulent flow over rough walls. This is the purpose of
review of such approaches. the present paper.

Recently, roughness modeling has been extended to large-eddyhe boundary body-force model of Verzicco et [l2] is at-
simulation(LES) and direct numerical simulatiofDNS). For ex- tractive for several reasons. First, an orthogonal Cartesian grid is
ample, Lin et al.[9] used LES to investigate surface roughnesg¢sed to represent complex geometry, avoiding a body-fitted
effects on flow structures in a neutrally stratified planetary bounéand/or deforminggrid. Second, the computation scheme remains
ary layer. The surface roughness treatment was similar to the wa&iimple and efficient, and does not introduce additional stability
function approach in RANS models. Although not specificalljimits. Third, there are no parameters in the model that need to be
concerned with roughness, Patton et[40] reported LES of tur- determined beforehand by reference to experimental data because
bulent flow around multiple porous windbreaks within a whedhe body force magnitude is obtained internally during the nu-
canopy under neutral stability conditions. An empirical term regnerical solution. This makes the model much more general than
resenting drag of the windbreak was added to the momentih®se involving empirical inputs. Finally, in this model, steady and
equation as in previous RANS simulations. moving boundaries can be treated in the same way, which is con-

In the DNS of turbulent channel flow by Miyake et 1], a venient for time-dependent problems.
rough wall was modeled by a distribution of zero-volume *“vir- The numerical method and decomposition of roughness into

Present Work

tual” cones. A drag forcel; per unit length of the form resolved and subgrid components are described in Section 3. Tur-
bulent flow in a channel with a wavy wall is used as an example.
d=cC Epuzﬂé Q) This flow is first simulated using the traditional approach of a

) [u| V body-fitted grid and the results are used in Section 4 to validate

the numerical method and to establish a reference to evaluate the
roughness decomposition and representation by body-force distri-
Commibuted by the Fluids Endineering Division f biication in oA bution presented in Section 5. Section 6 describes the treatment of
ontributed by the Fluids Engineering Division for publication in NAL _ : : : ;
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering DivisionI’(:'\SOIV.ed scale rothneSS’ while SeCtlo.n 7 descrlbgs modeling of
Dec. 28, 2001; revised manuscript received Aug. 6, 2002. Associate Edit&Ubgnd'rOUghness- Section 8 summarizes the major results and
T. B. Gatski. conclusions.

was added at the grid points inside these “virtual” con€s,
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3 Numerical Method and Roughness Decomposition

The three-dimensional, unsteady, incompressible, filtered conti-
nuity and Navier-Stokes equation®) and (3), respectively, are
solved with a dynamic subgrid-scale modBISM):

au;
o0 @
Xi (a) roughness decomposition
du; n J — 1 (95 (72Ui (97'”’ ot 3
PR sl L e v e var ) Al VL R

Herei=1, 2, and 3y; are the resolved velocity componensis
pressurey is kinematic viscosityf; is the body force, and

’Tij:Uin_Uin (4)

is the subgrid-scale stress representing the effect of small-scale

motions. i -
In DSM, the model coefficients are computed dynamically as (b) implementation of new force-field model

the calculation progresses rather than being prescribed a pri Ii. 1 Decomposition of arbitrary roughness and aplication

Two filters are introduced: the grid filter and the test filter. A te 3 g P fy roug PP

- ) .~ . . f body-force model

filter twice as large as the grid filter is usually chosen and is used

in this paper. By applying the test filter to the equations, the

subgrid-scale stresses on the test level, or subtest-scale stresse

can be constructed. Then subgrid-scale stresses are parameteﬁ?@ge roughness makes a_small contribution to momentum, mass
by an eddy viscosity model: and energy transport, and is expected to have common features in

various problems. This portion of the roughness is modeled fol-
&ij — = lowing the work of Miyake et al[11].
T~ 3 Tk —2CA |SIS;; (5) A Cartesian grid is used for the given roughness geoni€igy
1(b)). Although the figure shows a two-dimensional geometry,
where the basic method is applicable to any geometry. The required grid
_ will depend on the roughness configuration as well as the Rey-
|§|:(2§,§,)u2 gzl(ﬂJr %) nolds number, as is the case in all LES applications. The grid
= Fo2lax, o ax)’ should be fine enough to resolve the basic large-scale features of
. — the flow as well as the roughness. The subgrid-scale roughness not
8 is the Kronecker delta) = (Ax,AX,Ax3) ', Ax; are the mesh ocq1 ey by the chosen L%S grid is modelged as a randgm rough-
distances, an@ is a model constant. To obtain a single coefﬂuerﬁess‘ similar to the “virtual” cones in Miyake et aJ11]. The

from these independent equatiori,is assumed to remain un- : o
8 ' average length scale needs to be prescribed. This is a purely geo-
changed between these two filtef3—19. Then the model con- metric parameter and can be obtained from the roughness geom-

stantC can be determined from etry after the resolved-scale roughness is subtracted.
1 LM
C= EW (6) 4 Flow in a Wavy-Wall Channel: Test Problem
| I
Y Consider turbulent flow in a channel with plane wall on the top

and a sinusoidal wavy wall on the bottotRig. 2. The wave
profile is given by

where

Lij:Uin_Uin:j and MIJ:K2|§_|§] _A:2|§|S=i]

(double overbar represents test-scale resolved quatities be h=asin —x— — (7
directly computed from the resolved motion. A 2

The finite volume LES numerical code used here was devglnereh is the vertical height with a zero mean valuejs the
oped by Zang et a[.16]. In this method, the governing equations,aye amplitudex is the streamwise coordinate, ands the wave

in general curvilinear coordinates are discretized on a nonstagngih (Fig. 3). There is no variation in the spanwise direction
gered grid. A fractional-step method is employed and the pressure '

Poisson equation is solved with multigrid acceleration. Time
marching is semi-implicit with formal accuracy of second order in
both space and time. Zang et gl6] verified and validated the
code in various flows, including decaying vortices, lid-driven flow
in two-dimensional, three-dimensional and polar cavities, flow
over a backward-facing step, and flow in a curved square duct.
Analogous to the basic idea of LES and the dynamic subgrid-
scale model, a general approach to treat surface roughness, able to
handle arbitrary roughness, is proposed. An arbitrary roughness,
shown schematically in Fig.(4), is decomposed into two parts, a
“resolved-scale” roughness and a “subgrid-scale” roughness.
Since the large-scale roughness determines the most energetic
flow features that vary significantly from problem to problem, it is
difficult to construct a model that will work universally for all
possible roughness geometry. Here we adopt the approach of
Verzicco et al[12] for the resolved-scale roughness. The length
scale of the subgrid-scale roughness, as the name suggests, is
much smaller than that of the resolved roughness. The subgrid-  Fig. 2 Geometry of channel flow with wavy wall

2 77)
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[ 2H | and bottom walls. The friction Reynolds number for the upper
T wall Re, is around 570. In terms of wall units, the mesh spacing is
: E ESssSSics: Ax*=~27,Ay*~27, and at least 1 faAz™.

As part of a validation study of the numerical method, time and
spanwise-averaged mean streamwise velocity profiles at six rep-
resentative locations within one wave are compared with the ex-
perimental data of Buckles et &lL7] in Fig. 4. At the wave crest,
x/N=0.0 (Fig. 4(a)), the flow is attached, and experiences strong
favorable pressure gradietdcceleration following reattachment
on the previous wave. The flow accelerates rapidly in a short
distance. The numerical prediction is in good agreement with the
measurements except in a region close to the measured velocity
maximum which occurs farther from the top wall than predicted
by the LES simulation. This difference between the experiment
and simulation is seen in the profiles at all streamwise locations. It
may be due to the three-dimensional effects in the experiment in
which the channel aspect ratfwidth-to-heighj was about 12:1.

i.e., the wavy wall is two-dimensional. In the test problem, th¥ the LES calculations by Henn and SyKds], the same trend
wavelength\ is equal to the mean channel heigtit the wave Was also observed. Henn and Sykes argued that the discrepancies
steepness, @\, is 0.20, and the Reynolds numk&e), based on Ccould be due to the measurements, since up to 3% discrepancy in
the bulk velocity (U,) and half-channel height{/2), is 10,000. the integrated mass flux was reported from the data of Buckles

As noted earlier, this flow problem is first solved as in convergt al.[17]. At x/A=0.1, the LES profile shows a small negative
tional LES, using a body-fitted grid. The computational domai¢elocity indicating separation, though the experiment gives only
contains two waves in the streamwise direction. The spanwise dipitive velocities. Thus, an earlier separation is predicted by the
vertical dimensions arel. A grid with 82X 42x 66 points in the numerical method. Farther downstreamx&t=0.3, the pressure
streamwise X), spanwise ¥), and normal ) directions is shown gradient is adverse and the flow separates. The reversed flow is
in Fig. 3. The grid points are more closely spaced near the tw¢ell predicted, demonstrating success of LES in simulation of
walls, but the grid spacing in the longitudinal and spanwise diregeparated flow. Ak/\=0.5, the wave trough, flow is still sepa-
tion is uniform. rated. The reversed flow velocity is over estimated. Further down-

A mean streamwise pressure gradient is imposed to drive thigeam, the flow encounters a favorable pressure gradient, the
flow, and is carefully adjusted to obtain R&0,000. Periodic near-wall flow accelerates and wall shear stress begins to increase.
boundary conditions are imposed in the streamwise and spanwigex/\ =0.7, the uphill, the flow reattaches. The LES profile
directions, and no-slip boundary conditions are applied at the tehows a slightly negative velocity at this location while the mea-

I A |

Fig. 3 Body-fitted computational grid in the wavy channel

i " 1
00 02 04 06 08 10 00 02 04 06 08 10

(z-h)/(H+a)
(a) x/A=0.0 (b) x/A=0.1 (¢) x/A=0.3

L P IR - il T 1 i E 02 N NN i il
0.0 0.2 0.5 0.8 1.0 00 02 04 06 08 1.0 00 02 04 06 038 1.0
(d) x/A=0.5 (e) x/A=0.7 () x/A=0.9
Fig. 4 Comparisons of mean streamwise velocity profiles with experimental data at selected locations
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Table 1 Resistance in channel flow with wavy roughness

LES Solution Resistance Imposed Force
Components
Lower Boundary Upper Boundary
Direct solution Pressure Friction
with surface-fitted 0.0415 0.00076 0.0067
grid
Total: 0.0489 0.049
Lower Boundary Upper Boundary
Resolved-scale Pressure Friction
roughness
and body-force 0.0416 0.00064 0.007
Total: 0.0492 0.049
Lower Boundary Upper Boundary
Sub-grid-scale Pressure Friction
roughness and
random body- 0.0403 -0.00022 0.0071
force model
Total: 0.0472 0.049

Note: Forces are per unit width of channel and are normalized by pU,”H

. . i qon+1l_
surements do not, indicating a more downstream reattachmeft 'MPOSeU;

point. Finally, results in the last sectiow/)\ =0.9, in a region of 10rc€ fi must be

0 on points inside the roughness, the body

strong favorable pressure gradient, are very similar to those at the Ut auu; 1 dp au, o7
wave crest. fi=—— -, - )
To check whether the size of the simulation domain and span- At oxp pax o axx; X

wise grid spacing contribute to the discrepancies with the expetihis body force is determined internally as the solution
mental data, another run was performed on a larger domain gi@gresses, and requires no empirical input. The body-force model
finer grid. The domain was extended té13in the streamwise may be applied to arbitrary roughness, provided a fine enough
direction and the number of spanwise grid points was doubledartesian grid resolves the roughness elements. The channel flow
The resulting domain wasHExHxH and the grid was 12282 with wavy roughness described in the previous section is recal-
X 66. The difference between the results from the two meshescigiated using this model, and two sets of results are compared to
quite small(both results show nearly identical mean velocity disgssess the viability of this simplified approach to modeling
tribution, and that about 7% of the turbulence kinetic energy igughness.
carried by the subgrid-scale moyleTherefore, it is believed that  Figure 5 shows the Cartesian grid for the same computational
the majority of the error is due to numerical issues. domain as before with the same number of grid points in the three
Considering the wave train as a surface roughness, albeitfifections. In the region occupied by the waves, namel9,.1
regular shape, the simulation results may be used to calculate thg/H < 0.1, this grid is not as fine as that used for the direct
pressure and friction components of resistance to the flow in tBgiculations of the previous section. In fact, the chosen grid de-
channel by integration along one wave. The first set of entrigifes the level of resolution of the actual surface and the scale of
labeled direct solution in Table 1 summarizes the calculated resjge subgrid roughness to be modeled.
tance components. The last column in the table shows the pressurghe mean velocity vectors obtained with the new LES are
force that was imposed. It is found that the friction resistance froghown in Fig. 6. The velocities within the waves are now blocked
the lower wall is negligible due to the large separation zone in thgt by the body force. The velocity overshoot at the wave crest

valley behind the crest. The wavy wall generates a large pressfgi the separation zone in the valley are reproduced. The flow
resistance. The contribution from the top wall only contains fric-

tional resistance and is much smaller in comparison with the pres-
sure resistance from the lower wall. The pressure force imposed to |

drive the mean flow balances the total resistance from lower a 0
upper surfaces, further validating the numerical method and inc 08 siEins HEE
cating sufficient sampling times to obtain the time-averaged que )
tities from the LES data. Detailed comparisons with experiment
data with respect to other turbulent flow quantities and validatic 0.6
of the numerical method can be found in Cui et[4B]. =
N 04 H
. . 0.2

5 Modeling Resolved-Scale Roughness With Body
Force 0.0

The time discretization of Eq3) is written as 0.0 0.5 1.0 15 20

— 1 ﬁUin 1 (75 (72LT| (77'”’ x,H

uyntl-uy"=Atl - ————+v - —+f; i ) .

aXj  p IX IXjoXj X Fig. 5 Computational grid for channel flow over wavy rough-
(8) ness with body-force model
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lations, with the wavy surface resolved by a body-fitted grid and
represented by a body-force field, give essentially the same result
forz" >500. In other words, the body-force model reproduces the
basic effect of roughness observed in the downward shift in the
logarithmic law from the smooth-wall flow. The disagreement be-
tween the two solutions in the near-wall region, occupied by the
roughness itself and the layer just beyond the roughness, is to be
expected in view of the approximations made in the treatment of
the roughness geometfthe chosen gridand implementation of

the body-force model.

The pressure and friction components of resistance calculated
from interpolated surface pressure and shear stress are compared
with those of the previous solution in Table 1. The close agree-
ment of the forces calculated by the two methods is a measure of
the success of the body-force model.

0.8 §

0.6

z/H

0.4

0.2

0.0

- papppa»> 6 Modeling Subgrid-Scale Roughness by Random
. e ——— e Force Field

As depicted in Fig. 1, use of a Cartesian grid to describe the
wavy surface leaves the subgrid-scale roughness that has to be
modeled. A practical example of this type of decomposition is the
flow over a mountainous terrain, where the grid may be suffi-
ciently dense to resolve the mountains and the valleys, but not the
forests and buildings. This subgrid-scale roughness is most likely
random and can be taken into account using the approach pro-
posed by Miyake et al.11]. This is demonstrated by taking the
case of the wavy wall, assuming that the surface shape left unre-
solved by the chosen grid is random and with a mean height of
10% of the wave amplitudé.e., 0.1a). Following Miyake et al.

[11], every grid point within the roughness element height con-

(b) close view tributes a body force, as in E¢l), with C4=0.2. Miyake et al.
[11] usedC4=0.5 for plane channel flow. In the present applica-
Fig. 6 Velocity vectors for channel flow over wavy roughness tion, this value required very small time-steps for stability, making
using body-force model the computation very time-consuming. A similar problem was re-

ported by Goldstein et aJ21] when a similar body-force model
was applied to complex geometry. It should be pointed that the
. ) . . . boundary body-force mod¢l2] adopted for the resolved rough-
I'fii? ('jsirg'éfgorlna;‘;ﬂs%nntg :)Z?veggr{_tf&e?w%lfegaﬁg g]aﬁebcélcr):afj’e ss in the current study does not impose additional stability re-

. e . . . rements, while the random force model used for the subgrid-
Fig. 7, _S|m||ar to Fig. 4 time and spanwise-averaged me%&ale roughness discussed in this section does.
streamwise velocity p_roflles using the two approaches aré CoM-rie effect of adding the random subgrid-scale roughness is
pared with _the exp_erlmenyal data of Buckles et[dl7] at SX  shown in the mean velocity profile in Fig. 11. With the same
representative locations. Figures 8 and 9 compare the profllesr”ﬂ osed mean pressure gradient, addition of the “subgrid” rough-
wave-average mean velocity)(Uy) and turbulent kinetic energy ness decreases the mean veloéity. When plotted in logarithmic
(k/U§). Wave averaging is done by summing up the physic@rmat, the subgrid-scale roughness increases the downward shift
parameters, already time and spanwise averaged, along ffiéne velocity profile. It is significant that much of the roughness
streamwise grid lines, and dividing by the number of grid pointsfect is already captured by the resolved-scale LES, and the
on that line. It is seen that the two sets of results match wejjjbgrid-scale roughness makes a small contribution. For many
except close to the wave surface. The difference in the two SI%p|ications’ therefore, it may be sufficient to obtain On|y a
lations is due to the approximation made in the treatment of thgsolved-scale solution. Alternatively, a sufficiently fine grid
physical shape of the boundary in the body-force model. No iyould obviate the need to add a sub-grid component.
terpolation procedure is taken to scale the forcing at points nearrhe resistance components with the sub-grid roughness added
the curved surface and the body force is smoothed implicitly b the waves are summarized in Table 1. The pressure resistance
the spatial discretization. The agreement is expected to improygcreases slightly presumably due to a smaller separation region
with grid refinement, leaving smaller subgrid roughness effectgnd the friction component remains negligible. The total resis-
As noted by Fadlun et &20], improved results could be obtainedtance from the bottom and top walls is less than the imposed mean
also by using interpolation to scale the body force at points cloggessure drop. The difference is due to the resistance added by the
to the curved surface. _ . random subgrid roughness elements. In this case, the resistance

A particularly interesting result is shown in Fig. 10 where thgenerated by the subgrid-scale roughness is about 4% of the total
wave-averaged mean velocity profile is plotted in the usual semgsistance.
logarithmic coordinates. Here) "= U/U . andz™ = U z/v, where In the application of the random body-force model, the mean
U, is the “friction velocity” based on the equivalent averageheight of the roughness elements is the same as that obtained from
shear stress on the wave, including the pressure and friction caifme “real” subgrid-scale roughness. Location of the random
ponents, and is distance measured from the “virtual origin” roughness elements does not need to match that for subgrid rough-
defined as the position where the wave-averaged velocity is zeness because the model attempts to simulate only the statistical
This plot enables the waves on the bottom wall to be viewed affect of random roughness. Effect of individual roughness ele-
roughness, and the flow features to be evaluated in the framewanknts is insignificant as long as the generated roughness elements
of surface roughness effects. It is observed that the two LES sinhave the same statistical properties as the real subgrid roughness.
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Fig. 7 Comparisons of mean streamwise velocity profiles using body-force model with experimental data at selected

locations

Methods of generating random roughness elements are flexitdéry. However, as subgrid roughness only accounts for the small-
Height distribution of roughness elements can be simple rand@wale roughness, the value @f is unlikely to significantly affect
distribution, as in this study. Elements can be constructed on edhbb total flow field.
grid point on the resolved roughness surface, or on every other
grid point, or in other combinations, depending on the specifit  Summary and Conclusions

flow situation. Once random roughness elements are constructed],hiS paper has described a general method for treating the flow

the body force is applied to grid points within the element. o X
The choice of the drag coefficie@, needs further refinement, ©Ver @ rough surface within the framework of large-eddy simula-

It is an empirical constant. Miyake et 4L1] chose 0.5 for chan- 0N An arbitrary roughness is decomposed into two parts:
nel flow, while Patton et a[10] used a measured value of 0.4725€S0lved-scale and subgrid-scale roughness. The length scale of
for a porous windbreak in boundary layer flow. The present efhe resolved component is det_ermlned _by the Cartesian grid that is
ample used 0.2. More numerical and laboratory experiments %éosen for a given flow situation, and is much larger than that of
needed to better correla@, and subgrid-scale roughness geomt— e subgrid roughness. For example, mountains can be treated as

14 ¢ 006
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10} | with body-force model

0.8 0.04 [/ N\ —----- discrete solution
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= |=

0.4

with body-force model 0.02
0.2
------ discrete solution
0.0
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z/H Z/H
Fig. 8 Wave-averaged mean velocity profile Fig. 9 Wave-averaged mean turbulence kinetic energy profile
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30 —————rT —— T ' solved directly in LES, and determines the major flow features.

with body-force model } Such a simulation, by itself, may be sufficient for some
------ discrete solution e appllcatlons. ) )
e For the subgrid roughness, a random body-force model is used.
20 F === law of the wall, smooth case ___..--=" - .. . .
- A drag coefficient has to be prescribed from known correlations or

"""""""""""" experiments. However, as the subgrid roughness is responsible for
) only a small portion of momentum, mass and energy transport,
any uncertainty in this coefficient is not expected to be critical.

The new approach to modeling arbitrary roughness is demon-
strated by the example of the flow over a wavy wall. Further
details of turbulent flow over a wavy wall and application of the
body-force model to flow over a rib roughness are given in
Cui et al.[19].

Fig. 10 Wave-averaged mean velocity profiles in wall
coordinates
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Laminar, Gravitationally Driven
Flow of a Thin Film on a Curved
Wall

Kenneth J. Ruschak

Senior Research Associate Gravitationally driven flow of a thin film down an arbitrarily curved wall is analyzed for
moderate Reynolds number by generalizing equations previously developed for flow on a
Steven J. Weinstein planar wall. In the analysis, the ratio of the characteristic film thickness to the charac-
Research Associate teristic dimension of the wall is presumed small, and terms estimated to be first order in
this parameter are retained. Partial differential equations are reduced to ordinary differ-
Manufacturing Research and Engineering ential equations by the method of vonriean and Pohlhausen; namely, an expression for
Organization, the velocity profile is assumed, and the equation for conservation of linear momentum is
Eastman Kodak Company, averaged across the film. The assumed velocity profile changes shape in the flow direction
Rochester, NY 14652-3701 because a self-similar profile, one of fixed shape but variable magnitude, leads to an

equation that typically fails under critical conditions. The resulting equations for film
thickness routinely accommodate subcritical-to-supercritical  transitions and
supercritical-to-subcritical transitions as classified by the underlying wave propagation.
The more severe supercritical-to-subcritical transition is manifested by a standing wave
where the film noticeably thickens; this standing wave is a simple analogue of a hydraulic
jump. Predictions of the film-thickness profile and variations in the velocity profile com-
pare favorably with those from the Navier-Stokes equation obtained by the finite element
method.[DOI: 10.1115/1.152241)2

Introduction ness that is first order in the absence of surface tension. Typically,
tge solution to this film equation is singular at a critical point,

The flows of thin films at moderate Reynolds number hav h h ffici £ th L £ film thick ish
practical applications that include liquid film coatirid]. In coat- where the coefficient of the derivative of film thickness vanishes

ing processes, flow rates and speeds are typically high enough @g}%the directions of wave propagation change, and no continuous

inertial effects are significant, and yet flow is laminar. A conseg: tion through the critical point exists. The Navier-Stokes equa-

uence of the importance of inertia is that flow may under and the thin-film approximation to the Navier-Stokes equa-
q " port: - Y UNGerge,n have no such difficulty}4,5]; consequently, the singularity is
subcritical-to-supercritical [2,3], or supercritical-to-subcritical,

o ; ; : not due to a fundamental problem with the underlying assumption
[4.5], transitions corresponding to a change in underlying WayRat the rate of change of film thickness is small, nor is it due to

propagation. Waves propagate upstream and downstream in H ' neglect of surface tension. The singularity is sometimes re-

critical flow and solely downstream in supercritical fiow. movable for subcritical-to-supercritical flow by a particular choice

Coating flows are often de_sign_ed such that _film thickne film thickness at the critical point, as for flow over a wéR],
changes gradually in the flow direction. When that is the case, t 84 for a wall moving out of a poo[9,10]. In that case, film

thin-film approximation to the Navier-Stokes equation is justifieq,.. S N ; .
[6]. Formally, the thin-film approximation is identical to the cIas-hICkneSS at the critical point is chosen to remove the singularity,

sical boundary layer approximatiof6,7], because of the Sharedamd the film equation is integrated from the critical point in both
underlyin as)éun%/ tionmt)hat cross-st’re’am derivatives of veloci he upstream and downstream directions. These integrations are

ying P X o nsistent with the propagation of the characteristics of the hyper-
greatly gxceed streamwise derivatives. Consequently, approaches. equation governing wave motidi2,9,10. The singularity is
Iﬁ{niﬁxln?ogfeumngam lz¥§£u?;?b:ﬁ;nsoiigabe lgsgfrué fﬁ;tisc?riwcnﬂm removable for supercritical-to-subcritical flow, and indeed in-

P - pe ’ Jary layer eq Fgration in the upstream direction from the critical point is im-

often be solved approximately by averaging over a cross sect|8 ssible in that situation
of the flow and introducing an assumed velocity profil, This ™%, of 4 self-similar velocity profile, Hassgiri] employed
procedure, O”Q'T‘a‘ed _by Th. von Kaan and K. Pc_JhIhausen, '€ 4 cubic velocity profile in applying the von Kaan-Pohlhausen
duces the two-dimensional boundary layer equation to an ordin thod to film flow under supercritical conditions. Bohr, Put-

differential equation for boundary layer thickness. For the flow aradze, and Watanab#2] took the same approach to a hydraulic

a thin film, the velocity profile employed in this approach is Ofteljr]hmp on an inclined, planar wall and thereby avoided the singu-
self-similar and parabolic. One reason for this choice is that.tlgrity resulting from a self-similar velocity profile. Ruschak and
velocity profile for purely viscous flow of a thin film in a gravi-

- - . ; . ' Weinstein[4] augmented this analysis through numerical solutions
tational f".ald‘[B]‘ IS parab_ollc: The velocity prof_|le for fully de'.of both th[e ]Na\%er-Stokes equati)(gn and thge thin-film approxima-
\(/slop%clit ?II(;C\) ﬂgm %n :I?- 'nnil.'lgfd’egg?ar IY:;?:L'TS alsgf F?af‘g?btﬁg?ion to the Navier-Stokes equation. They found that the velocity

uss : sefi-simrar v Ity profile 1S usetu profile varies modestly in shape as flow passes from supercritical

aplproacf? to futlllqy develgpeq ﬂg"[ﬁh as well. h to the f to subcritical and that a cubic velocity profile adequately captures
N applying the von Keman-Fonihausen approach to e NoWy i \ 4 iation, A velocity profile varying in shape is key to avoid-
of a film with inertia, any self-similar velocity profile including a

. . f : ) .ing a singularity even though the variation required is modest.
parabola leads to an ordinary differential equation for film thic The cubic velocity profile is also an effective choice for thin-

film flow because it represents weki,12], the velocity profile for

Contributed by the Fluids Engineering Division for publication in ticeJBNAL _ P . s
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division‘]eﬁrey Hamel flow, an exact similarity solution of the Navier

June 29, 2001; revised manuscript received June 20, 2002. Associate Editor: sStokes eqL_‘ation fo_r radia| Stream”nes- This flow applies to_ films
Marshall. that are driven by inertia and so thin that the effect of gravity on
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pressure is negligible. The velocity profile has an inflection poi
at the wall, and a parabolic profile cannot have an inflection poi
and therefore gives less accurate results.

The film-thickness profile for supercritical-to-subcritical flow
features a standing wave where the film thickens noticeably. T
underlying assumption of gradually varying film thickness re
mains valid in the vicinity of the standing wave, and there is n
flow recirculation. The standing wave is a precursor to a hydrauli
jump, a more extreme occurrence usually associated with
abrupt increase in thickness and with one or more recirculation|
[13]. The focus here is the flow of thin films under critical condi-
tions and not hydraulic jumps.

The analysis of Ruschak and Weinsté# for flow on an in-
clined plane is generalized here for flow on an arbitrarily curve
wall under conditions where the Reynolds number is modera
and the ratio of the characteristic film thickness to the charact
istic span of the curveg, is small. In simplifying the exact equa-
tions, terms estimated to be first order drare retained. The re- Fig.1 Photograph of the standing wave marking the transition

sulting film equation, actually a pair of coupled ordlr‘a“from supercritical to subcritical flow on a curved wall; the view

differential equations, is shown to handle routinely bothy gownward toward the standing wave from the side. Label 1,
subcritical-to-supercritical and supercritical-to-subcritical transirertical wall; 2, curved wall; 3, standing wave with slope shad-

tions. Several previous analyses of flow on curved walls have nated by the lighting; 4, wall inclined at 2 deg; 5, sidewalls.

considered moderate Reynolds numbers and critical conditioAseas beyond the sidewalls of the flow have been blackened to

As examples, purely viscous, time-dependent flow driven by &iminate distractions in the surroundings. The computed film

gradient in capillary pressure on a surface in two dimensions Higkness profile for these conditions is plotted in Fig. 9.

been analyzed14], and more general and accurate equations that

include the effect of gravity and a surface in three dimensions

have been derived15]. The other extreme of nearly inviscid andduce a film in supercritical flow, aqueous glycerol was pumped to

irrotational flow has also been analyz¢ig]. a weir discharging onto a vertical wall. A smooth curve, specified
The use of a cubic polynomial for the velocity profile necessky EQg. (1) below, connected the vertical wall to a plane wall

tates an additional boundary condition that is generated by evalelined from horizontal by 2 deg. The wall and weir were ma-

ating the Navier-Stokes equation at the wall, a common practicedhined from a single block of aluminum to avoid seams. Surface

the von Kaman-Pohlhausen approach to boundary laygts,and tension and its gradients were reduced by adding the surfactant

the one taken by Hassdf1] for film flow. The effectiveness of Aerosol® OT (Cytec Industries, Ing.at high concentration. A

this combination for flows with critical points has only recentlysmall amount of slurry of titanium dioxide was added to the liquid

been recognized4,12]. Many previous analyses have exclusivelyjo make it white and opaque. The liquid had a viscosity of 24.7

treated film flow on a vertical wall where no critical point ismPas, a specific gravity of 1.15, and a surface tension of 30

encountered;11,17, or have deliberately avoided critical condi-mN/m. The flow rate was 2.6 cc/s per cm of width. Lighting by

tions (see, for examplg18], p. 56. Many choices for the velocity two synchronized strobe lights was adjusted to create shadows

profile have been used for boundary layer flows over submergegyealing the standing wave occurring where flow passes from

solid bodies 7], but no singularity is encountered in that situasupercritical to subcritical. Figure 1 is a photograph showing a

tion. In cases where no external pressure gradient is imposedpgiispective view of the standing wave.

the boundary layer, high-order polynomials serve to improve the

accuracy of the results, notably the wall shear stfesg[7], p. Equations

206, Table 10.1 When an external pressure gradient is imposed

a polynomial velocity profile that is at least cubic is required t

acc_o_mmodate an inflection point _and a zero slope at the wall te per unit widthg. A Cartesian coordinate system is employed
incipient boundary layer separation. Regardless of the assumg horizontal coordinatex and unit vectori and with vertical

profile, the equation to solve for boundary layer thickness is firdt di d uni * (Fia. 2. Th dlv di d
order. Because the pressure gradient is imposed and not calcul&dinatez and unit vectorj (Fig. 2). The outwardly directe

as part of the solution, a parabolic profile does not producenﬁrmaluto_l_tﬁe walll,ﬁ, (;]e;ines a chall qoordi.nﬁt;eori.ginatin? at
singularity. Thus, the motivation for high-order polynomials g S_ wall. c(ejang e od . rol_rn v_ert|c$h|s<p Wit pOSItI!]VG va”u_esh
improved accuracy for wall shear stress and the capability to pr@dicating a downward inclination. The tangent to the wall in the
dict flow separation. In contrast, the third-order polynomial usgPW direction ist, and arc length along the wall & With gravi-
here for film flow is essential to avoiding a singularity in the@tional acceleration denoteyl a characteristic film thickness for
differential equation for film thickness. The singularity arises begravitationally driven, viscous flow is.=[xq/pg]". A length
cause the pressure gradient depends on the interface location $#ie reflecting the influence of surface tension is the capillary
is determined as part of the solution. length,l=/a7pg. L is a characteristic dimension of the curved
The film equations resulting from a cubic velocity profile aravall that may be a characteristic radius of curvature. In some

extensive but manageable and represent an attractive option E?blems, notably a planar wall, it may be preferable or necessary
the laminar flows of thin films. to interpretL differently. For example, if Re10 and surface ten-

sion effects are negligible, thdn=Reh, is the length scale for
. . developing flow on a planar wall4].

Experimental Observation The ambient air is assumed to exert only a uniform pressure on

An experiment was conducted to show a standing wave whéhe liquid. There is, however, a pressure jump across the curved
laminar flow passes from supercritical to subcritical along air interface caused by surface tension.
curved wall. Supercritical flow was indicated by stationary waves Dimensionless variables are employed to indicate the relative
in the wake of a needle breaching the surface of the film. Subcrigize of terms. The dimensionless coordinate along the wal is
cal flow was indicated by periodic flow disturbances, induced byas/L; that normal to the wall is;=y/h., and the surface of the
rotating agitator, radiating both upstream and downstream. To pfdm is given by »={(&¢). Thet-component of velocity made di-

' A Newtonian liquid with viscosityu, density p, and surface
ensiono flows steadily along a curved wall at volumetric flow
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z Here,c, andc, are adjustable constants. In light of experience,
this smoother representation is preferable as more conducive to
numerical solution.

In presenting the Navier-Stokes and continuity equations in
wall coordinates, terms estimated to B¥65) are retained and
terms estimated to be smaller are dropped. Because moderate val-
ues of Re are contemplated, Rés considered)(1).

The continuity equation and th&component of the Navier-
Stokes equation in wall coordinates are given by

Jau
_+_
d€E dn

de
1+677d_§ v|(=0 3)

de dp
Res?u ng :%-i-ﬁcos((p). 4)

Because the intent is to integrate across the film, a macroscopic
> x momentum balance is considered on a control volume extending

across the film and along the wall frognto £+ A¢. After taking

the limit A¢—0, thet-component of the balance is

Fig. 2 Definition sketch

d
Red— 2d7;+Re62d§ UUd‘)y

mensionless withg/h; is u, and theA-component of velocity dg

made dimensionless wittyL is v. Pressure, made dimensionless x d¢
with pgL, is p. Dimensionless groups that arise are the Reynolds = J pdy— >
number Re=pg/u, the aspect ratid=h./L, and the Bond num- de 6’7/ " Bo d¢

berBo=pglL%/ o= (L/1)2.

Wall shapes in the examples are determined by specifying the +¢
function ¢(s); the coordinateg andz of the wall then follow by
numerical integrations adx/ds=cos(p) anddz/ds= —sin(¢). In
one specification, the wall consists of two planar sections joingdternatively, thef—component of the Navier-Stokes equation can
by a curved section. Upstream, the wall is plana# ¢o, and be integrated over the control volume and the divergence theorem
flow is fully developed(Nusselt flow with film thickness ap- applied. Equation$3), (4), and(5) are the primary equations for
proachlng{o—['3>/sm(<p0)]1’3 Similarly, the wall is planar down- the flow of a thin film, and the required boundary conditions at the
stream,¢o= ¢4, and flow is fully developed with film thickness air interface and at the wall are now considered.
approaching/; =[ 3/sin(e;)]*%. The wall is curved froms=0 (¢ At the air interface, there is no shear stress
=0) tos=L (£=1) according to the formula

=0t (@1~ @)[ 1063~ 1564 +6£°]  (0=<é<1). (1) —77—5—<Pu=0 (9=20). (6)

The slope and curvature of the wall are continuous, but the third

derivative is discontinuous @=0 andé=1. In a second speci- Viscous stresses normal to the interface are negligible, but there is
fication of the wall, planar ends are approached asymptotically,pressure jump caused by surface tension.

and all derivatives are continuous.

de

i dn. (5)

8¢ de )
1+ —= 2 dE sin(@)+ 86—+

=«k/Bo = 7
_(e1te0)  (e1~@0) ANHCLEt 0,80 (—o< £<o0) pmx (=0 @)
¢ 2 2 ! 2 Here, k is the interfacial curvature made dimensionless Wwi#md

(2) is given without simplification by

|
2 d¢s de\ d?¢ d¢ d?e
2 T 2

“5%5) 20 (ds) }df 5(1 ‘%ds)dgz Folagae

K= 2 dZ 271312 . (8)
2
”5%5) +‘ﬁ)\(dg) }
I
This complete expression can be retained for flow entering or d(P ® d2§

exiting a hydrostatic pool under conditions where surface tension G 5(( dE @ 9)

is important,[19]. Then, as film thickness becomes large and the
viscous and inertial terms negligible, the film equations reduce Eanally, the air interface is a streamline, or equivalently, the flow
the Young-Laplace equation of capillary hydrostat[@g)]. If sur- rate is the same at every cross section.

face tension effects are significant and there is no pool, then only

S . . ¢
termsO(6) need be retained in E@8) as in all other equations, 1:J udy (10)
ie., 0
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Downloaded 03 Jun 2010 to 171.66.16.152. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



At the wall, velocity is zero.

u=v=0 (7=0) (12)

An additional boundary condition is required at the wall; it is
generated by evaluating thecomponent of the Navier-Stokes

equation at the wall,4,11,13.
ap #u  de du
0§ Sln( ¢) 197]2 dg an
Equationg(3)—(12) are solved as follows. A cubic velocity pro-
file is selected that satisfies EdS), (10), and(11).

A 50?2 40°] 3 S(A—9) do

i N 12 dé

0 +6

(7

=0 (12

w? 3w?
w— (1)—7 + T
1

w—

Here,w= n/{ ranges from 0 to 1, and is a function of¢ deter-
mined as part of the solution. Previous work on a planar \4j),
and the results that follow indicate that a cubic profile accomm

As a matter of preference, EL6) is replaced by the difference of
Egs.(16) and(20)

_Redad{ Redda 4A 8(A+3)de Res? d?¢p

Fd A ¢ d ¢
( 9 A 2A2) Re&zdxpdA(17 4A)
'\ "20"84 318) T ¢ de di\420 315
Re52d<pdg(3 3A AZ)
77 dE d£\8 " 140 280 (21)

Eq. (21) has no explicit terms involving gravity or surface tension.
Equations(20) and (21) together are referred to as the film

equation with varying velocity profile. The highest order deriva-

tives are the third derivative af and the first derivative oA. In

the examples below, a value fdris specified upstream. In the

cases where the film approaches fully developed flow down-

gtream, the additional boundary conditions Are-0, d¢/dé—0,

dates shapes determined by numerical solutions of the Navigpdd?{/d&?—0 as¢é—co.

Stokes equation. Note th&t=0 in Eq. (13) gives a self-similar,
parabolic profile at lowest order. Similarlf= —3/5 corresponds
to zero curvature at the wall, anl= —3 corresponds to a zero

velocity gradient and the onset of reverse flow at the wall. An

expression fow is obtained by substituting E¢13) into Eqg. (3),
integrating with respect tay, and applying Eq(11); only the
leading term is required.

_1dgA , 50° 40! sl o2 ° dA[w? 50°
T A 3T S dél 2 6
—w4 14
+t3 (14)

To determine the pressure, Hg) is integrated with respect to
n and Eq.(7) is applied.

do (¢
p=K/BO+5§C0$<p)[l—n]—Reézd—gf u(é,7)2d7
Ui

(15)

Equations(13), (14), and(15) are substituted into Eq5) and the
indicated operations are performed.

O*Ddg N Resda 6(A-9)de 1 dx Red?d?%
“Pde " a9 T4 dE Bode ' [ d&
3 23A A? Re52d¢>dA(11 2A

| 727 %20 318/ T 7 dgdé\420 315

Res? dp dZ (33 37A A2
7 79z a0 oot Tas (16)

2 deéde\40 420 168

In Eq. (16),

D=45cog ¢)—Redal® 7)
N=(1+ 8¢de/dé)sin(@)—(3+A)/ 3 (18)
a=6/5—A/15+ A?/105 (19)

An additional equation is required because Edf) has two un-
knowns,A and ¢, and this need is met by E¢L2). Upon substi-
tuting Eqs.(13) and(15), Eq. (12) becomes

0= 5008 0) = sin(o) 1+5§d—"’>+w
dé dé IS
35(A+7)de 1 dc Red’ade dl Reda d’p
T 47 df Bode  dede [ d&
Res? de da
TT7 dedE @0

Journal of Fluids Engineering

In the last of the examples the wall is plar(aris a constant
and the film flows into a pool. For that case, E8). simplifies to

d?¢ df
K=—5—2 il

dé&? dé

To develop a downstream boundary condition, the Young-Laplace
equation of capillary hydrostatics is obtained from E20) by
dropping the dynamic terms

21312

1+ 82 (22)

daz 1 dk
0=6cog o) d_g_sm(‘PHB_od_g' (23)
Equation(23) is integrated to get
0=dcoq¢){—sin(¢)(§—§&,) +«/Bo (24)

in which £, is a constant of integration. The straight line giving
the surface of the pool away from the wall is determined by set-
ting k=0 in Eq.(24),

{—=(§)=tan(e)(§— &)/ 6. (25)

If extended to the wall, this asymptote for the surface of the pool
intersects the wall ag=¢,. Finally, a boundary condition that
can be applied at a finite value éfis obtained by linearizing Eq.
(24) about{={..(¢),

d?7/dg?2=Bocod ¢)({— L)1+ 6%(dL. 1d§)?]P2  (26)

Equation(26) is applied at the downstream end of the grid, which
must extend beyond,, .

The equations are solved by central finite differences. The grid
is made sufficiently long to accommodate the asymptotic bound-
ary conditions. Given an estimate of the film-thickness profile, an
improved estimate is generated by Newton’s method; that is, Egs.
(20) and(21) are linearized about estimates/oandA and solved
to obtain improved estimates. The starting estimate is a film thick-
ness and velocity profile corresponding to fully developed flow at
the local inclination of the wall,f=[3/sin()*® and A=0.
Under-relaxation is usually necessary in early iterations to prevent
divergence.

Additionally, selected numerical solutions of the Navier-Stokes
equation were generated by the finite element metf&id, In the
formulation, velocity is piecewise linear and pressure is piecewise
constant.

To obtain the equations used by Ruschak and Weing#gifor
flow on an inclined planeg is made constant in Eq$20) and
(21)

1 dxk

df

dé

(5A+3)

0=45cod ¢) —Sin(<P)+T (27)
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_ Reda d{i Red da N 4A 08 0.l
A T (28) .

Ny

These simplified equations can also be applied to a wall so gradu- ~ -0.1 1
ally curved that it may be considered locally planar. wall
If the wall is slightly curved or planar and & is a specified
constant for a self-similar velocity profile, then a single equation -0.3 1
descended from Eq.16) is sufficient. For a parabolic velocity
profile, A=0, and for negligible surface tension, this equation is
the Nusselt film equation3]. 05T

d¢
0=D d_‘g’_ N (29) 0.7 4 —film equation with varying velocity profile

z/L

. . . - . o critical point, Nusselt film equation
The solution to Eq.29) is singular at a critical pointp =0,

except in special cases where the singularity is removable by set-
ting N=0 at the critical point as well;2,3,10. While retaining

the surface tension term formally averts the singularity, standing
waves of high spatial frequency appear that are not present in
numerical solutions of the Navier-Stokes equation. Except by th¢y 3 Film thickness profiles for Re =20 and =0.0147 from
artifact of rapidly changing curvature, surface tension cannot B film equation with varying velocity profile and the Navier-
important because the wall is straight or slightly curved. The cubftokes equation on a downwardly curving wall. Only the posi-
velocity profile, whereA varies with distance along the wall, re-tion of the critical point from the Nusselt film equation is indi-
moves the singularity in Eq29) with or without surface tension, cated because the profile is indistinguishable. The initially
and formally there is no longer a critical point. However, théubcritical flow becomes supercritical as wall inclination
variation ofA is significant only neaD =0, and so wave propa- 'Ncreases.

gation is largely unaffected elsewhere. In this light 0 can still

be regarded as critical point, even though there is no critical point

¢ Navier-Stokes equation
-0.9 t t } } —+—

1.5 1.7 19 2.1 23 2.5 2.7
x/L

in a strict sense. given by Eq.(1) with ¢,=90 deg andyp,=3 deg, and the flow
conditions are Re 20, §=0.0093, andBo effectively infinite. Fig-
Results ure 6 shows film profiles for the film equation with varying ve-

: : - . locity profile and for the Navier-Stokes equation. Figure 7 is an
The following examples illustrate the capabilities of the mn{expanded view near the standing wave, and it is evident that the

i ith i loci file. i f the; . . 3 . - .
E%I\J/?enrc_)gmv'\(/gs ev(flurglt?(?n \slﬁggcl)?/t tﬁreoz;cecurc;%?%l;t?r:?g;p?oxitmi equation with varying velocity profile over predicts the rate
of thickening of the film. This bias appears to be a general result

equatio for transition from supercritical to subcritical flow. The Nusselt

Consider a transition from subcritical to supercritical flow un;. tion h i lution th h the critical point
der conditions that conservatively meet the restrictions of the sirgl-m equation has no continuous solution through the critical point,

plified analysis. The shape of the downwardly curving wall i ut it can be integrated from both upstream and downstream to-
given by Eq.(1) with eo=2 deg ande; =90 deg, and the flow ward the critical point. The integration from upstream toward the
conditions are Re20, 5=0.0147, andBo effectively infinite C!‘Itlca|. point continues aIm(.Jst.to the crlltlcal point before suddenly
(negligible surface tensignin this situation, flow passes from dlve_rglng, and the f|Ir_n profile is n(_aarly |den_t|ca| to those_ from the
subcritical to supercritical. The Nusselt film equation, E2), Navier-Stokes equation and the film equation with varying veloc-

8 ; ; : ; . ity profile and so is not shown in Fig. 7. The integration from
2nd the Nivier Stokes equation were solved. I soling e nH2WnSiream toward the criical point lso continues 10 the crica
selt equation, the thickness of the film at the critical point is chdoint before diverging, but near the critical point the film thick-
sen to remove the potential singularity, and the integration pngss sugmﬂqantly excee_ds that from the Navier-Stokes equation as
ceeds upstream and downstream starting at the critical fi@it, shown in Fig. 7. The differences among the three computations
On the other hand, the film equation with varying velocity profile
requires no such special procedure. The film profiles for the film
equation with varying velocity profile and the Navier-Stokes 0.6 T
equation are shown in Fig. 3; only the critical point from the
Nusselt film equation is shown because the profile is indistin- 05 T
guishable. A small oscillation appears at the start of the solution to
the Navier-Stokes equation. This disturbance may reflect the sen- 04 +
sitive nature of the subcritical flow and the inability of the finite

elements employetpiecewise linear velocity and piecewise con- 03+
stant pressupeo represent perfectly the fully developed flow up- 4
stream. The plot ofA in Fig. 4 shows that the velocity profile 02+

smoothly evolves. The greatest departure from a parabolic veloc-
ity profile and the most rapid rate of change of shape occur near ¢ +
the critical point. In Fig. 5, the range of velocity profiles is shown
for the Navier-Stokes equation together with the extreme velocity ¢ 4
profiles,A=—0.005 and 0.559, for the film equation with varying

velocity profile. The slope of the velocity profile at the wall is 0.1 ; ' ; ; ; i
greater than that for a parabolic profile. The good agreement sup- 15 10 05 0.0 05 1.0 15
ports the conclusion that the varying velocity profile circumvents €

the removable singularity in the Nusselt film equation in a manner

consistent with the exact solution. Fig. 4 Plot of the velocity profile parameter A for the condi-

Consider next a transition from supercritical to subcritical flowions of Fig. 3. Upstream and downstream, ~A—0 as the velocity
the more severe case. The shape of the upwardly curving wallpisfile becomes fully developed.
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1.0 T -0.95 T+
— - -film equation, A = -0.005 ] — film equation with varying velocity profile
- - - film equation, A = 0.559 ] T ?r‘i‘tsi:lltlgi‘:tequ"‘“"“
0.84  ==Navier-Stokes equation 71‘- -1.00 T o Navier-Stokes equation
7
7 'I
0.6 7._/ 2/L-1.05 T
S [ ———— s - -
(0] 7‘—,’ ﬁv-oco--..+
044 ol -1.10-X
erd wall
Lo di
0.2 1 i -115 t t t t t !
__{- - 0.30 0.35 0.40 0.45 0.50 0.55 0.60
P e x/L
0.0 T T T T T
0.0 0.2 04 0.6 0.8 1.0 Fig. 7 An expanded view of film profiles for the conditions of

Fig. 6 in the vicinity of the standing wave. The Nusselt film
equation gives two sections that are discontinuous at the criti-

cal point; the section upstream of the critical point is indistin-

guishable and not shown

normalized velocity

Fig. 5 The range of velocity profiles for the conditions of Fig.
3 from the film equation with varying velocity profile and from
the Navier-Stokes equation. The two profiles from the film
equation correspond to the extreme values of A. The range of
velocity at each of 11 nodes is shown for the Navier-Stokes experiment until the standing wave was prominent. The tendency
equation. of the film equation with varying velocity profile to over predict
the rate of film thickening at a supercritical-to-subcritical transi-
tion is again evident.
are confined to a distance downstream from the critical point of Figure 10 shows the film profile for flow on an initially hori-
the order of magnitude of the local film thickness. Perfect agregental wall that subsequently curves downward to vertical. The
ment of the profiles for the Navier-Stokes equation and film equgpecific conditions are Re50, §=0.05, Bo effectively infinite,
tion with varying velocity profile is unlikely for so rapid a changeand ¢,=0 deg, ¢; =90 deg,c;=3 andc,=0.2 in Eq.(2). Flow
in the streamwise direction. Figure 8 shows the range of velocipasses from supercritical to subcritical on the horizontal portion of
profiles for the Navier-Stokes equation and the extreme velocitlye wall and then back to supercritical on the curved portion. Near
profiles for the film equation with varying velocity profile. Inthe inlet, gravitational effects are unimportant, and film thickness
contrast to the first example, the gradient of the velocity profile &icreases linearly with distancet,5,22. This region is described
the wall is less than that for a parabolic profile. The agreementhy Jeffery-Hamel flow, an exact, self-similar solution of the
again good enough to support the contention that the incorpoiavier-Stokes equatiorf4]. In the film equation with varying
tion of a varying velocity profile circumvents the singularity in thevelocity profile, this limiting case correspondsAc=—3/5 and a
solution of the Nusselt film equation in a manner consistent witfelocity profile with zero curvature at the wall. Beyond the sta-
the exact solution. tionary wave, which occurs where the film thickens to the point
Computations were also performed for the conditions of that gravity becomes significant, flow is driven by a streamwise,
experimental observation, namely R&2, §=0.021, andBo substantially hydrostatic pressure gradient; thus, the gradually de-
=600. Additional calculations were performed for R&1 and creasing film thickness. The curved portion of the wall removes
Re=25. Film profiles from the Navier-Stokes equation and frorthe liquid and determines the position of the standing wave. This
the film equation with varying velocity profile are shown in Fig. 9example shows that the film equation with varying velocity profile
The standing wave marking the transition from subcritical to su-
percritical flow is most apparent at a Reynolds number near that
of the experiment, and the flow rate was in fact varied in the 1.0

— - -film equation, A = -0.902 !
- - - film equation, A =0 lr
0.6 0.8 - Navier-Stokes equation '/,"
— film equation with varying velocity profile /‘
e Navier-Stokes equation ! ot
/7
0.6 4 iy
., I
08T @ s 7
0.4 7 7
2/L e '.:,.‘
=
-1.0 1 0.2 1 i
- PALS < -
wall 0.0 T T T T T
0.0 0.2 0.4 0.6 08 1.0
-1.2 { } } i normalized velocity
0.0 02 0.4 0.6 0.8
x/L Fig. 8 The range of velocity profiles for the conditions of Fig.

6 from the film equation with varying velocity profile and from
Fig. 6 Film profiles for Re =20 and 6=0.0093 from the film the Navier-Stokes equation. The two profiles from the film

equation with varying velocity profile and the Navier-Stokes equation correspond to the extreme values of A. The range of
equation on an upwardly curving wall. The initially supercritical velocity at each of 11 nodes is shown for the Navier-Stokes
flow becomes subcritical as wall inclination decreases. equation.
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0.6 T+ . -0.20 T
—_- ﬁlm.equatlon, Re=0..1 —— without surface tension
° ?IlaVIel"Stt‘?keS ;qua]gon, Re=0.1 - - = with surface tension
ilm equation, Re=
e Navier-Stokes equation, Re=12
= = = film equation, Re=25
0.8 1 o Navier-Stokes equation, Re=25
z/L
z/L
-1.0+ g g
Tmeo-pmo 0 © °
wall
-0.50 1 + t |
-1.2 + } } d 0.85 0.95 1.05 1.15 1.25
0.0 0.2 04 06 0.8 x/L

¥ Fig. 11 Flow on a wall inclined at 20 deg from horizontal into a

Fig. 9 Film profiles from the film equation with varying veloc- pool at Re =20 with and without surface tension

ity profile and from the Navier-Stokes equation for flow on an
upwardly curving wall. For the middle curves, Re =12, 6
=0.021, and Bo=600, the conditions of Fig. 1; for the highest

curves, Re =0.1: and for the lowest curves, Re  =25. velocity profile is not as versatile as the thin-film approximation to

the Navier-Stokes equation from which it is descended. Most ob-
viously, there is less freedom to specify an initial velocity profile.
. N . ... _However, the film equation captures the gradually changing flow
can accommodate flow driven by inertia, flow driven gravitatiorny, ynsiream that develops as the effects of initial conditions that
ally by decreasing depth on a horizontal wall, and multiplg e hossible with the Navier-Stokes equation or the thin-film ap-
transitions. . . . . L ._proximation to the Navier-Stokes equation decgd). At rela-
The film equation with varying velocity profile, incorporatingy el high Reynolds numbers, a boundary layer at the wall can be
the Young-Laplace equation of capillary hydrostatics, can also aGshined with a plug of inviscid flow at the air interface to ac-
commodate transitions to a pool. For a planar wall, the S“rfaﬁﬁmmodate an initially flat velocity profilg3].
curvature and_ the boundary condition for the _downstrea_lm end o As compared to a typical film profile equation, the proposed
the grid are given by Eq$22) and (26), respectively. In Fig. 11, o4 ations are of higher order in spatial derivatives in a consider-
the angle of inclination of the planar wall is 20 deg and-R6. 4o of wave propagation. Wave propagation is no longer hyper-
The figure ShOWS Fhe effect of surface tension withl f.O.173. bolic but dispersive in nature. Nevertheless, the resulting differ-
Surface tension mitigates the abruptness of the transition and Gifzes are only appreciable near the critical point obtained when a
ates standing waves extending upstream of the pool surface. g4¢ simjjar parabolic profile is used. Thus, the character of the
high surface curvature can develop even though the geometry g, \,nstream and downstream of the critical point is essentially
planar or gently curved, and surface tension may have 10 be {fitermined by the self-similar, parabolic form. Consequently, flow

cluded in that case. can still be characterized as subcritical or supercritical upstream
i and downstream of the critical point because wave motion there is
Concluding Remarks essentially governed by a hyperbolic equation. The dispersive,

The film equation with varying velocity profile appears quitéionhyperbolic character is manifest only near the critical point
versatile. The velocity gradient at the wall is free to vary, and thRnd serves to bridge the upstream and downstream hyperbolic
variation circumvents mathematical difficulties related to a selfégimes.
similar velocity profile where the flow passes from supercritical to
subcritical or visa versa. The cubic profile can accommodate the
important special cases of a parabolic velocity profile and cknowledgment
Jeffrey-Hamel flow. Moreover, the Nusselt film equation, E9) The photograph was taken by Paul DeVries of Eastman Kodak
with A=0 and a=6/5, gives a reasonable account of invisciCompany.
flow for Re large,[3]. Of course, the film equation with varying
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Effects of Concave Curvature on
Boundary Layer Transition Under
wichael P. schuiz | HIQh Freestream Turbulence
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An experimental investigation has been carried out on a transitional boundary layer

Department of Mechanical Engineering, subject to high (initially 9%) freestream turbulence, strong acceleratiin=(v/UZ)
United States Naval Academy, x(dU,,/dx) as high as %107%), and strong concave curvature (boundary layer thick-
Annapolis, MD 21402 ness between 2% and 5% of the wall radius of curvature). Mean and fluctuating velocity

as well as turbulent shear stress are documented and compared to results from equivalent
cases on a flat wall and a wall with milder concave curvature. The data show that
curvature does have a significant effect, moving the transition location upstream, increas-
ing turbulent transport, and causing skin friction to rise by as much as 40%. Conditional
sampling results are presented which show that the curvature effect is present in both the
turbulent and nonturbulent zones of the transitional flpOl: 10.1115/1.152241]0

Introduction curvature is destabilizing. He predicted the formation of stream-

Boundary layer transition is influenced by a number of factor%ﬂse vortices(now known as Guler vortices on concave sur-
including streamwise pressure gradient, freestream turbulenceI%@eslisl‘.:_?p&igﬁ])ﬁgnfg?i‘?}éﬁ:ﬁ f[f]‘:tjlt(‘:‘o?lfgir'gjercgatt);euldn?r
tensity (FSTI), surface curvature, compressibility, and surfacg : y

roughness. In gas turbine environments, Malé states that a slightly delays transition, but that concave curvature can cause

substantial fraction of the boundary layer on both sides of a g gengg%r;rt(r)\uon?\%érr é'gwggagéng'gg:[jagsZ'ggrgggiﬂrreﬁimﬁg
turbine airfoil may be transitional. The extended transition zon L ' 9

exist due to strong favorable pressure gradients, found on both T.I' These results have peen confl_rmed n several_ subsequent
X . ) . . studies. Floryar{4] and Saric[5] provide reviews. Volino and

pressure side and the leading section of the suction side, wh Imon[6] provide recent documentation from a zero pressure gra-

stabilize the boundary layer and delay transition in spite of th§ P P 9

high freestream disturbance levels in gas turbine environmen é‘?m case, and Finnis and Browr] considered a favorable pres-

The ability to model and predict high FSTI transition is importan g;fogirgﬁ Ieanr: dcal\s/‘li.fflz?t [%]loghgvsvgg fmg/tt%ﬁ’#ézc;bgﬂr\?;m;aﬁr’
since heat transfer rates, skin friction coefficients, and in so

cases boundary layer separation depend strongly on the statezégngth comparable to gas turbine conditions resulted in about a

the boundary layer with respect to transition. Improved transition /Oh(ielgh%r;c?g)verl]:tsl'rlllhsiﬁtditgzni%v\?\t/ﬁ; filre::-p())lz;encr;sglft%oncave
models and turbine designs depend, therefore, on a better undew . . npol
) . - CuUrvature, the results of high FSTI investigations are less clear.
standing of high FSTI transition. ata from fully turbulent boundary layers again suggest that cur-
The role of surface curvature on high FSTI transition is ng? y y1ay 9 99

i . ature is important. Kim et all9] documented cases with inlet
fully understood. Mayle[1] states that transition onset is CONEST) 6f 8% on both flat and concave walls, and showed increased

trolled by the freestream turbulencg and the periodic unSteadin?lfr%ulent activity and an enhancement of heat transfer by about
caused by wakes from upstream airfoils. He notes that the tur%% on the concave wall. Kestoras and Sirfib@] documented a

le.r.‘t spot production rate, Wh.iCh Qetermines the length Pf the traQ()undary layer with 8% inlet FSTI moving from a concave wall
sition region, is controlled primarily by the freestream disturbanc to a flat wall. They showed an almost immediate drop in turbu-

and the streamwise pressure gradient, but that curvature may HéRce within the boundary layer as the flow moved onto the flat

a secondary role. The extent of this secondary role is largely YWall. They postulated a synergistic effect between curvature and

known, as only I|m|ted”data ex@t from convex surfaces and VI eestream turbulence, stating that when concave curvature and
tually no reliable data” are available from concave surfaces f

computation of spot production ratds]. Determining the signifi- igh FSTI are combined, the freestream eddies are able to pen-
putat pot producti 9 ining 19N~ etrate closer to the wall than in a flat wall flow, resulting in sig-

cance of curvature is potentially important for improved turbinﬁificantly higher transport within the boundary layer

Qe5|gn. If curvature is not significant, bqth modelmg. of transi- Only a few studies have documented transition wi'th high FSTI.
t'.onal. poundary layers and future exper]mental St“d"?s may Efﬁ surfaces subject to zero streamwise pressure gradients, Blair
snmphfled, as resfult.s from flat-platg studies may b.e O!'TQC“V a 11], Sohn and Reshotkd 2], and Kim et al[9] all showed that
plied to curved airfoils. If curvature is found to be significant, it t FSTI above about 3%, transition occurred rapidly near the lead-

eﬁsztassil’rl]c;lélg t;er 'E(rféﬁgaégg lgéo;]uégge ttﬁﬂsllg?narr:jogelesli'nsti edge of a test surface. Hence, little documentation of transition
9 9 iS provided in these cases. Kim et E] included a concave cur-

importance of curvature on high FSTI transition. Low FSTI re: . - . |
sults suggest that curvature is important.ri@®o [2] determined vature case, and found no evidence oo vortices. They pro

theoretically that convex curvature is stabilizing and that conca gsed that the enhanced turbulent transport caused by the high
y 9 Tl and early transition lowered the effective ré&r number
Comributed by the Fluids Enineering Division | blcation it and suppressed the formation of the vortices. Sincel&ovorti-
ontributed by the Fluids Engineering Division for publication in tl NAL i H e
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering DivisionCes Change the tran5|tl|gn meCham.Sm and promote ea.rly transition
July 12, 2001; revised manuscript received July 26, 2002. Associate Editor: K. B. M.nder low FSTI conditions|6], their absence under high FSTI

Q. Zaman. might suggest that curvature does not play a strong role in high
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FSTI transition. Riley et al.13] considered zero pressure gradientvall. For the present study the inlet velocity is set to 4.6 m/s and
cases on concave walls with inlet FSTI as high as 7.2%. Thelte velocity gradient along the wall is held constant at 139 s
results indicate that with very strong curvature/@s)%°<20), matching the previous flat wall19], and mild concave curvature,
transition start is delayed relative to flat wall results. They rd17], cases. The acceleration parameté¢, drops from a maxi-
ported the presence of @fer vortices, and attributed the delayedmum of 9x 10~ ° at the inlet to the test section tox110~® at the
transition to increased near-wall velocity gradients caused by tlagt measurement station. The FSTI at the inlet to the test section
vortices. In cases with curvature representative of gas turbine c@$8.6%, based on all three components of the fluctuating velocity.
ditions ((r/64)%%>30), as indicated by Maylgl]), Riley et al. Further details of the freestream turbulence including spectra and
[13] showed no significant difference in transition start betwedength scales are given in Volino et &lL9]. Within the test sec-
concave and flat wall results. They did not provide a correlatiaibn, the streamwise component of the freestream turbul@rce,
for transition end. _ _ _ remains nearly constant at0.35 m/s, bub’, increases from 0.50
_Extended transition regions do occur when high FSTI is COMis 44 g 73 my/s. On the flat walll, decreased in the streamwise
bined with strong acceleration. Results are available from turblrée ;i hiles” ined | It should b d
cascade and rotating rig studigsg., Halstead et aJ14]), but in rection whilev.,, remained nearly constant. It should be noted,
these cases the effects of airfoil curvature, while present, canigWVeVer. that these values are based on data at tﬂe mea_s'urement
be isolated. Volino and Simdii5—17 considered transition along Point most distant from the wally=30 mm). Whileu:, andv_,
a concave wall with inlet FSTI of 8% and acceleration viitras on the flat wall andi’, on the concave wall reach their freestream
high as 9<10 . Acceleration rates, Reynolds numbers and FSMalue by this locationy, is still changing with distance from the
were typical of the pressure side of a gas turbine airfoil. Theall at several streamwise stations on the concave wall.
strength of curvature r(65)%°=53, was mild relative to gas tur- Freestream turbulence intensitinormalized using the local
bine conditions. An extended transition region, with intermitterfteestream velocitydrops in the streamwise direction in both the
turbulent and nonturbulent zones, covered most of the test surfagencave and flat wall cases, mainly due to the increasing
Although detailed documentation of the transition was provideéreestream velocity. Values &t through the test section, measure-
no comparison case from a flat wall was available, so the effectifent locations, and other parameters are shown in Table 1.
the concave curvature could not be determined. Volino and SimonVelocity profile measurements were made at nine streamwise
[17] stated that the curvature effect was probably small, since th&tions along the centerline of the test wall using a single sensor,
strong acceleration, by suppressing the growth of the bounddoigundary layer type hot-wire prob@Sl model 1218-T1.f a
layer, kept the strength of curvature low. In contrast, Volit6] boundary layer cross-wire prob@SI model 1243-T1.pand a
presented a model incorporating freestream turbulence and curyanstant-temperature hot-wire anemoméTes! model IFA-100.
ture effects and used it to predict that the curvature effect iThe probes were moved normal to the wall at each station using a
the Volino and Simon[15-17 case might be substantial. Asmanual traversing stage with a minimum increment ofit0. At
stated above, no experimental data were available to verify tBgch position in the velocity profiles, data were acquired for 26
prediction. — seconds at a 20 kHz sampling raté'{@ata points The hot-wire
The present study addresses the significance of concave cuMgha|s were low-pass filtered at 10 kHz. All raw data were stored.
ture directly. The case presented by Volino and Sirfib-17 % mpling at 20 kHz provided essentially continuous velocity
has been reproduced (32 a flat test wall, and a concave wall Wi ces for subsequent processing as detailed in Volino 619
strong curvature (Cos) : =27). The flat wall results were pre- Mean and rms fluctuating velocities in the streamwise and wall-
sented in detail by Volino et a[19]. In the present paper the nchaI directions were computed from the instantaneous data.

concave wall results are presented and compared to the flat S L 0 .
results and the weaker concave curvature case of \Wolino and I_certalnnes in these quantities are 3-5% except in the very near

mon [15—17] wall region (y*<5) where near-wall correctior(®Vills [22]) are
' applied to the mean velocity. Uncertainty in the turbulent shear
Experiments stress,—u’'v’, is 10%. Skin friction coefficients were determined

using a technique whereby, was adjusted until th& * versus
Facility and Measurements. All experiments were con- y* data fit profiles computed using near-wall similarity, as de-
ducted in the same low speed wind tunnel described in detail é&ribed by Volino and Simoi23]. This technique accounts for
Volino et al.[19] and shown in Fig. 1. The only change to theyressure gradient effects on the near wall profile. Uncertainty in
facility for the present study was the replacement of a flat-pl:& is 8%. Boundary layer thicknesses were determined from the
test section with a curved, converging channel. The facility is Vefyea velocity profiles. Uncertainties in the momentum and dis-
similar to that used by Volino and Simdi17], again with the %}cement thicknesses are 10%. These uncertainties include bias

;axcteptlc;_n of the curvature of thg IthSt W?"‘ Om? side fo(f)tgge Presedifors which tend to cancel such that the uncertainty in the shape
es’ section IS a concave curved Flexigias surtace o1 1.09 M Wit 1 s 706, The intermittency function, which indicates

and 0.80 m length, which serves as the test wall. This wall ha o
constant radius of curvature of 25.4 cm. Pressure taps are instaE&I]emer the bOllmdlarydIaye_r IS ltr:stﬁntr?neously turbulent or nontur-
along its spanwise centerline. At the leading edge of the test wi en_t, was caicu a_te using both the instantaneous Stre,amW'Se
a slot is used to bleed off the boundary layer which grows in tH€!0City, U, and the instantaneous turbulent shear stressp’,
development section between the turbulence generator and #edescribed by Volino et &19]. The overall uncertainty in the
leading edge. Opposite the test wall is a flexible convex wall thifné-averaged intermittency, is 0.1. The instantaneous intermit-
can be adjusted to set the desired pressure gradient along the &Y function was used to separate the turbulent and nonturbulent

The nominal “freestream” velocity for the concave wall cases is not so clear as
in the corresponding flat wall case. On a flat wall, the velocity gradihtoy

screen . . L.
préssure boundary Iuy'z.:rbulence pac ronevcomb fans  approaches zero outside the boundary layer, so the freestream velocity is independent
taps generator €ycol of the distance from the wall. Curvature induces a nonz&ttJy, which under low

FSTI conditions approaches the potential flow solution for a curved channel. With
high FSTI, however, the combination of streamwise curvature and freestream turbu-
lence results in cross transport of momentum, as described by H@@rtand
deviation from the potential flow solution. The gradieiil/dy is approximately
constant in the freestream, so following the procedure of Kestoras and $hpma
straight line is fit to the mean velocity data in the freestream at each station and
extrapolated to the wally=0). This extrapolated velocity, designatey, , is used

Fig. 1 Schematic of the test facility as the freestream velocity for the concave wall case.

test
section

nozzle diffuser
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Table 1 Flow parameters at measurement stations

St x U, oo Voo K Yok 8oos Re,
[m] | [m/s} ] T, | Tw | x10° | [%] | [mm] | x10°
(%] | [%]

1 0.119 | 594 { 6.0 8.1 | 6.01 12. | 4.89 0.39
2] 0.189 | 725} 45 73 | 4.06 11. | 4.69 0.91
3] 0268 | 849 3.6 66 | 296 24. | 5.37 1.51
4] 0345 ] 953 | 32 60 [ 235 49. | 6.09 2.19
S| 0433 110 | 2.8 56 | 1.79 68. | 7.00 3.14
6 ] 0.503 120 | 2.6 52 | 1.50 81. | 9.29 3.98
7] 0.581 130 ] 25 50 | 1.27 91. 10.8 5.00
8] 0.659 140 | 24 49 | 1.10 97. 13.9 6.11
91 0.736 146 | 24 4.8 | 1.00 99. 12.6 7.13
St Reg | H G Cfx Reg | H Cfx Reg | H Cfx
10° 10° 10°
composite non-turbulent turbulent

133 1179 [ 531 90] 134 1177 ]| 90§ 124 | 1.54 | 143
143 1180 | 49 [ 801140 | 1.81 [ 80 § 162 | 145 | 1390
172 {175 60| 72 1156 | 1.83 | 7.2 § 241 | 141 | 10.8
193 | 1.71 67| 731147 1188 | 7.0 9321 | 1.38} 9.7
247 1159 | 90 ([ 701152 1191 | 67 § 378 | 1.38 ] 84
310 1153 1 122 | 70 ] 155 |1 193 | 6.5 § 509 [ 1.33 8.0
384 1144 | 16.1 | 7.1 1159 | 191 | 64 ) 598 | 1.30 | 7.7
461 | 144 [ 204 | 701160 | 196 | 6.0 ) 777 | 127 | 7.2
483 | 145 | 214 | 68 § 152 | 2.04 | 57 788 ) 129 | 7.0

Ol ||| |wit|—

10 i ® Station 1 1.0 Py :
S = 2 J . o
0.9 Y a 3 09 o
v 4 i [ ]
0.8 . M 0.8
0.7 § [¢] 6 0.7 - A 0O
: n 7 °
0.6 a 8 0.6 q
v 9 " o
= 05 +2 054 ™
0.4 & 0.4
. A a
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02 021 A O e PresentData
0.1 T4 g 0.1 1 * ¢ ¢ 0 Flat Wall [19]
o *7 94 7 - 00 45 s © ' 4 Mild Curvature [16]
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yio* X (m)
Fig. 2 Intermittency profiles based on u Fig. 3 Intermittency factor versus streamwise distance

zones of the boundary layer for conditional sampling. In the figResults
ures which follow, data points are shown for the nonturbulent
zone only when the local<95%, and for the turbulent zone only
when y>5%. Bulk parameters such & are presented when

0, 0,
Vpk=95% andyp>5% for the nonturbulent and turbulent 2onesy. o 4 here, intermittency profiles based on the instantaneous tur-

Intermittency. Intermittency profiles for the nine measure-
ment stations are shown in Fig. 2. These results were computed
using the instantaneous streamwise velocityAlthough not pre-

respectively.
Table 2 Transition start and end locations
0.5

Case (r/6;) X; [m] x, [m] ha x1 01 1

Flat [19] oo 0.29 0.98 4.2

Mild Curve [17] 53 0.23 0.90 5.5

Strong Curve 27 0.12 0.75 10.
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bulent shear stress always agreed with those in Fig. 2 to witt

0.10 and were generally within 0.05. The intermittency remair
nonzero well away from the wall, to/ 6* as high as 40. In the flat
wall case, Volino et al.[19] showed y approaching zero by
y/ §* =10. Something in the concave wall case promotes turb
lence well away from the wall. The peak intermittency in eac
profile is shown in Fig. 3 and compared to results from the fl

wall and mild curvature cases. The intermittency remains fairlt,

low (ypk~10%) for the first two stations of the strong curvature
case and then starts to rise. Note that even at the first station,
intermittency is higher than that measured in the other two cas
For all these cases, the beginning of the risg oorresponds t&
dropping below 3107%. In low FSTI boundary layersk >3

X 108 leads to relaminarizatioflones and Laund§24]). By the
last station, transition is complete in the strong curvature cas
whereas the flat and mildly curved wall cases are only approac
ing the end of transition. Following the technique of Narasimh
[25], as modified by Volino and Simaj26], the function

f(ypd=(—IN(1= ypi)) " )

can be computed based on the peak intermittency at each sta
and plotted versus streamwise location. The data in these cool
nates tend to lie along a straight line. The line may be extrapolat
to f(y,k=0)=0 andf(y,,=0.99)=2.146, corresponding to the
beginning and end of transition. Transition start and end locatio
for the three cases are listed in Table 2. Figure 4 shpyysplotted
versus dimensionless streamwise location within transition. AI<
shown is the theoretical curve

mend a2

based on the Dhawan and NaraS|m[237] transition model.

Agreement between the data and theory is good. Differences frc
Eq. (2) are seen at low in all the cases. This is termed “subtran-
sition” [25] and is expected in favorable pressure gradient flow
The Dhawan and Narasimha7] model assumes a concentratec
breakdown or formation of turbulent spots at the transition sta
location. In fact, spots are formed over some finite distance in tl
streamwise direction in a distributed breakdown. Favorable pre
sure gradients stabilize the boundary layer and extend this regi
resulting in the subtransition. The presence of the subtransiti
means that the actual start of transition does not occur axthe
location given in Table 2. Thgs andx, value do, however, indi-

cate the rate at which transition proceeds. The mild curvature ce
completes transition slightly upstream of the flat wall case, ar
the strong curvature case completes transition well upstream

X—Xg'

@)

1.
0 ® Present Data

091 o FlatWall[19]
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Fig. 4 Peak intermittency in profile versus dimensionless
streamwise location

Journal of Fluids Engineering

25
(@

20 A

Station 6

15

10

® Station 1
g 2
0 - a :
U=y - 2
U*=(1/041)Iny" +5.0 N :
[
0 ' ' |
1 " 100 1000
y+
25
((3)
20 -
mm.wA bt
15 4
Station 1
10 )
3
4
5
N 6
* u«’ = v_. 7
4 — U'=(1/041)ny" + 50 g
0 ' l |

10 100

25
(c) ® Station 1
o 2
A 3
204 ¥ 4
. 5
o 6
[ 7
1§64 & 8
g v 9 .
WP
=2
10 A
5 4
. Uray
— U'=(1/041) 0y’ +50
0 T T T
1 10 100 1000
y0
Fig. 5 Mean velocity profiles in wall coordinates: (a) compos-

ite; (b) nonturbulent; (c) turbulent

the other two cases. Since curvature is the only difference between
the cases, it is clear that concave curvature has a significant effect
on transition.

The dimensionless turbulent spot propagation titayle [1])
may be computed as

4.602U,,

(Xe_xs)2U2

o= 3)

o

JANUARY 2003, Vol. 125 / 21

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



23

1.0 1 2'2 f & Composite
214 ° Non-turbulent Present Results
4 Turbulent
0.8 2.0 A
1.9 4
s 061 1.8 4
3 ® Composite T 1.7 7
0.4 - O Non-turbulent Present ;l;zults 1.6 4
4 Turbulent Yo = 1.5 4
1.4
.2 - 1.3 4 A
02 :ompoiitel>at Plate Results [19] 5 }— composita s o
—— Non-turbulent = 2 1
Yo =17% —— Non-turbulent
........ 4 Flat Plate Results [19
00 e oy Turbulent Bl Turbulent (el
00 05 10 15 20 25 30 35 10 ' : ; ' '

0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

y (mm) X (m)

Fig. 6 Mean velocity profile for Station 5 . ) .
Fig. 8 Shape factor versus streamwise distance

vv'hereum is the average freestre:am velocity 1r10the transition reb'rofiles(Fig. 5(b)) exhibit a laminar-like shape, even at the end
gion. In the strong curvature caser=_1.0x10"" For_tﬂe flat - of transition, as was also seen in the flat wall case. The turbulent
wall case and the mild curvature caser was 4.2<10" " and  zone profileFig. 5(c)) exhibit a more turbulent-like shape, and
5.5x 10", respectively. These values are in agreement with thige |ast five stations collapse. Note that the data at even the most
trends reported by MaylgL] for other favorable pressure gradientgownstream station falls slightly below the zero pressure gradient
cases and are three to five times less than would be expected fgg@ of the wall, again due to the enhanced momentum transport in
zero pressure gradient case with the same FSTI at the beginniRg outer part of the boundary layer. Examination of the results in
of transition. It appears that wall curvature, FSTI and pressureg] shows that this effect is not as strong on the flat wall, where
gradient are all important parameters in determining the sp@fere is better agreement with the zero-pressure gradient law of
propagation rate. the wall.

Figure 6 shows the differences between the composite, nontur-

|ﬁnt, and turbulent profiles at Station 5, in the center of the
ransition zone {,,=0.67). Also shown for comparison are the

Fig. 5 in wall coordinates. Figure &) shows the compositain- results for the flat wall at the same streamwise position, which
conditioned profiles. Figures ) and 5€) show turbulent and as closer to the start of transitiory{,=0.17). On the concave

nonturbulent zone results from conditional sampling of the dat¥’ g I . - .
The composite profiles vary only slightly through Station 5. Fo\fya”' velocities in th? near wall region are slightly hlg_her in the

the remaining downstream stations, the profiles collapse toltybulent zone than in the nonturbulent zone due to higher levels
turbulent-like shape. Even the most upstream stations do not turbulent mixing. Differences between the zones are not as

hibit the laminar-like shape that was seen in the flat wall resultsd%("’“n""t'C as on the flat wall, however. While this might be attrib-
S

Mean Velocity Profiles. Mean velocity profiles for the nine
measurement stations of the strong curvature case are present

Volino et al.[19]. At Stations 7—9, where the acceleration rate h ed to the difference in the intermittency for the two cases at this
dropped toK <1.5% 10 ° and tran]sition is complete or nearly so reamwise position, it is also observed when comparing profiles

. . . from the two cases with the same intermittency and different
the profiles agree with th_e ZEro pressure gradient law of the W%r teamwise locations. The enhanced mixing induc)z/ed by the curva-
although the log-law region is quite small. The short log-law ré; '

o . re results in higher near wall velocities, particularly in the non-
gion is a consequence of the combined concave curvature HFg 9 P y
a

Migh FSTI that gues e to Sgnifcant momertum transport s e 2012 17 1 Concaue vl case s 1 e fa wal case
result in a large, negative wake strength. The nonturbulent zo ylay

weére laminar due to the freestream buffeting the boundary layer.
This is explained further in Voling18].
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Fig. 11 Fluctuating streamwise velocity profile for Station 5

The shape factokl, shown in Fig. 8, is an indicator of the state
of the boundary layer with respect to transition. The composite
flow shape factor drops from about 1.8 at Station 1 to 1.45 at
Station 9. The decrease i tracks the increase i (Fig. 3). In
the nonturbulent zonkl increases slightly from 1.8 to about 2.0.
A low FSTI laminar boundary layer on a flat wall with the same
pressure gradient would have a shape factor of about 2.4. The
shape factors below the laminar value agree with Fig. 6, which
shows that the high FSTI makes the nonturbulent zone velocity
profiles appear less laminar-like and more like those in the turbu-
lent zone. In the turbulent zonél drops from about 1.5 to 1.3.
These values are significantly less than those for the flat wall case
and suggest that the wall curvature promotes greater momentum
transport in the turbulent zone even in a high FSTI, strongly ac-
celerated boundary layer.

Skin Friction Coefficients. Skin friction coefficients,Cs,
were computed from the mean velocity profiles and are plotted
versus Regin Fig. 9. Composite flow results are presented for the
flat wall, mild and strong curvature cases, and conditional sam-
pling results are presented for the flat wall and strong curvature
cases. The striking characteristic of the figure is that the nontur-
bulent, turbulent, and composite skin friction values in the strong
curvature case are all significantly higher than in the flat wall case.
The composite skin friction coefficient is as much as 56% higher
and is an average of 42% higher than the flat wall case. The
average increases @ in the nonturbulent and turbulent zone are
45% and 23%, respectively. These results indicate that wall cur-
vature, even in the presence of strong acceleration and high FSTI,
can lead to a significant increase in momentum transport in the
boundary layer. Th&; values from the mild curvature case fall
between the flat wall and strong curvature results as expected. The
differences between the flat and curved wall cases shown in Figs.
5-9 are apparent even at the most upstream stations. This is not
unreasonable sinc&~5, and ¢/65)°%=25 by Station 1 of the
strong curvature case.

Fluctuating Velocity. Figure 10 showsu’ profiles in wall
coordinates. The strong curvature composite flow results, shown
in Fig. 10@), are typical of transitional and turbulent boundary

Figure 7 shows the momentumlayers. The peak im’/u, occurs aly* =15, and the magnitude of

thickness plotted versus streamwise position. On the concdbe peak is between 2 and 2.3. The nonturbulent and turbulent
wall, the composite flow momentum thickness remains nearpne data are shown in Figs. B)(and 10€), respectively. In-
constant through the first five stations and then increasas ascluded in these figures are bars showing the range of flat wall data
drops and transition nears completion. In the nonturbulent zorfegm Volino et al.[19]. In the nonturbulent zone, the concave wall
the momentum thickness drops somewhat in the streamwise dirdata show good agreement with the flat wall results. In the turbu-
tion. In contrast, the turbulent zone momentum thickness itent zone the data from all stations collapse, particularly near the
creases continuously. This is likely due to turbulent entrainment\all, showing self-similarity throughout the transition region. In
the boundary layer edge, which appears to be more significantte near wall regioru’/u, on the concave wall is slightly but

the concave wall than the flat wall.

Journal of Fluids Engineering

consistently reduced compared to the flat wall case. This indicates

JANUARY 2003, Vol. 125 / 23

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



1.5 0.10

.
(@ ) Composite Present Results

T o Non-turbulent = 67%

A 'ka = o
0.08 4 A Turbulent
A "
A ° L
e 4 R

1.0 1

0.06 - 4
x .
[T
.E I g I;E\ A ° ® ®
> ° )
: 2 ooa ] BONNC CC Ut -
0512 s a °
' v 4
* 5 | e
o [ 0029 Composite
. 7 —— Non-turbulent ~Flat Platefl:;;lts nel
A 2 N R Turbulent Yox =
v [} 0.00 T T T v T T
0.0 ' ' 0 1 2 3 4 5 6 7
10 100 1000

y (mm)

Fig. 13 Fluctuating wall-normal velocity profile for Station 5

1.5
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something in the concave wall case is promoting fluctuations in
the streamwise direction independent of turbulence.

Figure 12 shows the’ profiles. Figure 124) presents the com-
posite flow results for the strong curvature case. The profiles are
typical for a high FSTI boundary layer. They show a pedkin
Station 1 e the near wall region with a minimum farther from the wall fol-

1 alaad 9, lowed by a rise to the freestream value. The minimunwinre-
§ifm 34 sults as the freestream turbulence is damped by the wall. The
magnitude ofv’/u. rises in the near wall region as transition

proceeds. As was also observed in the flat wall case of \olino
et al. [19], v’ is lower in magnitude and shows more change
through the transition region than does. As was the case for
u’/u,, the turbulent zone resultgig. 12(c)) for v’/u, collapse
for all of the stations. The major difference between the present
results and the flat plate results is the high valu@ @i in the
turbulent zone in the outer part of the boundary layer and the
freestream on the concave wall. Another difference is the reduc-
tion in near wallv’/u . in both zones relative to the flat wall case.
As was observed for the turbulent zomé/u, profiles, higher
mixing in the outer part of the concave wall boundary layer results
in higher mean velocity gradients at the wall, raising the wall
shear stress and.. Higheru . reduces botfo’/u, andu’/u, near
U the wall.
Station 1 Figure 13 shows the’ profiles at Station 5. The magnitude of

! -7

v’ in the turbulent zone is almost double that in the nonturbulent

VinlUy

0.5 4

4PDmMO ®QPOO
COND NP ON

0.0 T T
10 100 1000

()

V'sure/Ur

2

0.5 4 : I zone across the entire profile. This is in contrast toutherofiles

5 of Fig. 11 that show the two zones to have very similar magni-

6 tudes. The same difference is also seen in the flat wall case. Volino

: [28] found that much of the unsteadinesstuinis low-frequency

9 bars represent the range of flat plate data unsteadiness induced by the freestream, and is a feature of both

" j the turbulent and nonturbulent zones. THefluctuations, in con-

trast, are more closely related to near wall produced turbulence

and eddy transport in the boundary layer. The differences between

the turbulent and nonturbulent zones explain the rise in near wall

Fig. 12 Fluctuating wall-normal velocity profiles in wall coor- v’ in Fig. 12@) as transition proceeds. Figure 13 also shows

dinates: (a) composite; (b) nonturbulent; - (c) turbulent differences inv’ between the concave and flat wall results. The
concave walb’ profiles for both zones rise more rapidly near the
wall, reach a minimum closer to the wall, and are higher at the

higher skin friction relative to near wall turbulence on the concav%dge of the boundary layer.

wall, and may be due to higher mixing in the outer part of the Turbulent Shear Stress. Turbulent shear stress profiles are
boundary layer. In the outer region the two data sets show gogown in Fig. 14 in wall coordinates. In the composite profiles
agreement in wall coordinates. Figure 11 showsutherofiles at  (Fig. 14(@)), the normalized turbulent shear stress increases
Station 5, midway through transition on the concave wall. Thgarough transition. In the nonturbulent zone the turbulent shear
peak inu’ is slightly closer to the wall in the turbulent zone, busstress is low and comparable to the flat wall case results. In the
the magnitudes of the turbulent and nonturbulent peaks are véuybulent zong(Fig. 14(c)), there is a significant increase in the
nearly equal. The difference between the turbulent and nonturlmermalized shear stress in the outer part of the boundary layer
lent zones is much reduced from the flat wall case, indicating thewampared to the flat wall case. These outer region values increase

0.0

10 100 1000

*

y
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1.0
{b) bars represent the range of flat plate data ® Station 1 _
09 f § wall than on the flat wall. The composite flowu'v’ profile is
0.8 - v 4 higher on the concave wall due to it being further through transi-
07 | ; 2 tion than the flat wall profile at the same streamwise location.
) - 7 Profiles of the eddy viscosity are presented in Fig. 16. The
"5 061 a 8 composite profiles in Fig. 1) show thatey increases in the
& 05 1 v 9| streamwise direction as the transition proceeds. Comparison of the
I:; ‘ nonturbulent and turbulent zone profiles in Figs.)6énd 16¢€)
041 shows that the eddy viscosity is much higher in the turbulent zone.
0.3 - While the difference between the two zones is clear, Figh)6(
shows that there is still significant eddy transport in the nonturbu-
0.2 1 lent zone. It is also of note that the eddy diffusivity is significantly
0.1 4 increased on the concave wall compared to the flat wall in both
the turbulent and nonturbulent zones. As was noted for the turbu-
00 lent shear stress of Fig. 1), the turbulent zone,, of Fig. 16()
10 increases at the downstream stations, due to the rising strength of
y curvature as the boundary layer grows.
10 Streamwise Vortices. A possible explanation for the differ-
() ® Station 1 ences between the concave and flat wall cases might be the pres-
0.9 1 N : ence of Gatler vortices in the concave wall cases. Therto
08 4 v 4 number at Station 3 of the strong curvature case is 6, indicating
3 5 that it is possible that vortices could form. No evidence of station-
0.7 1 0 6 ary Gatler vortices was observed, however. Stationary vortices
S 064 " ; would result in spanwise variation in velocity profiles, but veloc-
B v 9 ity profiles measured at different spanwise location and the same
.>f'-' 05 1 streamwise location were indistinguishable. Attempts at flow vi-
s 04 Lan sualization using smoke did not reveal i@er vortices, although
' oy v the high FSTI tended to scatter the smoke quickly, making the
031 "‘o‘lﬁm v flow visualization results inconclusive. If vortices were present it
OWM_AAY )
0.2 ’%,v@ 'v' is unlikely that they would remain stationary. In a low FSTI case
014 ﬂ‘fﬁA v vortex location would be fixed by some small upstream distur-
bars represent the range of flat plate data * ,d'A.‘; bance such as an upstream screen in a wind tunnel. In the present
0-010 160 10-00 4 case, the turbulence generating grid produces large, unsteady fluc-

o+

y

Fig. 14 Reynolds shear stress profiles in wall coordinates:

composite; (b) nonturbulent; (c) turbulent

@

tuations which might be expected to induce nonstationary vorti-
ces. Nonstationary vortices might result in highaway from the

wall as the upwash and downwash locations of the vortices moved
in the spanwise direction. Spectral analysisvofin the present
case showed a broadband peak centered at 30 Hz, which was not
present in the flat wall case. This along with the highin the

outer region(Fig. 12 suggests that nonstationary vortices may be

as the flow moves downstream, presumably due to the increaspigsent.

strength of curvature as the boundary layer thickens. Figure 15
presents the turbulent and nonturbuleni’v’ profiles for Station Conclusions

5. Similar tov” and in contrast tal’, the magnitude of-u'v’ is The effect of concave curvature on transitional boundary layers
much higher in the turbulent zone than the nonturbulent. Althou%bject to high freestream turbulence and strong favorable pres-
—u'v’ is much smaller in the nonturbulent zone, it is nonzergyre gradients has been documented. Despite the strong effects of
This indicates that some eddy transport of momentum occurs evfi freestream turbulence and acceleration on transition, curvature
when the boundary layer is nonturbulent. The figure also showsil has a significant effect. Curvature causes higher momentum
that turbulent zone-u’v’ is about 20% higher on the concavetransport in the outer part of the boundary layer, resulting in a
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Fig. 16 Eddy viscosity profiles:

lent; (c) turbulent

more rapid transition to turbulence and higher skin friction. Con-

Y/8y, 5

(a) composite; (b) nonturbu-

ence of vortices are presented, no direct evidence of their exis-
tence was found. Further study is needed to confirm the mecha-
nism for the concave curvature effect.
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Nomenclature

Ci = 7,/(pU2/2), skin friction coefficient
FSTI = freestream turbulence intensity
f(yp) = function of intermittency, Eq(1)
G = Rey(0/r)°5 Gortler number
H = 6*/0, shape factor
K = (v/va)(dUW/dx), acceleration parameter
f = dimensionless turbulent spot production rate
Re, = U,x/v, Reynolds number
Re, = momentum thickness Reynolds number
r = radius of curvature of test wall
U = time-averaged local streamwise velocity
U,, = local freestream velocity extrapolated to the wall
U.. = average freestream velocity in transition region
u = instantaneous streamwise velocity
U* = Ulu,, local mean streamwise velocity in wall coordi-
nates
U = rms streamwise fluctuating velocitﬁ
u, = Jr,/p, friction velocity
—u'v’ = instantaneous turbulent shear stress
—u'v’ = time-averaged turbulent shear stress
7 . .
U = rms cross-stream fluctuating veIouW
X = streamwise coordinate, distance from leading edge
y = cross-stream coordinate, distance from wall
y* = yu,/v, distance from wall-in-wall coordinates
8995 = 99.5% boundary layer thickness
= displacement thickness
€v = —u'v'/(dU/dy), eddy viscosity
v = time-averaged intermittency, fraction of time flow is
turbulent
Yok = peak intermittency in profile
v = kinematic viscosity
p = density
60 = momentum thickness
o = turbulent spot propagation parameter
7y = wall shear stress
Subscripts
s = transition start
e = transition end
» = |ocal freestream condition
w = extrapolated to the wall
NT = nonturbulent zone
TURB = turbulent zone
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Conditional Sampling in a

Transitional Boundary Layer
Raloh . Volin Under High Freestream
-=rarossao | TUrBUlence Conditions

Michael P. Schultz

Conditional sampling has been performed on data from a transitional boundary layer

Chrlstopher M. Pratt subject to high (initially 9%) freestream turbulence and strgkg=(»/U2)(dU.. /dx) as
high as 9x10 ¢) acceleration. Methods for separating the turbulent and nonturbulent
Department of Mechanical Engineering, zone data based on the instantaneous streamwise velocity and the turbulent shear stress
United States Naval Academy, were tested and found to agree. Mean velocity profiles were clearly different in the tur-
Annapolis, MD 21402 bulent and nonturbulent zones, and skin friction coefficients were as much as 70% higher

in the turbulent zone. The streamwise fluctuating velocity, in contrast, was only about
10% higher in the turbulent zone. Turbulent shear stress differed by an order of magni-

tude, and eddy viscosity was three to four times higher in the turbulent zone. Eddy
transport in the nonturbulent zone was still significant, however, and the nonturbulent

zone did not behave like a laminar boundary layer. Within each of the two zones there was
considerable self-similarity from the beginning to the end of transition. This may prove

useful for future modeling effort$DOI: 10.1115/1.1521957

Introduction The turbulent zone included a range of both large and small scale

Boundary layer transition is an important phenomenon expe Igdles, much like a fully turbulent boundary layer and the turbu-

enced by he flow through gas trine cngines. Wigstated (/L2072 1 @ oW £ST, tanstiona boundary ayer, The nontur,
that a substantial fraction of the boundary layer on both sides 0Fgminar-like asina Iowrl):STI flow, but instead Wgre é/haracterized
gas turbine airfoil may be transitional. The extended transitiqo high-amolitude large-scale fiuctuations and an absence of
zones exist due to strong favorable pressure gradients, found oo 9 p 9 ; ;

; . . . saller scales. Nonturbulent zone velocity fluctuations are be-
both the pressure side and the leading section of the suction SIS ed to be induced by the freestream unsteadiness throuah pres-
which stabilize the boundary layer and delay transition in spite e fluctuations. as ()j/iscussed in Volifito]. Near-wall turk?u- P
the high freestream turbulence intensi§STI) in gas turbine en- ' ’

vironments. The ability to model and predict high FSTI transitiohence production is believed to be largely absent in the
gnturbulent zone.

is important since heat transfer rates and skin friction coefficien? The intermittent nature of transition, both at low and high ESTI,

may increase substantially when a boundary layer undergoes tr Qé led to efforts to incorporate intermittency in transition models
sition. Boundary layer separation, which is believed to be a si P y

nificant problem on the suction side of some low-pressure turbi Qdoao T:g:r:ttké?fcm: azlfen?ks\eof/vt:rek 'gfteéggg rr]ltt f;or\]/g sl,)eﬁzz]rately.
airfoils, also depends strongly on the state of the boundary lay; uwzengand HuanfL2], and Solomon et a[13]. Separate modél-
with respect to transition. Improved transition models and turbin ’ 3] S€p

designs depend, therefore, on a better understanding of high F Offl the EOEtU(buleqtr?nd turt;]ulent zoneﬁ.r%quwes lgnowled%e gf
transition. e flow behavior within each zone, which can be provide

Documentation of high FSTI transition has included work irg:;r?]u%?] Croens(ﬂlttlgT]?alvzabn;grl\ngreosfeﬁ)t(ggrflcr)?igtril s??égrnfi:v?snedltlr%gzlure
turbine cascades and rotating rigsg., Halstead et aJ2]). Sev- piing P P

eral studies have considered the flow along flat and curved wa%fﬁr:egago\?\?;ﬂ&n&]bgggjIet}; afﬂrg]rhsfgcgrzg?eRerzgghgg]’ &rl:éljient
These simpler geometries allow for more detailed in-flow mea: ) P 9

surements than are typical for cascade studies. On surfaces su fS have been reported by Bldff, Wang and Kelle{ls],_ and
to zero streamwise pressure gradients, B8], Sohn and Re- ang and Zhoy16]. ]’?e st.ro.ngest acpeleratlpn rate in these
shotko[4], and Kim et al[5] all showed that at FSTI above aboutc@5es wak=0.75<10 . This is a relatively mild acceleration

3%, transition occurred rapidly near the leading edge of a te@f modern airfoils, and the transition zones were short in all cases
surface. Blaif6] considered cases with FSTI up to 5% and conIth elevated FSTI. . . .
6] P > Volino and Simon[7,9] obtained rough estimates of the time-

current acceleration, holding the acceleration paramg&tecon- X . X . . h
stant at values up to 0.%510 6. The acceleration delayed theavgraged intermittencifraction of.tlme the ﬂO.W 1S turbulemun. .
their high FSTI, strong acceleration case using an analog circuit,

transition, even with high FSTI. Volino and Simén-9] consid- . . ;
ered transition along a concave wall with inlet FSTI of 8% an h'.Ch Qetermmed when the flow was tqrbu!ent based on the time
acceleration wittK as high as % 106, Acceleration rates, Rey- erivatives of hot-wn(e voltages. Thg circuit worked well in the
nolds numbers and ESTI were t 'cai of the pressure s'dé of low FSTI cases of Kim et al.5], but in high FSTI cases differ-

u W ypl P ure si es in fluctuation level between the turbulent and nonturbulent

turbine airfoil. An extended transition region, with intermittentzones are narrower, and more careful setting of thresholds and
turbulent and nonturbulent zones, covered most of the test Surfagﬁ'oothing of the intermittency function are required for condi-

buted by the Fluid o oubl - tional sampling. This is difficult with an analog circuit, and is
Contributed by the Fluids Engineering Division for publication in ticeJBNAL ; _ ; ; it
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionl:)em:}r done in post-processing after the Slgnal has been dlgltlzed.

July 12, 2001, revised manuscript received July 26, 2002. Associate Editor: K. B. UCN post-processing requires data acquisition at a high enough
Q. Zaman. sampling rate to provide an essentially continuous signal. Due to
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Fig. 1 Schematic of the test facility

data storage limitations at the time, Volino and Sinj@8] only primarily due to the increasing freestream velocity. The stream-
sampled at a high enough rate for such processing at a few isfise componenti,, does decay somewhat due to straining of the
lated points in the boundary layer. Voliia7] examined the data freestream eddies in the accelerating flow, blitremains nearly
from these points using wavelet analysis and presented prelirgnstant at all stations.

nary results of conditional sampling. Uncertainties were high dueysg|ocity profile measurements were made at ten streamwise

to the limited amount of data. To the authors’ knowledge, no othgfations along the centerline of the test wall using a single sensor,
detailed conditional sampling results from boundary layers with

strong acceleration, extended transition zones and FSTI greater
than 5% are available in the literature. )
The present paper has two objectives. The first is to provide the ~'aPle 1 Flow parameters at measurement stations

results of conditional sampling for a transitional boundary laye| st x U., w, 7 | K e | Gos | Re
with high FSTI and strong acceleration. The case presented | m] | [s)| T, | U, | x10° | [%] | [mm] | x10°
Volino and Simon[7-9] has been reproduced on a flat test wall, %] | [%]
and data have been acquired throughout the boundary layer a~ 1 [ 0118 | 622 | 64 | 64 | 532 | 41| 404 | 050
sufficiently high sampling rate for conditional sampling post pro{ 2 { 0.190 | 7.12 | 49 | 55 | 404 | 30| 399 | 091
cessing. The second objective is to provide a baseline case fo[ 3] 0268 | 799 | 39 | 48 [3.25]| 47| 452 | 143
study of the significance of streamwise curvature on transition] 41 0345 | 9.13 | 32 | 42 | 253 | 89| 516 | 2.07
boundary layers at elevated FSTI. A second p&Sahultz and 51 0423 | 104 | 27 | 38 [ 197 ] 17.| 472 | 2.88
Volino [18]) presents results from an otherwise similar case on 61 0503 | 114 | 24 | 34 | 1.63 | 34.| 528 | 3.77
wall with strong concave curvature. 7 | 0.581 125 | 2.1 32 | 133 ] 56. | 567 | 484
8 || 0.659 13.6 1.9 2.9 1.13 71. | 5.80 | 591

. 9 [ 0.735 14.6 | 1.7 2.7 1097 86. [ 6.58 7.20

Experiments 10 0817 159 1.5 | 25 | 083 | 93. | 792 | 8.54
Facility and Measurements. All experiments were con-
ducted in the low speed wind tunnel shown in Fig. 1. Three fan| St | Bee | # xcio3 Reo | H S{oa Reo | H 303
supply air to a plenum, which is followed by a diffuser, a settlin =
i composite non-turbulent turbulent

chamber containing a honeycomb, a screen pack, a second sett T 36 T 196 1 630 [ 136 | 197 | 650 | 90 ] 1.97 | 105
chamber, and a three-dimensional contraction which reduces t— 9 108 1575 1149 1199 [ 575 | 135 | 1.72 | 9.60
cross sectional area from 1.09x%.09 m to 0.69 nx0.18 m. A 31169 | 194 1 535 | 168 | 1.94 | 5.40 | 186 | 1.59 | 8.90
bi-planar turbulence-generating grid with 43% blockage is in th{ 3 796 1187 | 500 | 193 | 1.89 | 5.00 | 244 | 1.51 ] 8.10
plane of the contraction exit. The grid is based on the design us{— s [ 221 | 1.82 | 4.80 | 212 | 1.86 | 4.70 | 293 | 1.48 | 7.50
by Kim et al.[5] and consists of a 3.8-cm diameter, 0.69-m lond™ ¢ § 263 | 1.76 | 4.50 | 239 | 1.86 | 4.20 | 366 | 1.46 | 6.70
vertical pipe down the center of the contraction exit, and siy 7| 324 | 1.66 | 4.60 || 264 | 1.86 | 4.00 [ 432 | 1.46 | 6.10
3.2-cm diameter, 0.18-m long evenly spaced horizontal pipes. Fq 8 | 372 | 1.58 | 5.00 | 278 | 1.82 | 4.10 | 474 | 143 | 6.10
lowing the grid is a 1-m long rectangular development sectionan 9 [ 457 | 149 | 530 | 297 | 1.81 | 3.90 | 580 | 1.39 | 5.90
the test section, a converging channel. One side of this channel| 10 | 580 | 1.43 | 5.60 | 364 | 1.69 | 3.70 | 745 | 1.35 | 5.50

a flat Plexiglas plate of 0.69 m width and 1.2 m length, which
serves as the test wall. Pressure taps are installed along its sp~,2
wise centerline. At the leading edge of the test wall a slot is use
to bleed off the boundary layer which grows in the developmer |
section. Opposite the test wall is a flexible wall which can be '°
adjusted to set the desired pressure gradient along the test w
For the present study the inlet velocity is set to 4.6 m/s and tF o+
velocity gradient along the wall is held constant at 13.8. The
acceleration parametdf, drops from a maximum of 8 10°% at
the inlet to the test section t0X110"® at the last measurement
station. Values oK through the test section, measurement Iocag
tions and other parameters are given in Table 1. 10°
At the inlet to the test section the mean flow is spatially uniforn
to within 3% and the turbulence is uniform to within 6%. The
components of the freestream turbulence intensity are 8.8%, 8.9
and 8.3% in the streamwise, cross-stream, and spanwise dir
tions, respectively. The integral length scales of these componer ™
of the freestream turbulence are 3 cm, 1.6 cm, and 1.4 cm. Spec
of the freestream turbulence at the most upstream measurem ¢° . ) .

1 2

mz/sz/Hz]

10°

rum [t

8
5

2
a

station are shown in Fig. 2. In the test section, the freestrea o R 10

turbulence intensitynormalized using the local freestream veloc-

ity) drops to about 2% at the last measurement station. The drop is Fig. 2 Freestream spectra at Station 1
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boundary layer type hot-wire prob@Sl model 1218-T1.f a A second function]’,, , is next computed based on the abso-
boundary layer cross-wire prol@SI model 1243-T1.5 and a lute value of the second derivative of the filtered velocity signal,
constant-temperature hot-wire anemoméTed| model IFA-100.  |g?u/dt?| . The threshold fol 5, is set such that the time average
The probes were moved normal to the wall at each station usingfal';, andT',, are equal. Next, a combined intermittency func-
motorized traverse with minimum step size of 18. At each tion, I3, is defined as

position in the velocity profiles, data were acquired for 26 seconds
at a 20 kHz sampling rate {2data points The hot-wire signals
were low-pass filtered at 10 kHz. All raw data were stored. Sam-
pling at 20 kHz provided essentially continuous velocity traces fi
subsequent processing.

'y, (H)= .
3u(t) 0 otherwise

4
(gasing I'5, on both the first and second time derivative of the
velocity helps to minimize dropouts within the turbulent zone,
Data Processing. Mean and rms fluctuating velocities in thewhich occur inl"y, andI',, when the derivatives cross zero. The
streamwise and wall-normal directions were computed from tfigal step is to smootfi's, to minimize false turbulent points in
instantaneous data. Uncertainties in these quantities are 3—5%tb®- nonturbulent zone and false nonturbulent points in the turbu-
cept in the very near wall regiory( <5) where near-wall cor- lent zone. The functionl's, is low-pass filtered with cutoff
rections(Wills [19]) are applied to the mean velocity. Uncertaintyfrequency
in the turbulent shear stressu’v’, is 10%. Skin friction coeffi- fLp=17.78 U, (5)
cients were determined using a technique wherepywas ad- o o ) . i
justed until theU* versusy™® data fit profiles computed using Whereéfip is in Hz andU.. is in m/s. Finally, using the filtered
near-wall similarity, as described by Volino and Sinf@@]. This | su» the intermittency functiod’, is set as

technique accounts for pressure gradient effects on the near wall 1 if ['3,>05
profile. Uncertainty inC; is 8%. Boundary layer thicknesses were ry(t)= . (6)
determined from the mean velocity profiles. Uncertainties in the 0 otherwise

momentum and displacement thicknesses are 10%. These ungge thresholds and filter frequencies presented above were set

tainties include bias uncertainties which tend to cancel such thgter visual inspection of many data traces andIthét) resulting

the uncertainty in the shape factét, is 7%. with several different thresholds. Visual inspection of the data is
Intermittency Based on u.The intermittency functionl, in- ultimately the best criteria available for determining how well an

dicates whether the boundary layer is instantaneously turbulent/f€rmittency function is separating the turbulent and nonturbulent

nonturbulent at a measurement location. It is assigned a value/lgV [17,22. The thresholds and frequencies were useful both for

zero for nonturbulent flow and one for turbulent flow. The timdN€ Present study and the separated flow transition study of Volino
average ofl" is the intermittency,y. Keller and Wang21] and and Hultgren[23]. They are not expected to be universal criteria

Solomon[22] review several techniques for determinifigin the for all flows, and other intermittency detection schemes 'mlght
present study, two intermittency detection techniques were ug/__ork as well. The thresholds might be made more general if non-
lized and compared. The first, as used in Volino and Hult2ai imensionalized using the viscosity or a characteristic length such

is based on the instantaneous streamwise velaciffheu signal S the boundary layer thickness.
is first digitally high-pass filtered with a cutoff frequency Intermittency Based on’u’ . A second intermittency func-

fp=200 U., 1) tion is computed based on the instantaneous turbulent shear stress.

Without pre-filtering of the velocity signal, an intermittency func-
wherefp is in Hz andU., is in m/s. The filter eliminates low- tion is computed as

frequency fluctuations, which are common to both the turbulent ) o 4

and nonturbulent zones. The filter was used by Volino and Hult- 1 if (u'v’/t)*>50-Uz

gren [23] to remove narrow band fluctuations associated with 1“1Uv(t):0 otherwise ' @)
shear layer instabilities in separated boundary layers. In the

present work, this filter had little effect on the intermittency funcA second functior™,,, is computed based om{u’v'/5t?)? with
tion. The filtered signal is then used to determine an intermittendfje threshold set such that the time averagds,gf andl',,, are
functionT’y,, as

gy L if loulot>8.89 U )
lu(t)fo otherwise @ @

where
U+2_ur31/3_ur21/2 if 2'U’31/3>U’21/2

mu otherwise

v’ [mis]

®)

The velocity U is the local mean velocity at the measuremen
location andU., is the local freestream velocity at the measure © 0005 001 0015 002 ?iggcsl 003 0035 004 0045 005
ment station. All velocities are in m/s, and the time derivative is it

m/$. The time derivative of the velocity should scale with the »
magnitude of the velocity and the frequency with which eddie® |
pass, which in turn also scales with the velocity. This explains tr 4

velocity squared term in the threshold in E8). The use ofU,, %,
instead ofU., allowed the threshold level to adjust in the near-f_z
wall region where the mean velocity becomes small. Very near tt >
wall, asU approaches zero, the threshold would also approac _,
zero and’;,, would go to 1 ifU,, were set equal t&J. To prevent " . . . s . . . .
this, U, is adjusted using the fluctuating velocity, as shownin Ec ¢ 9% 001 0018 062 078 003 068 004 0045 065
(3). This adjustment models the instantaneous rise in the near wall

velocity which occurs during turbulent intervals when higheFig. 3 Instantaneous velocity traces and intermittency func-
speed fluid sweeps toward the wall. tion: (a) uand I'y,, (b) u'v’ and T,
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(@ 10 o Station always at least 0.8, however, and at 95% of the measurement
0.9 - 3OS o, a 2 locations it was above 0.9. Although the shear stress is often con-
A . . . .
08 eV O v : sidered a better criterion function, the good agreement between
. Vv . 5 I'y(t) andI',(t) suggest that both are acceptable. This is particu-
0.7 ,;*‘AAAAAAM °© <_3 ; larly useful very near the wall, where only can be measured.
061} “ AT A 8 Both functions were used in conditional sampling, providing es-
= 05 A.r-".- a &% 7 1% sentially the same results. The uncertainty in the intermittepcy,
= f’ . is 0.1. In the figures which follow, data points are shown for the
0.4 1 " maov nonturbulent zone only when the locgk95%, and for the tur-
[o]
0.3 J CmOOoO o
& o L
& ©
0.2 5 ua
&
019
0.0 ¢k .4 = 25
001 2 3 4 5 6 7 8 9 10 11 12 13 14 15 ©  Station 6
(a) ] T
yis* 204 2 8
v 9
(o 10
1.0 -
(b) WOOO ; Station 12 15 PR
0.9 | Wy O N 3 y
J v 4 + i
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Fig. 4 Intermittency profiles based on  (a) u and (b) Reynolds 201
shear stress
15 -
1.0 Z ® Station 1
® Present Data o) o 2
0.9 {—— Equation 8 10 - N a
v 4
0.8 1 . 5
J (o] 6
0.7 5 [ 7
0.6 - ¢« U=y A 8
. j U= (1/0.41) Iny" +5.0 y 9
2 05 o < 10
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0.2
25 -
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) . . . ' . . 151 & 8
Fig. 5 Peak intermittency in profile versus dimensionless g v 9
streamwise location L F < 10
>
10 4
equal. The remaining steps in computing the intermittency func- 5 4
tion_TuU(t) follow the steps in _Eqs(,.4)—(6) above. N . Usy
Figure 3 presents a t_yplcal _S|gnal from t_he transitional b_oundar) U= (1/0.41) Iny* + 5.0
layer along with both intermittency functions. Some regions are 0 T

clearly turbulente.g., 0.025 s—0.035 and some are clearly non-
turbulent(0.01 s—0.02 s Between zones the demarcation is not
always sharg0.04 s—0.045)sleading to differences i ,(t) and

I'y,(t) and the possibility of some “leakage” of data betweerFig. 6 Mean velocity profiles in wall coordinates:
ite; (b) nonturbulent;

zones. The correlation coefficient betweég(t) andT",(t) was
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bulent zone only wheny>5%. Bulk parameters such & are 0.8
presented when,<95% andy,,>5% for the nonturbulent and 07 a
turbulent zones, respectively. ’

06 1 A

[ ]
Results 05 4 L 4t .
Intermittency. Intermittency profiles for the ten measure- E 041 . 4 .

ment stations are shown in Fig. 4. Agreement betweerutaed = o o
shear stress basegis good. Intermittency remains low for the 0.3 ®* « & * 8 0 0 o0 g
first three stations and then begins to rise. By the last station,
transition is nearing completion. Transition criteria such as those 021 e Composite
presented by Johns¢@4] and Mayle[1] indicate that the present o1 O Non-turbulent
boundary layer would be transitional by Station 1 under zero pres- A Turbulent
sure gradient conditions. In fact, the intermittency is nonzero at o0 . . : . T . . :
Station 1, but the strong acceleration prevents the transition from 00 01 02 03 04 05 06 07 08
proceeding. The beginning of the riseyttorresponds t& drop- X (m)
ping below 3x10°® In low FSTI boundary layersK>3
X 10" leads to relaminarizatiofdones and Laundé®5]). Fol- Fig. 8 Momentum thickness versus streamwise distance

lowing the technique of NarasimH&6], as modified by Volino
and Simon[27], the function
F(yo) = (= In(1= 70,12 ©) be expected for a zero-pressure gradient case with the same FSTI,
Yk Ypk indicating a longer transition zone with the favorable pressure
can be computed based on the peak intermittency at each staticadient than with a zero-pressure gradient.
and plotted versus streamwise location. The data in these coordix

i . ) . .

nates tend to lie along a straight line. The line may be extrapolated/€an Velocity Profiles. Mean velocity profiles for the ten

t0 f(yo,=0)=0 andf(yy,=0.99)=2.146, corresponding to the measurement stations are presented in Fig. 6 in wall coordinates.
P p . . ’

beginning and end of transition at—0.29 m andx,=0.98 m, Figure 8a) shows the compositéunconditionedl profiles. The

respectively. Figure 5 shows,, plotted versus dimensionlesspmf'les rise through Station 6, with a somewhat laminar-like

streamwise location within transition. Also shown is the theoret shape. Dgwnstream of Station .6’ the profiles assume a more
urbulent-like shape and by Station 10, where transition is near

cal curve completion and the acceleration rate has droppedKtel
X—Xg |2
Yok=€xp —4. x 9)
e S 2.1
based on the Dhawan and Narasimf28| transition model. ¢ Composite
Agreement between the data and theory is good. In favorable 291 . " o Non-turbulent
pressure gradients some differences are expected and observed i g | s 4 Turbulent
low intermittency, in a region Narasimipa6] referred to as “sub- ’ 8 v o o
transition.” 18 1 b ° o
The dimensionless turbulent spot propagation rate may be com- hd
puted, following the development of Maylé], as T 174 . D
. 4.6,°U., 10) 161 .
no= ——— 10
(Xe—x9)°U3 15 e .
— A L ]
whereU., is the average freestream velocity in the transition re- 1.4 4 4
. ~ N A
gion. In the present caseo=4.2x10 % In agreement with ] i . i i i i

3 :
trends reported by Maylgl] for other favorable pressure gradient 00 01 02 03 04 05 06 07 08

cases, this value is an order of magnitude lower than what would X (m)

Fig. 9 Shape factor versus streamwise distance

0.012
. po— La_n:ninar calculation e Composite
;_:.‘ ---------- Mixing length calculation o Non-turbulent
0010415 4 A Turbulent
0.008 -
28
=] O 0.006 a
0.004 - o
0.2 q e Composite
. . o Non-turbulent 0.002 4
—— Laminar calculation
7 e Mixing length calculation 4 Turbulent
0.0 4 T T T T 0.000 . . . . v . . :
0.0 0.1 0.2 0.3 04 0.5 0 1e+5 2e+5 3e+5 de+5 5Se+5 6e+5 Te+5 8e+5 Ge+5
Yi8yq 5 Re,
Fig. 7 Mean velocity profile for Station 7,  y,,=56% Fig. 10 Skin-friction coefficient
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%108, there is good agreement with the zero pressure gradier 014 o Co -
X d . mposite
law of the wall. The nonturbulent zone profiles are shown in Fig. O Non-turbulent
6(b). All the profiles exhibit a laminar-like shape, even at the end 012 1 ﬂn s Turbulent
of transition. Figure &) shows the turbulent zone profiles. All i@m&i
have a turbulent-like shape, and the last five stations show goo 10 185 ii!
agreement with the zero-pressure gradient law of the wall. The Y 2,
high FSTI suppresses the wake at all stations. Figure 7 illustrate=§ %98 g am,
the differences between the composite, nonturbulent, and turbys 2] o & 3
lent profiles at Station 7, in the center of the transition zone. 0.06 11 e a e a a
Distance from the wall is normalized on the composite fléyy/s. B o * . A .
Velocities in the turbulent zone are clearly higher in the near wall 0041 ° a o ; ° .
region due to higher levels of turbulent mixing. Also shown in 0.02 4 s u
Fig. 7 are low FSTI calculations for laminar and fully turbulent '
0.00 ; r iy : - . . .
00 01 02 03 04 05 06 07 08 09 10
® Stationt
(a) 251 ‘!Iéﬂ-g;s& f : ¥i8s55
Z 9 3 p Fig. 12 Fluctuating streamwise velocity profile for Station 7,
201 é‘.iz‘%es' P
l!)f“ X : ;
=P 1.5 :V E v 9
IS ol o o 10] _ )
A AOowe boundary layers with the same pressure gradient. The fully turbu-
101 "% 0 lent calculation was done with a mixing length model. The turbu-
S f:, lent and nonturbulent zone profiles at all stations differ from the
05 -‘v‘q&‘? low FSTI calculations. Higher levels of transport lead to higher
« near wall mean velocities in the data than in the calculations. This
is particularly true in the nonturbulent zone. The increased trans-
0.0 T T i port in the nonturbulent zone makes the differences between the
1 10 100 1000 turbulent and nonturbulent profiles less pronounced in the data
y' than in the low FSTI calculations. At no point does the boundary
layer behave as if it were laminar. Differences from laminar be-
St havior have been reported in low FSTI transitional fldersy.,[5],
2.5 e 2 [15]) and attributed to the effect of the turbulent zone on the
(b) @% A 3 nonturbulent. In the present study, however, deviation from lami-
20 Wo A . ; nar behavior is seen even at Station 1, where the boundary layer is
: e " ) 6 nearly all nonturbulent. The deviation from laminar behavior must
T b N : be due to the high FSTI.
-
=4 18 -ﬁg 2 f:, Boundary Layer Growth. Figure 8 shows the momentum
s v_3 ;’ thickness as a function of streamwise position. The composite
104 av o 0‘2 boundary layer does not grow through the first five stations due to
%ﬁ”fﬂ — the strong acceleration. Momentum thickness increases at the
05 ..2“;@’ 55555555, downstream stations as the acceleration weakens and transition
T OO proceeds. In the nonturbulent zone, momentum thickness remains
constant at all stations. The turbulent zone momentum thickness
0.0 " T increases continuously, possibly due to turbulent entrainment at
1 10 100 1000 the edge of the boundary layer.
v The shape factor, shown in Fig. 9, is an indicator of the state of
the boundary layer with respect to transition. In the nonturbulent
_ zone it drops only slightly from 2.0 to about 1.8. A low FSTI
25 | o Swtont laminar boundary layer with the same pressure gradient would
(© A 3 have a shape factor of 2.4. As shown in Fig. 7, the high FSTI
. ; enhances mixing and makes the nonturbulent zone appear less
2.0 1 o M laminar-like. In the turbulent zoned drops from about 1.5 to
u 7 1.35. The low FSTI fully turbulent calculation mentioned above
3 15/ 3 : resulted inH values about 10% higher than the experimental data.
g o 10 This suggests that the high FSTI promotes greater momentum
Is transport in the turbulent zone, but the effect is not as great as in
101 the nonturbulent zone.
05 | Skin Friction Coefficients.  Skin friction coefficients were
’ computed from the mean velocity profiles and are shown in Fig.
10. Also shown for reference are the results from the low FSTI
0.0 . : . calculations. The skin friction coefficient is as much as 70%
1 10 100 1000 higher in the turbulent zone than in the nonturbulent zone. The

+

y

Fig. 11 Fluctuating streamwise velocity profiles in wall coor-
dinates: (a) composite; (b) nonturbulent; (c) turbulent
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compositeC; does not change much during transition, which if

viewed alone, might suggest that there is little difference between
the nonturbulent and turbulent zones. When viewed with the con-
ditional sampling results, however, it is clear that the two zones
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are quite different. In both zones the freestream turbulence resu#tpse, showing self-similarity throughout the transition region.
in C¢ as much as 40% higher than the corresponding low FSFigure 12 shows thei’ profiles at Station 7, midway through
calculation. transition. The peak in' is closer to the wall in the turbulent
zone, but the magnitudes of the peaks differ by only about 13%

Fluctuating Velocity. Figure 11 shows’ profiles in wall co- between the two zones.

ordinates. The composite flow data, shown in Figallare typi- : — ) .
cal of transitional and turbulent boundary layers. The peak imF\'I%;”i‘; éls Slhﬁg\)NSlA} r))(roflletzs.d ;”;e E(i)n;plgglﬁbﬂovr\], dd‘:‘te} ar$
u’/u, occurs ay " =16, and the magnitude of the peak is betweeR© 9: - AS expected for a hig oundary 1ayer,

2 and 2.6. The peak is highest at Station 7, in the middle §f droPs from a peak in the near wall region to a minimum, and
transition, due in part to the unsteadiness associated with n rises to the freestream value. The minimum is indicative of a
switching between turbulent and nonturbulent states. The nontgﬁmp'ng of the frees'th?am effect by the wall. Ne_ar the wall, th_ere
bulent and turbulent zone data are shown in Figéb)land 11c), 'S not much change in'/u, for the first three stations. As transi-

respectively. In the turbulent zone the data from all stations cdion begins,v’/u; rises at Stations 4 and 5. Between Stations 6
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Fig. 13 Fluctuating wall-normal velocity profiles in wall coor-

dinates: (a) composite; (b) nonturbulent;

(c) turbulent
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and 10 there is little change. In comparison to theprofiles of

Fig. 11,0’ is lower in magnitude and shows more change through
the transition region. Far from the wall, normalized drops in

the streamwise direction due to the increasing value of The
dimensional value of ' in the freestream remains essentially con-
stant at 0.4 m/s at all stations. The nonturbulent and turbulent zone
data are shown in Figs. {13 and 13c). As withu’, the turbulent
zone profiles collapse. Figure 14 shows tHeprofiles at Station

7. In contrast to ther” profiles of Fig. 12, which showed similar
magnitude in the turbulent and nonturbulent zonesptheagni-

tude is nearly twice as high in the turbulent zone as in the non-
turbulent. Volino[17] found that much of the unsteadinessuiis
low-frequency unsteadiness induced by the freestream and com-
mon to both zones. When freestream eddies buffet the boundary
layer and push higher speed fluid toward the wall, the effect is an
increase inu, particularly near the wall whergU/dy is large.

This effect is common to both the nonturbulent and turbulent
zones and is not dependent on turbulence produced near the wall.
It explains the similarity between the turbulent and nonturbulent
u’ behavior. There is no similar effect arf, so thev’ fluctua-
tions are more closely related to turbulence and eddy transport in
the boundary layer, and greater differences exist between the tur-
bulent and nonturbulent’.

Turbulent Shear Stress. Profiles of the turbulent shear stress
are shown in Fig. 15 in wall coordinates. Similart&/'u . in Fig.
13(a), there is little change in the composite profiles in Fig(a5
for the first three stations. As transition begins, the dimensionless
shear stress rises. In the nonturbulent z¢Rig. 15b)) —u'v’
values are low. In the turbulent zone, Fig.(@5shows that the
data from beginning to end of transition all collapse onto a single
line. To compare the turbulent and nonturbulen’v’ directly,

Fig. 16 shows the Station 7 profiles. In contrastitg which had
similar magnitude in the two zones,u’v’ is much higher in the

Composite
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0.08 - A

>
a

Turbulent

0.06 - [}
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Fig. 14 Fluctuating wall-normal velocity profile for Station 7,
‘ypk=56%
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Fig. 15 Reynolds shear stress profiles in wall coordinates:
composite; (b) nonturbulent; (c) turbulent

@ Fig. 17 Eddy viscosity profiles:

lent; (c) turbulent

(a) composite; (b) nonturbu-

turbulent zone. The nonturbulentu’v’ is not zero, however,

indicating some eddy transport of momentum even when thasity within the turbulent zone. The turbulence contained within
boundary layer is non-turbulent. This may explain the deviation dfe turbulent spots in the upstream part of transiiahere the
the nonturbulent mean velocity profiles from laminar predictiongtermittency is low and the spots occupy only a small fraction of
and the enhancement of the skin friction above laminar valutie total flow appears to be very similar to the turbulence in the

shown in Figs. 7 and 10.

nearly fully turbulent region downstream. This similarity may

The collapse of the turbulent zone data in Fig(ci5also seen simplify modeling of the turbulent zone. Although the collapse of
inu’ andv’ in Figs. 11c) and 13c), indicates considerable simi- the data in the coordinates of Figs.(if, 13(b), and 1%b) is not

0.0020

quite so good, similar arguments can be made concerning the
self-similarity of the nonturbulent zone.
Profiles of the eddy viscosity are shown in Fig. 17. The com-

& o Composte posite profiles in Fig. 1@) show thats,, increases in the stream-
S 4 Turbulent wise direction as the transition proceeds. Comparison of the non-
00018 ., turbulent and turbulent zone profiles in Figs.(d7and 17c)
“ ‘a shows that the eddy viscosity is three to four times higher in the
2 00010 L S Lt . turbulent zone. While the difference between the two zones is
2 ¢ e N clear, Fig. 17b) again shows that there is significant eddy trans-
‘es Loa port in the nonturbulent zone.
0.0005 . o
I:\D hd L] °
D‘I‘DDDD O9pf80oo o p o ; R
0.0000 e Conclusions
00 01 02 03 04 05 06 07 08 09 10

Yl 5

Fig. 16
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Reynolds shear stress profile for Station 7,

7pk=56%

Conditional sampling was successfully performed on experi-
mental data from a transitional boundary layer subject to high
freestream turbulence and strong acceleration. Intermittency func-
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tions based on the instantaneous streamwise velocity and the in- ¢ = turbulent spot propagation parameter
stantaneous turbulent shear stress agreed well and produced es+,, = wall shear stress
sentially equal conditional sampling results. Subscripts
Mean velocity profiles differed significantly between the turbu- )
lent and nonturbulent zones, and skin friction coefficients in the HP = high pass
turbulent zone were as much as 70% higher than in the nonturbu- LP = low pass
lent zone. Theu’ fluctuation levels did not differ greatly between § = transition start
the turbulent and nonturbulent zones, it and the turbulent e = transition end . .
shear stress were significantly higher in the turbulent zone. Within U = intermittency based on streamwise velocity
each zone, considerable self-similarity was observed in all turbu- v = intermittency based o_n_turbulent shear stress
lence quantities from beginning to end of transition, particularly in < — local freestream condition . .
the turbulent zone. The differences between the two zones and the2:3 = intermediate steps in construction of intermittency
similarity within each zone suggest the importance of properly function
modeling the transition process in boundary layer prediction and N1 = nonturbulent zone
support arguments for the development of intermittency basdyRB = turbulent zone
models.
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Evaluation of the Turbulence
Model Influence on the Numerical
o. couier-neigosna’ | Slmulations of Unsteady
e-mail: coutier@enstay.ensta.fr c a"itati 0 n

R. Fortes-Patella

e-mall:regiane fortes@inpgf Unsteady cavitation in a Venturi-type section was simulated by two-dimensional compu-

tations of viscous, compressible, and turbulent cavitating flows. The numerical model
used an implicit finite volume scheme (based on the SIMPLE algorithm) to solve
Reynolds-averaged Navier-Stokes equations, associated with a barotropic vapor/liquid
state law that strongly links the density variations to the pressure evolution. To simulate
J. L. Reboud turbulence eﬁe_c_ts on cavitating ro_ws, four _different models_ were implemented (stan_dard
k-¢ RNG; modified ke RNG; k-w with and without compressibility effects), and numeri-
cal results obtained were compared to experimental ones. The standard mod &N

and k-w without compressibility effects lead to a poor description of the self-oscillation
behavior of the cavitating flow. To improve numerical simulations by taking into account
the influence of the compressibility of the two-phase medium on turbulence, two other
models were implemented in the numerical code: a modifiedrkedel and the ko

model including compressibility effects. Results obtained concerning void ratio, velocity
fields, and cavitation unsteady behavior were found in good agreement with experimental
ones. The role of the compressibility effects on turbulent two-phase flow modeling was
analyzed, and it seemed to be of primary importance in numerical simulations.
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Introduction the quasi-incompressible behavior of the pure liquid flow. More-

o . . over, the influence of the turbulence on unsteady two-phase com-
Cavitating flows in turbomachinery lead to performance losses "’ . -
essible flows is not yet well known.

and modifications Qf the blade_s Io_ad. These con_sequences_car? is paper presents unsteady cavitating flow simulations per-
related to the quasi-steady cavitation effects, mainly dependlng]%rpmed with a two-dimensional code. It is based on the model

the time-a\_/eraged shapes_of_the vapqr_ized _structures. M_oreo veloped by Delannoy and Kuefd/] for inviscid fluids. Several
turbomachinery under cavitating conditions is also submitted ysical modifications have been investigated by Reboud and
transient phenomena, such as compressibility effects, flow r (élannoy[S], Reboud et al[9], and Coutier-Delgosha et 41L0]

fluctuations, noise, vibration, erosion, in which the unsteady b{.ad increase the range of applications and improve the physical
havior and the two-phase structure of the cavitating flow are iﬂiodeling.

fluent. The study and modeling of the unsteady behavior of cavi- |, the numerical code, the two-phase aspects of cavitation are
tation are t_hus essential to estimate the hydraulic unsteadinessgi}ieq by introducing a barotropic law that strongly links the fluid
turbomachinery and the associated effects. density to the pressure variations. From the numerical point of
In this context, some numerical models taking into account tRga\y ‘this physical approach is associated with a pressure-
two-phase structure and the unsteady behavior of cavitation h@¥§rection scheme derived from the SIMPLE algorithm, slightly
been developed. Most of them are based on a single fluid agodified to take into account the cavitation process. The model
proach: the relative motion between liquid and vapor phasesHgs peen validated on numerous cases, such as Vef@yir)],
neglected and the liquid vapor mixture is treated as a homogsgys, [8,11], or blade cascade$§12,13. The numerical results
neous medium with variable density. The mixture density is '&howed a good agreement with experiments. Mainly, the code
lated directly to the local void fraction and is managed either by|aads to a reliable simulation of the cyclic self-oscillation behavior
state law(Delannoy and Kuenj1], Song and H¢2], and Merkle of unsteady cavitating flows.
et al.[3]), using a supplementary equation relating the void frac- The complex unsteady mechanism that governs this cyclic cavi-
tion to the dynamic evolution of bubble clustéubota et al[4], tation behavior is strongly affected by the applied turbulence
and Chen and Heist¢b]), or by a multiple species approach withmodel,[9,10]. The aim of this paper is to study the influence of
a mass transfer law between liquid and vapiunz et al.[6]). different models(standardk-e¢ RNG; modifiedk-¢ RNG; k-
The last model can be used in a full two-fluid approach, includingcluding or not compressibility effedgten the numerical simula-
relative motion between the phag@gajbegovic et al[7]). tion of cavitating flows. Indeed, because of the barotropic state
Main numerical difficulties are related to the strong couplintaw adopted in the model, the vaporization and condensation pro-
between the pressure field and the void ratio and to the coexisésses correspond mainly to highly compressible flow areas.
ence of the strong compressibility of the two-phase medium witfherefore, it is of primary importance to take into account the
compressibility of the vapor/liquid mixture in the turbulence
1Currently at ENSTA UME/DFA, chemin de la Huniere, 91761 Palaiseau CedeRnodel.
France. The paper describes the turbulence models applied in the nu-
Contributed by the Fluids Engineering Division for publication in tBNAL  merica| simulations and presents comparisons between different
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division . . . . K .
August 7, 2001; revised manuscript received May 6, 2002. Associate Edirgdumerical results obtained in a two-dimensional Venturi-type sec-
J. Katz. tion, whose experimental behavior has been already studied by
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Stutz and Rebouchl4,15. In this geometry, the flow is charac-
terized by an unstable cavitation behavior, with almost periodic:
vapor cloud shedding.
In addition to the standark-¢ model, three other turbulence
models were applied, to investigate their influence on the twc (b)
phase turbulent flow. Mainly, the turbulence model proposed by
Wilcox [16], which includes compressibility considerations, wag;, -, (a) Curvilinear-orthogonal mesh of the Venturi-type sec-
applied, and promising results are obtained. Comparisons Wi, (160x50 cells). L,4=224mm. (b) Zoom in the throat
experimental measurements of void ratio and velocities inside thgjion.
cavity, [9], are presented.
The ability of these turbulence models to predict complex two-
phase flow is discussed, and the role of the compressibility effects

is studied. Numerical Model
) To solve the time-dependent Reynolds-averaged Navier-Stokes
Physical Model equations associated with the barotropic state law presented here

The present work applies a single fluid model based on pre@Pove, the numerical code applies, on two-dimensional structured
ous numerical and physical studi¢s,8—10. The fluid densityp curvilinear-orthogonal meshes, the SIMPLE algorithm, modified
varies in the computational domain according to a barotropic stdf take into account the cavitation process. It uses an implicit
law p(P) that links the density to the local static press(fg. ). mMethod for the time-discretization, and the HLPA nonoscillatory
When the pressure in a cell is higher than the neighborhood of tfRcond-order convection scheme proposed by [A18) The nu-
vapor pressureR>P,+(AP,/2)), the fluid is supposed to be Merical model is detailed in Coutier-Delgosha et[a0]: A com-
purely liquid. The entire cell is occupied by liquid, and the densitplete validation of the method was performed, and the influence of
p, is calculated by the Tait equatioft,7]. If the pressure is lower the numerical parameters was widely investigated. The present
than the neighborhood of the vapor pressur@<@, Paper describes mainly the different turbulence models applied.

—(AP,/2)), the cell is full of vapor and the densipy is given by goyndary Conditions. In the code, the velocity field is im-
the perfect gas lawisotherm approagh Between purely vapor nocaq at the computational domain inlet, and the static pressure is

and purely liquid states, the cell is occupied by a liquid/vapamposed at the outlet. Along the solid boundaries, the turbulence
mixture, which is considered as one single fluid, with the variable ;yels are associated with laws of the walll.

densityp. The densityp is directly related to the void fractioa

=(p—p))/(p,—p) corresponding to the local ratio of vapor con- Initial Transients Conditions. To start unsteady calculations,

tained in this mixture. the following numerical procedure is applied: First of all, a sta-
To model the mixture state, the barotropic law presents t@nary step is carried out, with an outlet pressure high enough to

smooth link in the vapor pressure neighborhood, in the intervavoid any vapor in the whole computational domain. Then, this

+(AP,/2). In direct relation with the rangdP,, the law is pressure is lowered slowly at each new time-step, down to the

characterized mainly by its maximum sIopeAﬂJn, WhereArznin value corres.ponding to the desired cavitation ngm@ek/apor '

=3Pldp. Amin can thus be interpreted as the minimum speed @Ppears during the pressure decrease. The cavitation number is

sound in the mixture. Its calibration was done in previous studie§en kept constant throughout the computation.

[10]. The optimal value was found to be independent of the hy-

drodynamic conditions, and is about 2 m/s for cold water, Witl:r.h G

P,=0.023 bar, and corresponding &P ,~0.06 bar(green chart e Geometry

on Fig. 1. That value is applied for the computations presented Numerical simulations have been performed on a Venturi-type

hereafter. section whose convergent and divergent angles are, respectively,
Mass fluxes resulting from vaporization and condensation prabout 18 deg and 8 de@ig. 2(a)). The shape of the Venturi

cesses are treated implicitly by the barotropic state law, and hottom downstream from the throat simulates an inducer blade

supplementary assumptions are required. Concerning the momsuction side with a beveled leading edge geométiyeny et al.

tum fluxes, the model assumes that locally velocities are the safii8]) and a chord length =224 mm.

for liquid and for vapor: In the mixture regions vapor structures According to experimental observations, in this geometry the

are supposed to be perfectly carried along by the main flow. THisw is characterized by unsteady cavitation beha\ib4], with

hypothesis is often assessed to simulate sheet-cavity flows,qumasi-periodic fluctuations. Each cycle is composed of the follow-

which the interface is considered to be in dynamic equilibriuning successive steps: The attached sheet cavity grows from the

[3]. The momentum transfers between the phases are thus strongdpturi throat. A re-entrant jet is generated at the cavity closure

linked to the mass transfers. and flows along the Venturi bottom toward the cavity upstream
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Fig. 3 Time evolution of the cavity length. The time is reported in abscissa, and the

X position in the tunnel of cavitation is graduated in ordinate. The colors represent

the density values: white for the pure liquid one and from red to dark blue for the

vapor one. At a given point in time and position, the color indicates the minimum
density in the corresponding cross section of the cavitation tunnel. Calculation
conditions:  o=2.4; V,=7.2m/s; mesh =160X50-time-step At=0.005T o (T e
=Liet! Vier)-

end. Its interaction with the cavity surface results in the cavittained by double optical probes by Stutz and Rebpid,15
break off. The generated vapor cloud is then convected by tekow that the numerical mean void ratio is overestimated in the
main stream, until it collapses. main part of the cavity. Calculations give a high time-averaged

For a cavitation numbeo of about 2.4(based on the time- void ratio in the upstream part of the cavitation shee®0 per-
averaged upstream pressuemd an inlet velocityV,=7.2m/s, cenj, abruptly falling to 0 percent in the wake, while the mea-
vapor shedding frequency observed experimentally is about 50 Bizred void ratio never exceeds 25 percent and decreases slowly
for a cavity length of 455 mm,[14]. from the cavity upstream end to its wake.

The standard computational grid is composed of 60 or- This poor agreement with the real configuration seems to be
thogonal cells(Fig. 2(a)). A special stretching of the mesh is ap-+elated to an overprediction of the turbulent viscosity in the rear
plied in the main flow direction just after the throat, so that thpart of the cavity. The cyclic behavior of the cloud cavitation
two-phase flow area is efficiently simulated: about 50 grid poinfsocess is strongly related to the re-entrant jet development from
are used in this direction to model the 45-mm long mean cavitiie cavity closure[17]. As a matter of fact, the main problem in
obtained hereaftdFig. 2(b)). In the other direction, a stretching isthe turbulent flow simulations consisted in the premature removal
also applied close to the walls, to obtain at the first grid point thaf the reverse flow along the solid wall: the re-entrant jet was
non dimensional parametgi of the boundary layer varying be- stopped too early and it did not result in any cavity break off.
tween 30 and 100 and to use standard laws of the walls. The gridt is worth noting that numerical tests reported[ir0] confirm
is finer in the bottom part of the Venturi section than in its uppghat the mesh size, spatial scheme, and the time discretization
part, to enhance the accuracy in the cavitation domain: Cavitiggplied in the model do not modify the results. Computations
obtained in the following sections contain about 30 cells acroperformed with a finer mes{264x90) and first or second-order
their thickness. accurate time discretization schemes still lead to the same com-

plete stabilization of the cavitation sheet.

(b) Modified k-& RNG Model. To improve the turbulence

(@ Standard k- RNG Model. The first model applied in modeling and to try to better simulate the re-entrant jet behavior
the numerical code is a standdeee RNG model, associated with
laws of the wall,[9].

In this model, the effective viscosity applied in the Reynolds
equations is defined ag=u,+ w, where ,ut=pCHk2/8 is the 1000
turbulent viscosity andC ,=0.085(Yakhot et al.[20]).

This model is originally devoted to fully incompressible fluids, g4,
and no particular correction is applied here in the case of the
highly compressible two-phase mixture. Thus, the fluid compress
ibility is only taken into account in the turbulence equations$
through the mean densify changes.

With this model, the unstable cavitating behavior observed ex:
perimentally is not correctly simulated: After an initial transient ’
fluctuation of the cavity length, the numerical calculation leads to 200 ’
a quasi-steady behavior of the cavitation sheet, which globally s
stabilizes(Fig. 3. 0

The resulting cavity length is much too small, compared with
the experimental observatiofis this case, the error is larger than
50 percent Moreover, comparisons with experimental data ob-  Fig. 4 Maodification of the mixture viscosity ~ (n=10)

Turbulence Models

s modified
function

f(r

400 = = = gtandard

function f

0 200 1000
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Fig. 5 Transient evolution of unsteady cavitating flow in the Venturi-type duct. (a) Tem-
poral evolution (in abscissa ) of the cavity length  (graduated in ordinate ). Instantaneous

density distribution of attached and cloud cavities are drawn on the left at T=11T
(velocity vectors are drawn only 1 cell over 2 in the two directions ). (b) Time evolution of

the upstream pressure.

and the vapor cloud shedding, we modified the stankasdRNG py—p\"
model simply by reducing the mixture turbulent viscosity, mainly f(p)=p,,+( — ) (py—p,) n>1.
in the low void ratio areas: Po=P1

— 2
m=F(p)C ke Indeed, according to the experimental resyi§], the re-
entrant jet seems to be mainly composed of liquid~0), and
where thus the reduction of the mixture turbulence viscosity leads to
Journal of Fluids Engineering JANUARY 2003, Vol. 125 / 41
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Table 1 Numerical tests performed on the Venturi-type section with the k-& modified model
0'=24, Arnin=2 m/s, pvlp/=001

RESULTS
Mean Vapor Volume Oscillation Frequency Standard Deviation
AT/ T o Mesh (X104 md) (Hz) (X104 m?)
Reference case
0.005 160<50 11.0 55 2.4
Influence of the time-step
0.002 160<50 12.3 4.3
0.005 160<50 11.0 55 2.4
0.01 16050 9.3 55 2.7
Influence of the mesh
0.002 26490 15.6 52 2.9
0.005 26490 14.5 54 4.3
0.005 160<50 11.0 55 2.4
0.005 1130 6.9 64 1.9

substantial changes in the simulation. The prediction of the ulyze and to evaluate the compressibility effects on the turbulence
steady re-entrant jet is now obtained, and the vapor cloud shededeling of cavitating flows, we implemented in the numerical
ding is well simulatedSee Fig. 4. code thek-w turbulence model proposed by Wilcx6]. Its ma-

The transient evolution observed during this unsteady calcufar advantage, compared with the previous models, consists in the
tion is shown in Fig. 5. Fig. @) illustrates at a given time and for corrections that are proposed by Wilcox in the turbulence equa-
each cross section of the Venturi-type duct the value of the miriiens to model the effects of density fluctuations. The main fea-
mal density in the section. By comparison with Fig. 3, it givesures of the models are presented hereafter. All details concerning
information concerning the vapor cloud shedding process: the p#ré turbulence model can be found[it6].

of the cavity that breaks off clearly appears, and the fluctuation . . . -
y y app Basic Model Equations. Equations are similar to the govern-

frequency can be evaluated. Moreover, it also supplies the maxi . . -
9 y bp g equations resolved in the case of kae model: All the modi-

mum void ratio in each section. Curve 5b presents the transi B i It f th f the dissipati ii t
upstream pressure evolution. ications result from the use of the dissipation specific rate

The experimental self-oscillatory behavior of the cavitatioHﬁ'Stead .Of the turbulence d|SS|pat|<m_ The turbulent viscosity
sheet is correctly simulate¢Fig. 5. We obtain in this case a €XPression and thieequation are modified, and teequation is
fluctuating cavity whose mean length is about 45 nine., 'ePlaced by a equation:
Lca/Lier=0.2). The mean fluctuation period is about 0759, K
and the corresponding shedding frequency equals 55 Hz. Both p=—
length and frequency are in good agreement with measurements w
(i.e., 45 mm and 50 Hz, respectivelyThe reduced frequency
based on the reference velocity and the mean cavity length equals K " u_ﬁ_k _ a4
0.33, which only slightly overestimates the classical Strouhal ot lox; ~Tii IX;
number S£0.3 (0.28 from the experimental measurementhe
transient evolution is almost periodic, with some random distur- Jdw dw ® U , 0
bances affecting the oscillation regularity. This behavior is consis- +Uj% = Qi Tij Byw+ x
tent with the experimental observations, which pointed out a quite ! !
regular cavitation cycle, whose frequency fluctuated around a c§pherea,, = 5/9, B,,= 3/40, 8% = 9/100,0,,= 0.5, ando* = 0.5 are

tral value,[14]. , ) ) the coefficients of the model.
Several tests were performed to investigate the influence of the

numerical parameters on the unsteady cavitating result. The whole 1

study, including the influence of the grid size, the time-step, the 7j=2nS; with S =5 (Ui j+u;;)

order of the time discretization scheme, the ratjdp,, and the

maximum slope of the barotropic laf\,, is detailed in[10]. Compressibility Effects. By analyzing the reduction of the

Results concerning the grid resolution and the time step influenggixing layer growth rate as a function of the Mach number, Wil-
are reported in the present paper in Table 1. The effect of the meglx [16] observed that the phenomenon could not be well simu-
size appears to be small, so far it is fine enough: the cavity osgiited only by taking into account the mean density evolution
lation frequency is almost constant with the two finest grids. lthrough the mixing length, and that an explicit supplementary
contrast, the influence of the time-step cannot be completely krrection must be applied. He concludes that the Reynolds-stress
moved: usingAt=0.005T , leads to a systematic slight overestitransport equation is directly concerned with the compressibility
mation of the cycles frequency. Nevertheless, it must be consigffects, and introduced the influence of the Mach number in the
ered that the uncertainty on experimental measurements is of thebulence equations.

same order of magnitude. The modifications proposed by Wilcox are based on the previ-
ous studies of Sarkar et dR2] and Zemar[23], who aimed to

(© K-w Model: Compressibility Effects. - As presented be- t%ke into account the compressibility effects ik turbulence

fore, the proposed numerical simulations take into account del
single-flow physical model to describe cavitation phenomeno lodel. .

According to the adopted barotropic state law, in the vapor/liquid He _adapted t_h's de_v_elopment to tkew model £0 propose the
mixture zones the sound celerity= JaPTdp is very low, the fluid following equations giving the paramete8g and gy, as functions

is locally highly compressible. Thus the flow often reaches Mad the turbulence Mach number definedM$=2k/A? (whereA
numbers larger than 5 in the vaporization or condensation areigsthe local sound celerily

As a matter of fact, Birch and Eggd®1] showed that an increase By, = Bai(1+ & F(M,)) and B,= Buwi— BuiE*F(M,), where

of the Mach number could modify substantially the turbulencene indexi indicates the values of the incompressible model given
structure in some configurations, such as mixing layers. To arzefore
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Fig. 6 Unsteady cavitation behavior calculated with the k-® model— (a) without
and (b) with compressibility effects

(M2—M2) if M>M, shedding process is correctly simulated. The mean cavity length is
with F(M,) = 0 . 0 still correct, and the shedding frequency remains almost the same.
if My< My, Comparisons are investigated with experimental data obtained

_ . by using double optical probegl5]. This intrusive technique al-
M,=0.25 and¢*=1.5. lows measurements of the local void ratio and the velocities of the

Results. Fi lculati , 4 with htwo-phase structures inside the cavitation sheet. Their time-
esults. Figure 6 presents calculations performed with Sveraged and standard deviation values are presented for four pro-
k-w turbulence model. files in Fig. 7

In the first casdFig. 6(a)), the influence of the compressibility These comparisons point out a general good agreement between

is not taken into account in the model. The numerical results are’ . - - .
not satisfactory: As in the case of stand&rd RNG model, the experimental and numerical results. The time-averaged void ratio

unsteady cavitation behavior is not correctly simulated and tfgPartition is well predicted, and the re-entrant jet structure under
cavity length obtained by simulations is more than 50 percel{te cavity appears qualitatively correct. The fluctuation levels are
smaller than the experimental one. On the other hand, numeri@o in reliable close agreement with measurements. The negative
results obtained by taking into account the compressibility effectglocity region at statiox=0.065 m corresponds to the rear part
are in good agreement with experimental ones. They are velythe cavity, alternatively affected by the re-entrant jet progres-
similar to those presented previously in the case of the modifistbn and by the vapor cloud shedding. Both models fail to simu-
k-¢ RNG model: As can be seen in Fig(hg, the vapor cloud late these negative velocities, because of a slight underestimation
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Fig. 7 Time-averaged values and standard deviation of velocity (1,2) and void ratio (3,4). Numerical results: (a) modified k-g, (b)
compressible k- (lines) and optical probe measurements  (points )—V,,=7.2m/s. Mean cavity length 45 mm: dotted line
=experimental external shape of the cavity, obtained from image processing (sigma =2.4).

of the mean cavity length in this configuration. A second discrep- Results obtained with the standakde RNG model and with
ancy can be observed at station 0.03 m, concerning the void ratie k-« model without taking into account compressibility effects
distribution close to the wall; nevertheless, the experimental esgire in poor agreement with experimental observations: the models
mation of velocities and void ratio in the re-entrant jet is aSSOCia” to reproduce the vapor cloud Shedding behavior observed ex-
ated to a high uncertainty in this area, due to important fluctugarimentally. Moreover, numerical tests reported 16] and the
tions level,[14]. Thus, the comparison, along the wall, betweefagits presented here above indicate that the global level of dis-
experiments and the numerical result cannot be relevant. sipation induced by the numerical model seems not to be respon-

sible for its inability to simulate the unsteady cavity behavior.

On the other hand, the modifiedde RNG model and th&-w
model including compressibility effects lead to a very reliable

Conclusion simulation of the Venturi unsteady cavitation behavior. The satis-
Four turbulence models have been applied to simulate unstedagtory results obtained with the modifiéde RNG model have
cavitating flows in a Venturi-type section. been confirmed by simulations performed in other geometries,
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Eulerian/Lagrangian Analysis
for the Prediction of Cavitation
Inception

Kevin J. Farrell

Associate Research Engineer,

Applied Research Laboratory, An .Eu!eria'n/Lag.rangian computational progedure was devgloped for the predicti.on of
The Pennsylvania State University cavitation inception by event rate. The carrier-phase flow field was computed using an
P.0. Box 30, Eulerian Reynolds-averaged Navier-Stokes (RANS) solver. The Lagrangian analysis was
State College, PA 16804 one-way coupled to the RANS solution, since at inception, the contributions of mass,

momentum, and energy of the microbubbles to the carrier flow are negligible. The trajec-
tories were computed using Newton's second law with models for various forces acting on
the bubble. The growth was modeled using the Rayleigh-Plesset equation. The important
effect of turbulence was included by adding a random velocity component to the mean
flow velocity and by reducing the local static pressure. Simulation results for the Schiebe
body indicate agreement with experimentally observed trends and a significant event rate
at cavitation indices above visual inceptigfDOI: 10.1115/1.1522411

1 Introduction Rayleigh-Plesset equation coupled to a set of trajectory equations.

The usual approach for predicting the cavitation inception preg-'Slng the COd?’ tr.aj'elctor!es and growths were computed fpr
sure for a hydraulic device is to build and evaluate a small-sc4lgPbles of varying initial sizes. An off-body distance was speci-
model. However, a number of similarity conditions are violatefiéd along theC,=0 isobar, and the bubble was free to follow an
for practical reasons. The methods of properly scaling the mod¥f-body trajectory. A Monte Carlo cavitation simulation was per-
results to full scale are unique for the type of cavitation encoufermed in which a variety of random processes, including strobo-
tered and have stimulated research for decades. For vortical floa@Qpic observation, were modeled. Three different nuclei distribu-
most methods are based on a Reynolds number scaling to an tgas were specified including one similar to that measured in the
ponent[1], and vary with the water quality. Any cavitation analy-water tunnel experiment. The results compared favorably to the
sis requires an accurate determination of the fluid dynamics aegperiment. Cavitation inception was shown to be sensitive to
knowledge of the bubble mechanics. The minimum pressure imaclei distribution. The off-body effect was also found to be a
tip clearance vortex in a pump, for example, will depend on the tifignificant factor in determining whether or not a bubble would
clearance, flow coefficient, lift coefficient, and blade and end-walhyjtate. The traditional definition of a critical diameter based on
boundary layers. V\_/hlle W|th|_n certain restricted classes_of turbgﬁe minimum pressure coefficient of the body or the measurement
machines, the empirical scaling procedure may work satisfactorlly jjq g tension was found to be inadequate in defining cavitation

(e. .,[2]), a physics-based predictive capability which integrf’uqﬁception. Results show that much larger bubbles are necessary

the known variables affecting the cavitation inception problem has ) : - :
not been developed. ecause of the off-body pressure gradients which direct nuclei

Two-phase flow can be analyzed as two fluids in the Euleriafi/'®y from the region of minimum pressure.
Eulerian approach, or as a continuum phase and a particulat&Si20 @nd Paulejd] recently completed a Reynolds-averaged
phase in the Eulerian/Lagrangian or trajectory approach. The twavier-StokesRANS) computation of a tip vortex flow from a
fluid models can easily incorporate particle diffusion effegts finite-span hydrofoil. The Rayleigh-Plesset equation for bubble
data are availabjeand can be extended easily to multidimensiondlrowth was coupled with Johnson and Hsi€l¥btrajectory equa-
flows. However, numerical instabilities, numerical diffusion, anéion to track single microbubbles through the steady-state flow
large storage requirements for multiple particle sizes are inherdieid and thereby infer cavitation inception. The larger bubbles
difficulties. The trajectory approach embodies the natural solutimontrolled the cavitation index, and their likelihood of cavitation
scheme for each phase and exhibits no numerical diffusion of thas less dependent on the release location than for the smaller
particulate phase. Also, storage requirements for poly-dispelsgobles. Comparative cavitation experiments were not presented.
particles are not excessive. Particle dispersion may be incorpve present work builds on this type of soft coupling, yet includes
rated through an empirical diffusion velocity via Monte Carlgy spectrum of nuclei sizes, the effect of turbulence on trajectory
methodg. A variety of models.has be}en developed for the Eulerigfy{q pressure, and some additional forces.
L_agranglan treatment of _carrler-partlcle flows, and can be Categ_othahine[e] and colleagues have pursued a different approach
rized based on the coupling between the phases, and the mode{iigy, 4y the dynamics of traveling bubble cavitation inception
approach. . . . . using inviscid potential flow, but including modification of the

Meyer, Billet, and Holl[[3] correlated a numerical simulation ofﬂ by th | d allowing th | to def Re-
the cavitation on a Schiebe headform with experimental inceptior(‘i)W y the nucleus, and aflowing the nucleus fo delorm. Re

data. A computer code was developed to statistically model ca@f?mly’ the boundary element treatment of the bubble has been

tation inception, consisting of a numerical solution to th&°uPled with an unsteady RANS solution and Rayleigh-Plesset

solution. These calculations have provided detailed information

ICurrently with Heat Transfer Research, Inc., 150 Venture Drive, College Statioﬂ,bOUt_ the capture, growth, and collapse of a S_mgle bubble in a

TX 77845. e-mail: kif@htri.net. Rankine vortex. However, the large computation resources re-

Contributed by the Fluids Engineering Di\éisbionhfm FIJUZ"C“O” in tBNAL  quiired to exercise these models are neither required for inception
OF FLUIDS ENGINEERING. M ipt i the Fluids Engineering Division, . . . .

it rocsived. June 28 2000 Ascociate EQPT amenable to engineering design, particularly for a large

Jan. 22, 2001; revised manuscript received June 28, 2002. Associate Edi ) .
J. Katz. sample population of nuclei.
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2 Objective The solution of the Reynolds-averaged Navier-Stokes equations
{Cequires modeling of the Reynolds stress terms. In assessing the

headform known as a “Schiebe” bodjyz], which has been widely cavitation potential of a flow-field, the turbulent fluctuations of the
used for cavitation researcfe. g., Gi’;\t’es et al[8]; Hamilton, static pressure may be important enough to cause inception in an

Thompson, and Billei9]; Holl and Carroll[10]; Ceccio and Bren- otherwise non-cavitating flow field. On the other hand, the stimu_—
nen[11]; Meyer, Billet, and Holl[3]; Kuhn de Chizzelle, Ceccio, Iatl_on of a boundary layer to the turbulent st_ate may prevent cavi-
and Brenne12]; and Liu and Brennefil3]). The headform rep- tatlon_. Aside from the effec@ on the local statlc pressure, t_he length
resents a family of half-bodies formed by the addition of a disknd time scales of the carrier flow det_ermlne the dispersion of the
source and a uniform stream. The headform exhibits a relativdlyclei. For these reasons, the modeling of the turbulence can be
smooth adverse pressure gradient, and the boundary layer doesVRB¢ important. The original turbulence model used in the code
separate. Because of the large database covering a number of@s the Baldwin-Lomax algebraic model. Other users have sub-
clei distributions, Reynolds numbers, and geometric scales, a$ffiuently added the two-equatienw and x-e models (e.g.,
the well-behaved flow field, the Schiebe body is an ideal geometéjerke[17]). These are of particular interest here, since the turbu-
for development and demonstration of the prediction metholgnt kinetic energy will be used to deduce a turbulent diffusion
While the eventual goal is an inception prediction capability fovelocity for the bubble and a turbulent pressure fluctuation which
the vortical flows which often control the cavitation performancéay augment bubble growth. Two-equation models are generally
of many modern pump and marine propeller designs, demonstviswed as the minimum acceptable level of closure since the need
tion in axisymmetric flows is a necessary prerequisite. It is impote empirically specify either the length scale or the time scale is
tant to emphasize that the technique is to be used as an enginesmoved.
ing design tool for hydraulic devices. The microscales of nuclei The specific configuration for the computational analysis is
shapes and histories are not the focus. The issue is whether orstaiwn in Fig. 1. The stagnation point on the centerline of the body
cavitation inception is imminent in the operating range of this positioned at0, 0) in a Cartesian coordinate system. The nomi-
device. As an engineering tool, one desires an efficient procedma body radius normalizes the coordinate values. The domain
in order to facilitate parametric studies of design concepts amgtends ten units upstream and ten units downstream of the stag-
attributes, in addition to the role played by the nuclei distributiomation point. The outer boundary wall is nominally six units from
the centerline, although it diverges slightly in the downstream
3 Eulerian Liquid Flow Field Analysis direction. A solution was completed for a number of grids and for
. ) ) the Baldwin-Lomax, q-», and «-e turbulence models. Full

The main thrust of present day computational fluid mechanigg,ndary layer resolution was achieved on the surface of the
efforts at ARL Penn State for turbomachinery analysis is solutlo_r%dy_ The UNCLE code was actually run in three dimensions.
of the RANS equations. The RANS solver employed was the ijce the problem of interest was axisymmetric, a three-

compressible UNCLEunsteady computation of field equatidns ; ; : : ; : }
code that was developed by Prof. David Whitfield and colleagl;%lmenSIonaI grid was achieved by rotating a planar grid one de

The first application of this procedure was for an axisymmetr

e e ; - . . Pee in the+k and —k directions. Thus there were three grid
at Mississippi State University's Engineering Research Centiinig ang two cells in thé-direction. Periodic boundary condi-

(e.g.,[14,15)). The code uses an implicit finite volume numeric ions were applied to eadeface of the two-degree wedge.

approach for solving the unsteady three-dimensional incompress:l.he static pressure distribution over the Schiebe body is impor-

ible Nawe_r-Stokes equations in a ggneral tlme-dependent_curvﬂa—m for cavitation inception. Isobars near the stagnation point and
ear coordinate system. The numerical flux at cell faces is calc

lated using the RogL6] approximate Riemann solver. Newton'séiong the shoulder past the minimum pressure point are shown in

method is the iterative process used to obtain both steady aﬁg. 2. The sharp pressure gradient along the flat face of the head-

unsteady solutions. The solution matrix operator is novel in that frm contrasts W't.h the sharp body normal grad@nt near the mini-
is a discretized Jacobian, whose elements are obtained by u pressure point. _These features have significant consequences
simple finite differences of the flux vectors. The discretized Jacp- cavitation inception. Near the face, the pressure 9fad'¢”‘
bian is then used in a combination Newton-relaxation soluti F%rces nuclei away from the body—the so-called bubble screening
method where Newton is primary and relaxation is secondary. Th 9Ct’ [5]. The strong gra(_jl_ent near ”.‘? minimum pressure p0|_nt
Navier-Stokes equations are simulated through an explicit tredgdicates that the probability of a critical nucleus entering this
ment of the diffusive fluxes. The code accommodates multiblo&R9iON i small. Thus one would expect significant scale effects,
and dynamic grids. The UNCLE code uses artificial compressibli€-: o<|Cy,,|- Compared to the free-field theoretical minimum
ity in order to directly couple the pressure and velocity fields angressure coefficient of 0.75, the computed value for the 5.08-cm
thus apply time-marching compressible flow algorithms. The codig|ameter body in the 30.48-cm diameter test section was78.

also employs the thin-layer approximation, whereby the viscods expected, a free-field potential solution provides a fair repre-
terms parallel to a vorticity generating surface are neglected asentation of the surface pressure distribution on the Schiebe body
consequence of an order-of-magnitude analysis. regardless of the flow regime model. Our purpose here is to de-

J/
T
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'
'
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=
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viewing window

S
Fig. 1 Schiebe headform in the ARL Penn State 30.48-cm diameter water

tunnel with solution domain
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An important final consideration in the motion of particles is
collision dynamics. For dilute flows of interest here, the collision
of particles with solid walls can be an important consideration,
particularly if the minimum pressure lies on the boundary. In con-
trast to the assumptions of many analytical studies of the cavitat-
ing potential flows on bodies of revolution, every nucleus in a
typical streamtube, which envelops a specified range of isobars,
does not pass through that minimum pressure region—in part due
to collision with the headform face. Crowe et 23] includes an
extensive discussion of particle collision models. Accurate coeffi-
cients of restitution and kinetic friction are not known, but the
resulting collisional behavior is reasonable based on experimental
observations of visible nuclei.

The Rayleigh-Plesset equation can be derived from the conti-
nuity and momentum equations for a spherical source, which in
the absence of thermal effects and assuming polytropic behavior

e i L of the gas becomes
] -0.5 0 0.5

—p.(t
Pv P()+pGo

. . . . R\ . 3. . . _S
Fig. 2 Computed isobars for the Schiebe headform in the R =RR+ E(R)2+4_R+ 2—.

30.48-cm diameter test section pL pL pLR pLR @
velop a procedure which models phenomena important for prEf€ first term of Eq.(2) is the instantaneous tension from the
dicting cavitation in the viscous flows of turbomachinery. conditions far from the bubble. Equatid®) can be readily inte-

grated to findR(t) given the inputp..(t), the initial conditions,
4 Lagrangian Analysis of Nuclei Translation and @and other constants. For initial conditions, it is usually appropriate
Growth to assume tha_t the microbubble of radig is in equilibrium at

t=0 in the fluid at a pressurp.,(0) anddR/dt|,_,=0. Recall

A large volume of literature describing the motion of particleshat the Rayleigh-Plesset equation is based on a number of as-
drops, and bubbles spans over 150 years. The article of Max&ymptions:(1) that the bubble remains spherical at all timé;
and Riley[18] appears to be the definitive work on the subjeahat spatially uniform conditions exist within the bubb(@) that
based on the number of citations in the literature. A number @b body forces such as that due to gravity are presénthat the
excellent review articles have appeared in the literature motivatgénsity of the liquid is large and its compressibility small, com-
by various multiphase flow interests: the dynamics and interagared with the values of the ga&) that the gas content of the
tions of droplets[19], the dispersion of particles in gases and thpubble is constant; an) that the vapor pressure is the equilib-
interactions of particles with turbulende0], the velocity fidelity rjum vapor pressure.
of solid particles and bubbles used as flow tracers in optical tech-
niques such as particle image velocimetBiV), [21], and the
equation of motion and the relative importance of the various )
terms,[22]. 5 Effect of Turbulence on Bubble Trajectory and
Maxey and Riley[18] provided a detailed derivation of the Growth

creeping flow equation of motion, which is still considered a fairly
accurate representation of the actual motion of particles. An adg'E
tional consideration in the equation of motion for a bubble is it8f
volume variation with time[5]. Collecting terms from both of
these equations yields the following trajectory equation for
bubble of changing volume:

Depending on a number of factors: e.g., particle size/turbulent
ale ratio, the relative densities of the phase, the volume fraction
the particles, and the particle Reynolds number, the presence of
a dispersed phase can augment or attenuate the turbulence inten-
Qty, [24,25. Several models have been proposed to account for
the effect of turbulence on the particle trajectorigz3,26—-30).
14 dv Gosman and loannideg31] model allows a relative mean veloc-
ity between the eddy and the particles. A particle could pass
through an eddy before the eddy decayed. The relative velocity
between the particle and the eddy createsdfossing trajectory
4 34 1 effect which describes the supposed reduction in particle disper-
- §7TR pLO~ > EWR pLVp+ EPL(U_V)|U_V| sion caused by a large relative mean velocity between the particles
and local turbulent eddies. The simplicity and robustness of the
du dv Gosman and loannid¢81] model make it the primary scheme in
— = most commercial computational codg32].

RépL—
23 P dt

tdr dr ; ; e
2 2 [ In de Jong’s et al.33] analysis, turbulent diffusion is modeled
XComR+BRVmp i ¢ \/:_ dr by evaluating the fluid force on a particle using an instantaneous
o continuous phase velocity field rather than a mean velocity field.
dR The instantaneous velocity components are obtained by adding
+27TpLR2(U—V)E. (1) stochastically generated turbulent velocity components to the

mean velocity field for the continuous phase. The continuous
In Eq. (1), the bubble mass and the Faxen terms are assunmi¥tfse turbulence is assumed to be isotropic, and the random tur-
negligible. The equation states that the product of the added m&sdent velocity components are assumed to have a Gaussian prob-
and acceleration of the bubble is equal to the sum of the forcegility distribution with standard deviatiom,= (2«/3)"? wherex
buoyancy, pressure gradient, drag, history, and bubble volunsethe turbulent kinetic energy. The random turbulent velocity
variation, respectively, on the right-hand side of Et). Other components can be obtainedas: (4x/3)*%erf~1(2x;— 1) where
forces such as lift and Magnus forces may also be importamt,s a uniform random deviate. This technique is less empirical
particularly in the complex vortical flows of turbomachinery.  than techniques traditionally used with Eulerian-Eulerian analy-
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ses. Hinzd 34] showed that the intensity of pressure fluctuation 0.7 ; T T T T
in a homogenous isotropic flow are given py=c,p, k and that
¢,=0.47 for large Reynolds numbers.

6 Numerical Procedure
©

A representative population of nuclei must be produced at tt~, 0.6 [~
outset of the simulation. Nuclei populations have been measurg
in various bodies of water and in cavitation research tunnels. USE
ally the population is represented by a number distribution funig
tion N(R) such that the concentration of nuclei between sRes

andR, is given bnyiN()\)d)\. GenerallyN(R) varies withR™*

or R73, [35,36. For the purposes of simulation, a function is
sought which maps a series of uniform devigpeg, x,,... Xy} to
a set of nuclei size§Rq,R,,...,Ry} distributed according to
N(R). The values ar®(x;)=F ~%(x;) where the cumulative nor-
malized probability function i€ (z)=f3p(\)d\, andF 1 is the 04 F
inverse function ofF, and p(\) is the normalized probability . ] . ] .
distribution such thaf {p(\)d\ = 1.

Newton’s second law for the motion and the Rayleigh-Pless 5 10 15 20
equation are solved for each nucleus, which is introduced ra velocity, m/s
domly upstream at equilibrium. A coordinate transformation is
introduced to transform the equation of motion into computation&lg. 3 Visual inception data from Meyer  [37]; O, unseeded
coordinate space. Grid metric quantities are evaluated in the Lars; ®, A: seeded runs; A, conditions simulated in Figs. 5
grangian code in the same manner used in the Eulerian ccilé 6
UNCLE. Since these metric quantities are evaluated on the cell
faces, repeated interpolation was required to compute metric
guantities at the location of the computational bubble, which wer
held constant during a single time-step. Transformation betwe
physical space and computational space is required to evaluate {Hén'l
bubble force terms. Once a nucleus is introduced into the flow. ©
field, various forces act upon it and determine the trajectory a @

Ir:)?:r;??:é:?iiggisssglgengilgevzpaifgcmrl;?J?te%r(]:rt]hr?uglltjaclﬁu?ﬁeuiilsnt%r: strated in F'g'.4 for the ;eeded case ]ndlqatgd by the triangles of

neous pressure field is computed from the mean fléw and turdu9: 3. Cumulative normalized probability distributions were com-

lence field. If the tension is greater than the critical value for t yted and. used 10 generate a sample spectrum for the simulation.
: figure 5 illustrates trajectories of 200 nuclei randomly placed

nucleus size, then the Rayleigh-Plesset equation is solved for . ) ) X
new radius. A cavitation event occurs if the nucleus grows toﬂag oss a portion of the inflow and shows isobars from the carrier

N ; Iy . Johnson and Hsieh[$] screening effect is obvious for sev-
certain size or an acoustic emission occurs. In the current study,eal,g:l/ [5] 9
Ini

S of the microbubbles which are accelerated away from the
ﬁw\/iﬁir:rt]ec;gfu\:\?h?zﬂtaiz H;i;l%Cﬁgja%;ogssgvztjgnzlp tglzt:ﬁ S{ﬁ%’%ﬂ mum pressure area by the strong pressure gradient near the
the original size. Both criteria yielded nearly identical result tagnation point. Several of the microbubbles cross the fluid path

Once an event has occurred, the bubble is describeddsted ﬁlnes and collide with the headform. These lose momentum in the

; o allision, and some pass near the minimum pressure region which
and is no longer tracked. The total rate of cavitation events cangJ P P 9

computed based on the overall concentration of nugléhe nu- OtEeBNéS; m%yonc;ti( Sl;nulaﬂons Werle c_qmpleftzdﬁg.g, 2;";’ d
clei release areA. in the simulation, the mean velocity of trans-, ., -’ andb./1or, reestream velocities of 9.1, 12.2,15.2, an
port for the nucleiV,, and the probability of a cavitation event18'3.mls' The_cav'ltatlon event rate was computed for e_ach case,
) Coc " ..~ “and is plotted in Fig. 6. Both the experimental data of Fig. 3 and
Pe according toE=CAVP.. The probability of a cavitation g gimylation results of Table 1 show a general trend of decreas-
eventP,, the principal result of the simulation, is equal to the,, cavitation index with velocity, which is contrary to what one
number of nuclei which cavitate over the number of nuclei in th\‘/?/ould expect given the increased flux of nuclei through the low
ensemble. pressure region with increasing speed. However, Fig. 4 shows that
7 Application the nuclei population decr_eased with in(_:reasing speed. M8yegr _
reasoned that the experimental nuclei seeder worked less effi-
Meyer [37] conducted cavitation inception tests in the ARLciently at higher speeds because the total pressure in the tunnel
30.48-cm diameter water tunnel with a 5.08-cm diameter Schiet@s lower at the lower tunnel velocities. At the higher velocities,
headform; these data are shown in Fig. 3. Microbubbles wetite bubble generator was forced to pump against higher pressures,
generated outside of the tunnel and seeded into the flow along tfigich resulted in lower flow rates of bubbles. A number of simu-
tunnel centerline upstream of the body. Microbubble sizes aigtions were conducted with a nuclei population corresponding to
populations were counted using in-line holography of a 7.2 cnthe spectrum taken for 9.1 m/s in Fig. 5 but for velocities of 9.1,
volume at each cavitation index. Cavitation bubbles were ré2.2, 15.2, and 18.3 m/s. The calculated event rate does increase
corded on videotape. Cavitation events, denoted by growth to I@h velocity as expected when the nuclei population is constant
mm, were counted on the videotape, and an event rate was deter-all velocities.
mined. The total event rate was doubled to include the flow field The data of Meyel(37] in Fig. 6 show some inconsistency
shadowed by the body. Cavitation inception was observed at carglative to the event rate associated with visual inception. The
tation indices substantially lower than the negative of the conmconsistency arises from the fact that the event rate was deter-
puted minimum pressure coefficient, 0.78. A strong dependenteéned via interrogation of the video recording, while the visual
on the nuclei spectrum is observed among the different seeded amption index was determined in real time through visual cavi-
unseeded cases. Additionally, one observes that the inceptiontation “calling.” In Table 1, interpolated values of the cavitation
dex generally declines slightly with increasing velocity, which isndex are determined for the measured event rates of M&yer

0.5 |

cavitatio

posite of what one would expect for a particular nuclei spec-
since the flux of nuclei increases with speed.

ographic images were taken during operation at the incipi-
t cavitation index for freestream velocities of 9.1, 12.2, 15.2,
d 18.3 m/s. The respective number density distributions are il-
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Fig. 4 Measured nuclei spectra for 9.1, 12.2, 15.2, and 18.3 m /s from Meyer [37]

and for a single representative value. The results clearly indicdeppler anemometer, which was calibrated by comparison with
the general trend of reducing cavitation index for increasinpe holographic method. Three flush-mounted electrodes on the

velocity.

headform surface measured the cavitation event rate on the

Liu and Brennen[13] observed cavitation event rates on &chiebe headform. Liu and Brennen used an analytical approach
Schiebe headform in two water tunnels at CalTech. The predict event rate which included a number of influential fac-
freestream nuclei number distribution was measured by a phases: the effect of the boundary layer, the relative motion between

c T T T T T T T T T 11T T
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x
Fig. 5 Simulated nuclei trajectories over a 5.08-cm diameter Schiebe body at
9.1 m/s
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open symbols: simulation results; solid symbols: visual cavi- cavitation index, ¢
tation calls with event rate derived from video analysis
Fig. 7 Simulated cavitation event rates versus cavitation in-
dex compared to data and analysis of Liu and Brennen.

the nucleus and the liquid, the observable bubble size effect, di@fched area represents analytical event rate with various
the effect of bubble growth on neighboring nuclei. In the EuleriaffPMPlications considered individually by Liu and Brennen [13].
Lagrangian method described herein, the trajectory and growth of
the nuclei are explicitly tracked through the viscous flow field, so
the boundary layer and relative motion effects are inherently in-
cluded. Simulations corresponding to Liu and Brennen’s data are
compared to their experimental measurements of event rate atsl for the forces acting on the microbubbles. The growth was
their analytical predictions in Fig. 7. modeled using the Rayleigh-Plesset equation. The effect of turbu-

The computed event rates are bracketed by the analytical residisce was included by adding a random velocity component to the
of Liu and Brennen when various complicating effects like bubblgean flow velocity by sampling a Gaussian probability density
screening, boundary layer blockage, etc., are examined individunction with variance proportional to the turbulent kinetic energy
ally. Both the computed and analytical results are substantially the location of the microbubble and by reducing the local static
higher than the measured event rates at low values of the cavitgessure by a value proportional to the specific turbulent kinetic
tion index, which infers that smaller active microbubbles argnergy. For the Schiebe body, turbulent pressure fluctuations are
likely over counted by the number distribution if the event ratgqt significant contributors to the tension that causes cavitation
measurements are representative. Alternatively, the events mayR@ption. The simulation results indicate agreement with experi-
substantially under counted as a result of the local impedanggnially observed trends and a significant event rate at cavitation
measurement method. indices above visual inception.

) Cavitation inception datd,12,37], show that inception indices

8 Summary and Conclusions generally decrease with increasing velocity, which is contrary to

An Eulerian/Lagrangian computational procedure was dev@XpectationS based on the increased flux of nuclei to the minimum
oped for the prediction of cavitation inception by event rate. ThHefessure region. However, nuclei populations generally are not
carrier-phase Eulerian flow field was computed using a Reynold@nstant for inception conditions at low and high velocities, as
averaged Navier-Stokd®RANS) solver. The Lagrangian analysisshown by Meyel(37]. Indeed simulations completed with Mey-
was one-way coupled to the RANS solution, since at inceptioff’s measured distributions at each velocity predict a reduction in
the contributions of mass, momentum, and energy of the ntiavitation index with increasing freestream speed. At the higher
crobubbles to the carrier flow are negligible. Probability densitstatic pressures associated with the increased freestream speed,
functions for measured nuclei populations were inverted to prouclei become smaller. In a more general way, this result also
duce a representative population of computational bubbles, whasephasizes the importance of an accurate microbubble number
trajectories and growth were tracked through the flow field. Thdistribution; in the analyses described, all of the nuclei are as-
trajectories were computed using Newton’s second law with mogumed to be gas and not particulate.

Table 1 Comparison of experimental and simulated cavitation indices versus freestream

velocity
Experimental

Experimental Event-Rate via Predicted
Free-Stream Cavitation Index Visual Predicted Cavitation Index
Velocity for Visual Interrogation Cavitation Index at at 2000 Events

(m/9 Inception (s™h Visual Event Rate per Second

9.1 0.55 3638-7146 0.49-0.53 0.56

12.2 0.60 865-1507 0.53-0.55 0.52

15.2 0.56 734-1132 0.59-0.61 0.50

18.3 0.53 537-476 0.63-0.64 0.51
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Scaling Effect on Prediction of
Cavitation Inception in a Line
Chao-Tsung Hsiao Vortex FIOW
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The current study considers the prediction of tip vortex cavitation inception at a funda-

Dyﬂ?ﬂUW, Inc., mental physics based level. Starting form the observation that cavitation inception detec-

10621-J Iron Bridge Road, tion is based on the “monitoring” of the interaction between bubble nuclei and the flow

~ Jessup, MD 20794 field, the bubble dynamics is investigated in detail. A spherical model coupled with a
e-mail: info@dynaflow-inc.com bubble motion equation is used to study numerically the dynamics of a nucleus in an

imposed flow field. The code provides bubble size and position versus time as well as the
resulting pressure at any selected monitoring position. This model is used to conduct a

Han-Lieh Liu parametric study. Bubble size and emitted sound versus time are presented for various

U.S. Patent and Trademark Office, nuclei sizes and flow field scales in the case of an ideal Rankine vortex to which a

Crystal Plaza 3, Room 2G02 longitudinal viscous core size diffusion model is imposed. Based on the results, one can
Washington, DC 20231 deduce cavitation inception with the help of either an “optical inception criterion” (maxi-

mum bubble size larger than a given value) or an “acoustical inception criterion” (maxi-
mum detected noise higher than a given background value). We use here such criteria and
conclude that scaling effects can be inherent to the way in which these criteria are
exercised if the bubble dynamics knowledge is not taken into account.
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1 Introduction [1] found «=0.35 while Fruman et a[.2] and Arndt and Dugue
. N TR .. [3] useda=0.40. Farrell and Bille{4] proposed a correlation
It is common to predict tip vortex cavitation inception in a%odel for leakage vortex cavitation inception wit+ 2/7. Arndt

correct scaling aws To extrapolate the resuts (0 the ull sca1d KeITS]inroduced a correction term to E¢) based on the
9 P ensile strength” of the liquid to account for the presence of

While the present knowledg_e of the scaling laws enables en r!i-mlei and the onset of cavitation iweak and * strond water.
neers to proceed properly in many cases, there are condi ever, they did not account directly for the effect of nuclei
where classical scaling as defined below needs to be reconside o y y

ég amics per se.

and corrected. This paper aims at contributing to the knowled Direct experimental observation of bubble capture by the tip

needed to describe such a more general scaling. .yortex is difficult due to the small size of the nuclei and the high

In practice, engineering prediction of cavitation inception i o . : -
made by equating the cavitation inception number to the negati ec‘:al velocities. Numerical studies, therefore, have been used pri

of the minimum pressure coefficient neglecting real flow effecfnar"y to study these effects. The complexity of the cavitation
such as nuclei presence and dynamics. and bubble/flow inter! ception process, however, has led various numerical studies to

tions and unsteadiness, These ignored effects sometimes lea %glect one or more of the factors, and therefore to only investi-

S ; : e the influence of a limited set of parameters. Most models
S|gn|f||carf1; discrepancies between model and full-scale tests ancg Lept that tip vortex cavitation incep?tion is due to traveling
“scale effect$

The nondimensional cavitation numbet, used to characterize bubblgs, and use a spherigal bUb.ble. dyf‘amic$ model coupled with
overall cavitation effects is defined as ' a motion equation to predict cavitation inception. Latc[ﬁ]aand_
Ligneul and Latorre[7] applied this approach to deduce noise
P..— P, emission from cavitation in a Rankine line vortex. Hsiao and Pau-
o=7 12pV2 1) !ey [8].furth¢_ar applle_d this approach_ to study tip vortex cavitation
* inception with the tip vortex flow field computed by Reynolds-
wherep., andV., are the characteristic pressure and velogisu- averaged Navier-Stokes equations.
ally at freestream p is the liquid density, ang, is the liquid The current study makes a concerted effort to investigate the
vapor pressure. Following McCormidk ], several experimental importance of the nuclei size on tip vortex cavitation inception.
studies have established the following scaling law to predidihe tip vortex flow of a three-dimensional foil is idealized as a
steady tip vortex cavitation inception: Rankine vortex. Empirical equations are used to estimate the
vortex strength and core size for three different foil sizes. A modi-
@ fied spherical model is then implemented and used to predict
inception. Both an &cousti¢ criterion (emitted sound level
. . . . ) higher than a threshold valuand an ‘optical’ criterion (bubble
K'is a proportionality constant, which depends on the foil geonjze |arger than a threshold vajuare considered for “calling”
etry and the flow incidence, is the foil lift coefficient, andRe i 1he cavitation inception. The characteristics of the acoustic pres-

the flow Reynolds number based on the hydrofoil chord lengtlyre signals due to the bubble dynamics are also computed and
Co. Equation(2) correlates the cavitation inception number, — analyzed.

to the boundary layer growth on the foil. Different values of
have been proposed in previous studies. For example, McCormick
2 Numerical Method

V..Co

0;=KCZRY, with R,=

Contributed by the Fluids Engineering Division for publication in tloJBNAL . . .
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division 2.1 Rankine Vortex Model. We consider the tip vortex

May 18, 2001; revised manuscript received July 1, 2002. Associate Editor: E. Grglenerated by a finite-span hydrofoil and consider three different
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Table 1 Conditions of the three scale tests considered - 3 o 1 Ro) 3k ot 2y dpu .
— = — + — - © —_————_—
Small Scale Medium Scale Large Scale 2 p P Poo| | R 4
A 1/48 1/4 1 (u—up)?
Co (M) 0.0508 0.6096 2.4384 +— (8)
V.. (m/seg 10 125 15 4
g msed 270 oo 29295 \whereR is the bubble radiusR, and py, are the initial bubble
a, (m) 0.001358 0.009486 "0.02770 radius and gas pressuieis the polytropic gas constant, y, and
Cp min —4.474 —-13.215 —24.797 o are the liquid density, surface tension and viscosity, pnas

the vapor pressurd?.(t) in the classical spherical model is the
liquid pressure at the bubble center in its absence. This obviously
does not account for pressure variations around the bubble sur-
face, and may lead here to unbounded bubble growth when the
sizes of this foil, small(laboratory 1/48 scaje medium (1/4 pressure in the vortex center is less than the vapor pressure. Pre-
scalg, and large(full scale. These hydrofoils are geometricallyvious studies have used this simplification to determine cavitation
similar and are operated at the same angle of attack. The tip vortegeption. In the current study we apply a surface averaged pres-
flow field is represented by a Rankine line vortex for which theure(SAP) scheme in whictP.(t) is taken to be the average of
rotation velocity,u,, and pressurep,,, of the vortical flow are the outside field pressure over the bubble surface. This enables for
given by a much more realistic description of the bubble behavior, e.g., the
bubble does not continuously grow as it is captured by the line

T o T vortex. Instead, once the bubble reaches the vortex line axis, it can
Uy(r)= 50, r<ac; . r>ag, (3) . _ _ g
2mag 2qr see an increasing pressure around it as most of its surface moves
) _— away from the axis pressure.
pl’ pl“r The bubble trajectory during capture can be predicted by the
P gn2a? T gzt T followi tion of motion[12]:
m?a; 8w’y . ollowing equation of motion[12]:
Pu(r)= pI'2 @ du, 3 3 3 .
P=— g 22 r=aeg E:;Vp"‘ ZCD(U_Ub)‘U_UbHﬁ(U_Ub)Ry 9)
The circulation strengthl, is obtained based on the equatiorvvhere_ the drag coefficier@y is determined using the empirical
described in Abbott and Doenhdf®]: equation of Haberman and Mort¢h3]:
1 1 24 0.63 — 4513
[=3|Agt 5A;|27CoV.., (5) Cp=g— (1+0.19RG7+ 2,610 Ry, (10)
er

whereV., is the freestream velocity. In E¢5) the coefficientA, ~and the relative velocity Reynolds number is defined by
depends only on the angle of attack and the coeffiddgrdepends 2R|u—uy|

only on the shape of the mean line. For the particular foils con- er:—b_
sidered here, 1/Z(,+ 1/2A;)=0.04 was empirically determined. v

The viscous vortex core siza,, is related to the turbulent boﬁ‘”d‘Equation(Q) expresses the balance between drag forces, pressure
ary layer thickness on the pressure s{dg, and has the following gradients, and inertia forces due to bubble motion and volume

(11)

expression: variation. Detailed derivation aB) from a complete set of motion
0.37C, gquation for a spherical particlgl4], can be found among others
aC:W. (6) In [8,15]
e

The liquid pressure variations at a distaiceom the bubble
The minimum pressure coefficient in the vortex center is thefenter, resulting from the bubble dynamics is obtained using the
determined by expression

Po—Ps 1 r\?2 RYR2

CPmin=05pvZ = 2222 | &, 217 |

The flow conditions and parameters for the three cases consideYéen! >R Eq.(12) becomes the expression for the acoustic pres-
are shown in Table 1. surep, of Fitzpatrick and Strasbefd 6] after introduction of the

delayed timet” due to the finite sound speed,

(12)

) pzlg[RZI"?+2RR2]—p

2.2 Improved Spherical Bubble Dynamics Model(SAP).
As in conventional spherical bubble dynamics models we assume
that the bubble is too small to modify the “basic” flow field. It . . )
however responds dynamically to this field while remainina—he noise level, SPL, can then be written as:
spherical and its dynamics can be described by the Rayleigh- Pa
Plesset equation,10]. Conventionally, the bubble follows the SPL=20 |0€<—)- (14)
flow field and sees the liquid pressure, in its absence, at the loca- ref
tion of its center as a “far-field” imposed pressure. Here, w&Ve use here the conventional valpge=10"% N/m?.
modify this equation to account for the presence of a slip velocity With the prescribed pressure and velocity flow field given by
between the bubble and the host liquid, and to account for ndBgs.(3) and(4), a Runge-Kutta fourth-order scheme is applied to
uniform pressure fields along the bubble surface. The differeniggegrate Eqs.(8) and (9) through time to provide the bubble
between the liquid velocity and the bubble translation velocity trajectory and its volume variation during bubble capture by the
u,, results in an added pressure term similar to that due toline vortex. Accuracy in the current numerical scheme is only
translating sphere in a liquid, and can be shown to be equaldetermined by the time-step size which is found to depend on the
(u—ug)?/4. The detailed derivation can be seer1d]. Here we initial bubble size. The time-step size should be small enough to
account for this term in the modified Rayleigh-Plesset equation eesolve the high frequency oscillations as the bubble experiences

Rp . . r-R
pa(t)= - [RRU)+2RA(1)], t'=t-—. (13)
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strong collapse. A time-step size study was conducted to det&able 2 Cavitation inception number using the classical
mine needed time step size for each initial nuclei size to obtasiherical model approach
less than 0.05% difference in bubble radius and 1% differencem

acoustic pressure at their maximum values where the strongest Ro Small Scale Medium Scale Large Scale
collapse occurs by further reduction by half of the time-step size. 10 um o, =4.467 0y=13.212 0,=24.796

Since this paper was submitted, we have obtained extremely 20 #m oi=4.471 0;=13.214 0;=24.796
encouraging comparisorisspecially relative to the conventional O pm 7i=44713 oi=13.214 7;=24.796
mode) between the SAP Rayleigh-Plesset model and a three-
dimensional model coupling three-dimensional bubble dynamics
and an unsteady Reynolds-averaged Navier-Stokes £bdk,
3 Results and Discussion cavitation inception number stems directly from accepting that the

bubble can grow unboundedly once it reaches the vortex center.

3.1 Cavitation Inception Criteria. The precise notion of  To account for the fact that the averaged pressure that is im-
cavitation inception as a practically observed phenomenon ispased on the bubble increases as most of the bubble surface grows
matter of discussion. From an engineering viewpoint, cavitaticaway from the vortex axis, the SAP spherical mo@mleraging
inception is determined through visual or acoustical techniquehe field pressure on the bubble surfaa@s then applied. Figure
Inception is called when the measurement detects events abov&shows the bubble radius variation and the acoustic pressure for
predefined threshold. In the laboratory the most commonly usBg=50um ando=4.471 in the small-scale case. It is seen that
threshold is via visual observation when bubbles “appear.” Thiwith the modified model both the bubble size and the acoustic
visual technique can hardly be applied to full-scale tests where pressure reach finite values instead of increasing unboundedly.
acoustic technique is preferred. In the acoustic technique, tiikerefore, we conducted with the SAP model a series of compu-
cavitation inception event can be defined either by the sound atations to obtain bubble size and acoustic pressure for different
plitude level(absolute noise level or relative value over the bacleavitation numbers. Figure 3 shows the maximum bubble size and
ground noisg and/or by the appearance of some characteristite maximum SPL measured at 30 cm from the vortex center
spikes in the pressure signals. In the current study, both the acousrsus the cavitation number for four different initial nuclei sizes
tic and the optical criteria are investigated for determining thgR,=10, 25, 50, and 10Qum) for the medium scale. Similar
cavitation inception. In the following we will also show the im-curves for the small and the large scale can be four{d i
portance for numerical simulations of the selection of the bubble Based on these curves one can determine the cavitation incep-
dynamics model on the results. tion number once an optical or an acoustic threshold criterion is

defined. Tables 3 and 4 show the cavitation inception number

3.2 Cavitation Inception for Line Vortex With Constant  results obtained for all scales using different illustrative criteria. It
Vortex Core. To study scaling effects, the SAP modifiedis seen that different cavitation inception criteria may lead to sig-
Rayleigh-Plesset spherical model was first applied to predict fafficant differences in the resulting cavitation inception numbers.
the three scales described earlier the cavitation inception numlefs also found that the initial nucleus sizRy, can significantly
o;, for aline vortex with anonvaryingvortex core size. Different influence the prediction of the cavitation inception number. For
initial nuclei sizes were also considered to study the effect of tRgringent (good detection schemescoustic or optical criteria
bubble size distribution on cavitation inception. The computationg.g., SP,,,,>90 db orR,,,,>>100xm), the cavitation inception
were conducted by releasing the bubbles three core radii awgymbers are definitely not well scaled by E2). especially for the
from the vortex axis with an initial nucleus equilibrium conditionsmaller nuclei. However, fdooser (high levels needed for detec-

In previous studied,6—8], the cavitation inception number wastion) criteria (e.q., SPhya,c>130 db 0rR,,,>400 M), the cavita-
determined as the highest cavitation number that leads to an ¢Bn inception number is insensitive to the nuclei size and is gen-
bounded bubble growttisee Fig. 1 Using this conventional erally well scaled by Eq(2).
model, we found that the predicted cavitation inception numbers
for all cases are very close to those given by the simple criterion,

;= —Cpmin- Scaling then follows the relationship given ).
The results, shown in Table 2, obviously do not explain experi-

mentally measured scaling effects. This way of determining tt Small Scale R, =50um c=4.471 _
3k
Smali Scale R, =50 um - 200804
60 - / L
N o 2k
s0F é C
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Fig. 1 Bubble radius versus time at different cavitation num- Fig. 2 Bubble radius and acoustic pressure versus time ob-
ber obtained by the classical Rayleigh-Plesset equation for the tained by the modified SAP Rayleigh-Plesset equation for the
small scale with Ry=50 um small scale with Ry=50 um at o=4.471
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Fig. 3 Maximum SPL and bubble radius versus cavitation
number for the medium scale test in the constant vortex core
case

Table 3 Cavitation inception number obtained using various
illustrative acoustic criteria for defining cavitation inception

Small Medium Large

Acoustic Criterion Scale Scale Scale
—CPmin 4.47 13.22 24.80

SPLyax Ry=10um No Inception ¢;=13.20 0;=24.76

>90 db Ry=25um oi=4.45 0;=13.21 0=24.77

Ro=50 um oi>7 0i=13.21 0,=24.78
Ry=100um  07>9 o>15 0>26

SPLpax Ro=10 um No Inception ¢;=13.17 0;=24.76

>130db Rp=25um 0i=4.36 0;=13.18 0,=24.76

Ro=50 um 0;=4.36 0;=13.18 0,=24.76

Ry=100um  07=4.37 0;=13.19 ¢,=24.76

Table 4 Cavitation inception numbers obtained using various
illustrative optical criteria

Small Medium Large
Optical Scale Scale Scale
—CPmin 4.47 13.22 24.80
Rimax Ro=10um No Inception 07=13.20 0;=24.77
100 um  Rp=25um oi=4.45 0i=13.23 0;=24.82
Ry=50 um o=4.51 0;=13.42 0y>25
Ry=100um  0;>5 oi>14 0;>25.5
Rimaxc Ro=10 um No Inception 07=13.19 0¢,=24.78
400 um  Ro=25um oi=4.41 0;=13.21 ;=24.78
Ro=50 um o=4.41 0;=13.21 0;=24.78
Ry=100um  0y=4.42 0;=13.23 0,=24.82

3.3 Cavitation Inception for Line Vortex With Diffusive
Vortex Core
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Fig. 4 Diffusion of the vortex core through increase of its ra-
dius along the longitudinal direction

the vortex axis. The acoustic emission in this case is mainly from
the bubble growth and subsequent oscillations. The bubble col-
lapse, however, is known to generate most of the cavitation noise
and occurs after the grown bubble encounters an adverse pressure
gradient during its motion. To investigate this effect, a diffusive
line vortex was specified by taking into account a vortex core
radius increase along the vortex axis as shown in Fig. 4 for the
small scale. Thdar-field description of the vortexi.e., circula-

tion) was kept constant. This is justified by the fact that most of
the bubble history occurs over a very short distance from the
blade tip. The computations for the diffusive vortex core case
were conducted by releasing the bubbles at one half the core ra-
dius from the vortex axis with an initial nucleus equilibrium con-
dition. Figure 5 shows the resulting bubble radius variations and
the acoustic pressure versus time during the bubble capture for
Ro=50 um ando=4.471 in the small-scale case.

It is seen that the bubble grows significantly then collapses
when it encounters the adverse pressure gradient. Due to the pres-
ence of gas in the bubble and to the absence of acoustic energy
loss it pursues many successive oscillations. This leads to high-
frequency oscillations and stronger acoustic emission than gener-
ated during growth. It is interesting to isolate the importance of
the slip-velocity pressure term in E@). The result for neglecting
the slip-velocity term is shown in Fig. 6. One can see that much
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3.3.1 Bubble Dynamics.In the previous section the pressurerig. 5 Bubble radius and resulting acoustic pressure versus

along the vortex axis was assumed to remain constant. This @he for the small scale with

Ry=50 um at o=4.471 in a diffu-

lowed the bubble to reach some equilibrium status after reachisige line vortex
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Fig. 6 Bubble radius and resulting acoustic pressure versus
time for the small scale with  Ry=50 um at 0=4.471 in a diffu-
sive line vortex when the slip velocity effect is neglected
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Fig. 7 Bubble radius and resulting acoustic pressure versus
time for the small scale with Ry=100 and 200 um at 0=4.471in
a diffusive line vortex
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Fig. 8 Maximum SPL and bubble radius versus cavitation
number for small and medium scales in the diffusive vortex
core case

stronger bubble oscillations occur in this case resulting in ex-
tremely high acoustic noise during multiple collapses.

3.3.2 Influence of the Initial Bubble RadiusThe influence of
nuclei size is studied by releasing bubbles of different initial radii
R, at the same cavitation number. Figure 7 shows the bubble
radius and the acoustic pressure versus time during capture for
two extreme size®Rp=10um and 200um at 0=4.471 in the
small-scale case. By including the 20n case of Fig. 5 one can
see different bubble behaviors. The small-sized bubble collapses
without strong volume rebound and generates very high frequency
but very low amplitude noise, the midsized bubble collapses with
strong volume rebound and generates high-frequency and high-
amplitude noise. Finally, since the frequency of oscillation of the
large-sized bubble is close to that of the encountered pressure field
variations, large resonance pressure fluctuations occur. These
three different behaviors are also found in the medium and large
scales[11].

3.3.3 Scaling. A series of computations similar to those in
the previous section were conducted to obtain the maximum size
of the bubble and the maximum acoustic pressure versus the cavi-
tation number. Four initial nuclei size®R¢= 10, 25, 50, and 100
um) were used for all three scales. Figure 8 shows that the maxi-
mum bubble size and the maximum noise level SPL measured at
30 cm from the vortex center at the release location versus the
cavitation number for the small scale. Similar curves for the me-
dium and large scale can be found[itl]. By comparing Figs. 3
and 8 it is seen that the maximum radius curves are not signifi-
cantly different from those obtained in the constant core case for
the larger initial bubble sizedRy= 25, 50, and 10Q:m). For the
smaller initial bubble sizeR,=10 um), however, the curves are
significantly different from those of constant vortex core because
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illustrative acoustic criteria for calling inception i R,=100um Middie/Small
L . R,=50um Large/Small

Table 5 Cavitation inception number obtained using various ——— R,=50um Middle/Small ‘

—
Small Medium Large ] |
Acoustic Criterion Scale Scale Scale o - T T TC R,=100um Large/Small
~ | — — — R,=50um Large/Middle l|
—Chbun 247 1322 2480 S — Ri=100um LargeMiddle |
SPLax Ry=10um o =4.37 0;=13.15 0y=24.59 x 2 AN l
>90db Ry=25um  o;=4.71 0;=13.38 ,=24.88 2 )
Ry=50um 0i>6 0;>13.5 0i>25 o )
Ry=100um  o>7 o>14 gi>25.5 E
SPLyax Ry=10um No Inception ¢;=13.13 0;=24.56 >
>130db Rp=25um 0i=4.45 0;=13.22 0;=24.78 &’
Ry=50um oi=4.47 0;=13.25 07=24.80 ~
Ry=100um  0;=4.49 0;=13.32 0y=24.85 ? ;
1
\'-
Table 6 Cavitation inception number obtained using various £
illustrative optical criteria for calling inception 5

Small Medium Large

Optical Criterion Scale Scale Scale 0.96 0.98

~CPun 4.47 13.22 24.80 o/Re®*

Rimax Ro=10um No Inception ¢y=13.13 ¢;=24.59

100 um Fig. 9 The normalized curves of the ratio of maximum radius
Ro=25um o;=4.45 0;=13.23 0,=24.82 versus cavitation number for three different scale ratio and
Ry=50 um o;=4.49 0;>13.5 o;>25 three different initial bubble size
Ry=100um  0;>5.5 o>14 0;>25.5

Rmac> Ry=10um No Inception 07=13.12 ¢;=24.56

400um  Ro=25um  ¢;=4.39 0,=13.22 0,=24.77 ) _ -
Ry=50um o;=4.41 0;=13.22 0;=24.78 get trapped at the streamwise location where the vortex diffusion
R,=100um g;=441 0i=1324 0;=2482  starts to occur while the bubbles are carried downstream for the

middle and large scale. An attempt for normalizing the maximum
SPL curve has also been tried, but the normalized curves did not
merge well due to the difficulty in finding an appropriate charac-
the bubble with smaller initial size is not always able to enter tHeristic pressure.
vortex center before the vortex core diffuses. To allow the smaller3 4 Fr nev Analvsis. To study further the characteris-
initial bubble size to enter the vortex center before the vortex core™" equency Analysis. 1o study further the characteris

e . . . .
diffuses, further decreases of the cavitation number are requiréai(gthle g?zlgﬁﬂer}ci'rs;ngfg;&gagiﬁt%etﬁgart;ibszlﬁ;gianv;;teéiosree
Unlike the maximum radius curves, the maximum SPL curves PPy P 9 - "9

diffusive vortex core all differ significantly from those of the con- compares the acoustic signals of both constant and diffusive

stant vortex core, except at high cavitation numbers where t ngecgfsﬁ% |(r:10t”f;e ;;e?nufhneczai%n:)?lg' dﬁ‘flilii\tloe Toitzgogrggrcgps(gé

acoustic signal created by the bubble collapse is not stronger t %H he hiah fp ies h h hiah lI' d h

that of growth, at the dlg elz requencies have much hig ehr amplitudes when
Tables 5 and 6 show the cavitation inception numbers for all t gmpare to the constant vortex core case. The Fourier spectrum

cases considered by choosing the same criteria as in Tables 2 ﬂ(g :rtek::n;rﬁoal?ggeilg tf|1te isdgﬁsrl\cgetk:/gtrttﬁ)ésc:iir?/r:ssch:r:lvgelr::alztg. o-
3. Unlike in the constant vortex core case where one can sel ) 9

appropriate acoustic and optical criteria such that the cavitatigﬁed into three major groups according to their shapes.
inception number becomes well correlated by E), it is very
difficult to define such an acoustic or optical criterion for the
diffusive vortex core case.

Another way of illustrating the scaling effect due to the nuclei
size is to show the cavitation number versus the ratio of the maxi-
mum radii obtained at two different scales. This is shown in Fig.
9. To correct for viscous effects the cavitation number is normal-

Small Scale o = 4.471 R, =50 um

10™

LERERELLL |

ized using R&4 [18], and the maximum radius using E
E 10°
Co °®
Ry~ac.~ Rﬂ (15) g. -----
e n
Therefore, the ratio between scale 1 and 2 is 8 10%k
=} =
R Coi| [Re| 2 £
_ml_ (_01) _ez) (16) g- o
Rm2  \Co2/ | R < i
The ratio is shown in Fig. 9 for the three groups: middle/small, 10 3
large/small, and large/middle. It is seen that for each group, the C - Constant Vortex Core
curves of differentR, are on top of each other for high and low i Diffusive Vortex Core
0’k

cavitation number but deviata lot right below the cavitation
inception point. The normalization factor applied in this study is
also expected to merge all the curves of different groups to be
equal to one at the low cavitation number. Figure 9, however,
shows that the curves of middle/small and large/small approacitig. 10 Comparison of the amplitude spectra of the acoustic
value less then one at the low cavitation number. This is becayséssure generated in a constant and a diffusive vortex core for
at the low cavitation numbers and in the small scale the bubblRg=50 pm in the small scale

sl R | el

10° ° 10°

10* 10
Frequency (hz)
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Fig. 11 Amplitude spectrum for various initial nuclei sizes in =50 um and o=4.471 in the small scale

the small scale

It is important to know what the peaks in the spectral domain
51;)rrespondhto.I To i_denti;‘y these pearI](s we can e_stim?te the fre(;
bubble growth and one durind bubble collapse. quency at the location of interest in the acoustic signal generate

(b) Ingthe second middle bgubble sizes g[r)oupoé 20 and 50 DY @ bubbleR,=50 um ato=4.471 in the small scale as shown
um), the curves show a rather flat high amplitude region, followe! Fig. 12. One.dlsadvantage of the Eourler tra.nsf.ormatlon IS that
by a power-law decay high-frequency region mainly due to su _does not provide information regarding when in time the various
cessive bubble collapses. Spectral components appear. When the time localization of the

spectral components is needed, either a wavelet or a Hilbert trans-

(c) In the third large bubble size grougR{=200um), the - . ) .
curve shows a majo? amplitude pea?< atplia&w freqﬁen)cy, Whii_f‘irmatlon, [19], can provide the time-frequency representation.

indicates the oscillation frequencies of the bubble growth and ¢ lgurle t13 Zho":ﬁt}het tfrequfency t\/ersuts iikr]ne by applyingt]. bqth al
lapse, and pressure field variations are very close. This is followdgVe'et and a Hilbert transtormations 1o the same acouslic signa

: _ shown in Fig. 12. Both indicate a high amplitude at the high
by a gradual classical power-law type decay of the spectrum. frequencies(~120 KH2 for a long time after the bubble first

Similar curves are obtained for the other two scdlg$]. It is also collapse. Following the first collapse the frequency of the oscilla-

found that the bubble sizes for a given group increases as the sc¢ales increases with each successive collapse. In order to under-

increases. stand this continuous increase in the frequency, we conduct an
order of magnitude analysis of the expected bubble oscillations
frequency,F, based on the Rayleigh peridd

(@) In the first small bubble size grouRg=5 um), the curves
show two major high frequency peaks, one obtained during initi

)
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Fig. 12 Correspondence between acoustic signals and the Fig. 14 Bubble radius, encounter pressure and frequency ob-

peak frequencies in the Fourier spectrum for Ry=50 um and tained using Eq. (16) versus time for Ry=50 um and o=4.471

o=4.471 in the small scale in the small scale
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Large Scale 6=24.797 From frequency analysis, it was found that the amplitude spec-
trum of the acoustical signal can be categorized into three major

10' groups according to their shapes. For the first group, the curves
- show two major peaks, one from the bubble growth signal and one
<10 from the bubble collapse signal. For the second group, the curves
g' . show a rather flat high-amplitude region, which is mainly due to
2" successive bubble collapses. For the third group, bubble growth,
~E | collapse and pressure field have very similar frequencies and the
g spectra exhibit only one major peak. By appropriately choosing
"5104 the normalization factor one can well normalize the first collapse
% signal of the second group.
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Flow in a Centrifugal Pump
Impeller at Design and Off-Design
Conditions—Part I: Particle
oo | Image Velocimetry (PIV)
routs. Larsen | @ND Laser Doppler Velocimetry
mannaneonca s, | (LDV) MI@@SUr@Ments

Fluid Mechanics Section,
Technical University of Denmark,

DK-2800 Lyngby, Denmark Detailed optical measurements of the flow inside the rotating passages of a six-bladed

shrouded centrifugal pump impeller of industrial design have been performed using par-
ticle image velocimetry (PIV) and laser Doppler velocimetry (LDV). Results include in-
Christian B. Jacobsen stantaneous and ensemble averaged PIV velocity vector maps as well as bin-resolved
LDV data acquired in the midplane between hub and shroud of the impeller. The flow is
surveyed at both design load and at severe off-design conditions. At design load, Q
=Qq, the mean field of relative velocity is predominantly vane congruent, showing well-
behaved flow with no separation. At quarter-load=Q.25Q;, a previously unreported
“two-channel” phenomenon consisting of alternate stalled and unstalled passages was
observed, with distinct flow congruence between every second of the six passages. A large
recirculation cell blocked the inlet to the stalled passage while a strong relative eddy
dominated the remaining parts of the passage. The stall phenomenon was steady, nonro-
tating and not initiated via the interaction with stationary components. The study demon-
strates that the PIV technique is efficient in providing reliable and detailed velocity data
over a full impeller passage, also in the close vicinity of walls due to the use of fluorescent
seeding. A quantitative comparison of blade-to-blade distributions of mean fields obtained
by PIV and LDV showed a satisfactory agreemé®Ol: 10.1115/1.1524585

Fluid Dynamic Engineering,
Grundfos Management A/S,
DK-8850 Bjerringbro, Denmark

1 Introduction surements in the blade-to-blade plane of a centrifugal compressor
?nd described the nature of the wake from the rotating impeller

The internal flow that develops in a centrifugal pump impell .
is exceedingly complex, involving both streamline curvature, sy lade. Akin and Rockwe(3] used PIV to study the wake from a

tem rotation, separation, and turbulence effects. Furthermore, {H%?

flow is often influenced by rotor-stator interaction mechanisms L) )
other unsteady effects. In the past, a variety of measurement te an and reattachment events using instantaneous streamline pat-

nigues, particularly one-point technigues such as pressure pro gg1s and_vortlcny contours. Eisele et .EA] applied particle track-
hot-wire anemometry, and laser Doppler velocimétV) have "9 velocimetry (PTV) to a vaned dlffuser a_nd four)d several
been applied to turbomachines in the strive for accurate quantitfiStéady flow features, e.g., flow separation in the diffuser chan-
tive flow descriptions. These mean methods have provided mue @nd a recirculating backflow from the diffuser into the impel-
fundamental knowledge of flow phenomena occurring in centrifl€r at part-load conditions. Finally, in a recent study Sinha and
gal impellers. However, the quest for more flexible pumps th&@tz [5] and Sinha et al.6] used PIV to study rotor-stator inter-
maintain high efficiencies at a broader range of operating condctions between a centrifugal pump impeller and a vaned diffuser,
tions raises the need for a more detailed knowledge of the lo@ldressing both flow structure and turbulence modeling issues.
and instantaneous features of the impeller flow. For this purpose Measurements of the instantaneous flow inside the rotating im-
the particle image velocimetr§PIV) technique is a powerful al- Peller passages themselves are very scarce. Oldenburg afd|Pap
ternative or supplement to LDV which offers both more informaperformed PIV measurements in the impeller and in the volute of
tion on the instantaneous spatial flow structures and, at the sat@urpose-made two-dimensional centrifugal pump. Planar data
time, considerably reduced acquisition times. acquired in the mid-height plane at three different orientations of

Wernet[1] provides an overview of applications of PIV to ro-the impeller relative to the tongue showed that the flow, at part
tating machinery. Most studies have focused on the flow in thead, did not follow the vanes and thus departed from a potential-
stationary components of a compressor or pump stage, with fil@w pattern. Hayami et al.8] and Aramaki and Hayanj®] ap-
aim of identifying the unsteady flow structures arising from rotomplied PIV in a model impeller passage with the CCD camera
stator interactions. The very first application of PIV to a turbomaetating with the impeller at a rotational speed of 30 rpm. This
chine appears to be the work by Paone efZlwho made mea- allowed a direct measurement of the relative velocity and a study

of the spatiotemporal variation of the impeller flow.

Ipresently at Fluid Dynamic Engineering, Grundfos Management A/S, DK-8850 In order to demonstrate the potential of the PIV technique as an
Bjerringbro, Denmark. e-mail: nipedersen@grundfos.com. efficient analysis tool in the design of industrial pump impellers,
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« to provide detailed instantaneous data of the internal flow field
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Tsujimoto. in the rotating passages of a centrifugal pump impeller,

el impeller in a simulated rotating machine and its interaction
a stationary diffuser blade. They characterized flow separa-
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* to investigate steady and unsteady flow phenomena occurrifaple 1 Impeller geometry and experimental operating

at both design and severe off-design conditions, conditions
* to assess the accuracy of ensemble averaged PIV data(;eometry
comparison with LDV data, and Inlet diameter D 71.0 [mm]

* to establish a detailed database that allows the evaluation
advanced CFD techniques such as large eddy simulations.
Section 2 describes the centrifugal impeller and the test rig a

Outlet diameter D 190.0 [mm}
Inlet height by 13.8 {mm)]

Section 3 gives details on the PIV and LDV setups and tecQutlet height b2 58 [mm]
niques. Section 4 presents the experimental results, including Number of blades z 6 [-]
stantaneous and ensemble-averaged PIV velocity data as welBlade thickness t 3.0 [mm]
bin-resolved LDV data, followed by conclusions in Section 5. lilnlet blade angle b 19.7 [deg.]
Part Il of this paper, Byskov et dl12], numerical results obtained Qutlet blade angle B2 18.4 [deg.]
using the large eddy simulation technique are presented and C(Blade curvature radius ~ Rp 70.0 [mm]
pared to the present database. Specific speed N, 26.3 [eng.]
. Flow conditions I 11
2 Experimental Apparatus Q/Qa 1.0 0.25 -
2.1 Centrifugal Impeller. The impeller under investigation Flow rate Q 3.06 0.76 (Vs]
is a shrouded low-specific speed centrifugal pump impeller thatHead H L75 24 [m]
used in multistage centrifugal pumps, see Fig[13]. Typical Rotational speed n 725 725 [rpm]
applications of pumps of this type are water transfer and circulFlow coefficient i3 0.123 0.031 [-]
tion as well as pressure boosting in industrial process equipméeHead coefficient v 0.33 0.45 [-]

Figure 2 shows the geometry of the impeller. It consists of SReynolds number Re 1.4x10% 1.4 x10° [-]
simple curvature backward swept blades of constant thickness arma

blunt leading and trailing edges. The impeller has a plane hub and
a mildly curved shroud plate such that the axial height of the
impeller blade is tapered nearly linearly from 13.8 mm at the inlet
to 5.8 mm at the outlet. Optical access to the impeller passages
was accomplished by manufacturing the entire test impeller in
perspex. Table 1 summarizes the main dimensions of the test im-
peller.

2.2 Test Rig. The measurements were performed in a com-
pact closed-loop test rig specially designed to provide an unob-
structed view of the flow within the impeller. The test rig, de-
scribed in detail by Pedersdiil], consists of a 350-mm high,
400-mm diameter cylindrical tank with perspex casing. The tank
holds 40 liters of demineralized water. The impeller was mounted
on a 16-mm diameter shaft placed vertically in the tank. A
220-mm long, 84-mm diameter straight perspex pipe was used as
inlet pipe to the impeller which discharged directly into the outer
annulus of the cylindrical tank. Here the water rose and recircu-
lated into the central inlet pipe. The impeller was driven by a 0.37

kW motor.
The flow rate through the impeller was adjusted by letting the
Fig. 1 Two stages of an industrial multistage pump with the water pass through a resistance plate, with an array of small cir-
shrouded centrifugal pump impeller under study, [13] cular holes, which was mounted at the top of the inlet pipe. By
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Fig. 3 Measured performance curve for a single stage of the
multistage pump under investigation, [13]. The design load
Fig. 2 Blade-to-blade (left) and meridional (right) view of the condition is marked by a star and the quarter-load condition by
shrouded centrifugal pump impeller, [13] a circle.
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=725 rpm. Table 1 summarizes the experimental operating condi-
tions and Fig. 3 shows the measured performance curve for the
test impeller and Fig. 4 shows the test rig.

3 Experimental Technique

3.1 Particle Image Velocimetry (PIV) System. Figure 5
shows a schematic of the PIV setup, comprising a Continuum
Surelite 1-10 double-cavity Nd:YAG laser, a Dantec light sheet
delivery system, a Kodak Megaplus ES1.0KK pixel cross-
correlation CCD camera, and a Dantec Flowmap 2000 PIV pro-
cessor. PIV measurements were performed inside the impeller
passages in ax(y)-plane positioned 2.9 mm above the hub, i.e.,
at mid passage-height/b,=0.5. Figure 6 shows the positions of
the two 93<94 mnt field-of-views which were recorded at a
magnification factor oM =0.098. This relatively smalM was
chosen in order to reveal large-scale structures in the flow. The
field-of-view, denoted |, was used at design load, whereas field-
ranspart of-view Il was used at quarter-load where it was found advanta-
"& geous to horizontally displace the camera so the image covered a
full passage at the impeller outlet.

aunnll
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plate

Leakage
I~ sealing

Flow
straightener

Inlet pipe — B

Optics
/

Fig. 4 Closed-loop test rig consisting of a 400-mm diameter The light source, the 532 nm Nd:YAG laser, was operated at 10
cylindrical tank with the 190-mm diameter test impeller Hz with a pulse duration of 4—6 ns and laser beam intensities
mounted in the vertical center plane. Optical access was pro- adjusted to 30—60 mJ per pulse. An articulated light-guiding arm
vided from the sides as well as from beneath,  [11]. directed the pulsing laser beams to the test rig where cylindrical

optics produced a light sheet with a thickness of approximately

1.5 mm and a divergence angle of 15 deg. The test rig was flooded

with seeding particles to give a homogeneous and dense seeding
varying the diameter of the holes the system pressure drop codidtribution ensuring a minimum of 5-10 particles in each inter-
be varied to achieve flow rates in the range 15—100 percent of tlegation region. Fluorescent polymer particles based on melamine
design flow ofQy=3.061/s. A flow straightener, 110-mm longresin and containing Rhodamin B as fluorescent dye was used.
and consisting of 12 7-mm diameter pipes, was mounted in tiié@e particles were of spherical shape and had a size range of
inlet pipe in order to maintain stable inlet conditions to the impeR0—40um with a mean diameter af,=30um. The green laser
ler. Furthermore, a leakage seal was installed which effectivelght excited the dye which subsequently emitted light in the or-
reduced the leakage flow between inlet pipe and impeller whieimge spectrum centered around a wavelength of 590 nm.
was measured to attain a maximum value of 10 perce® ot Particle images were captured by the CCD camera which was
shutoff conditions. The cylindrical tank provided optical access ialigned at right angles to the laser-sheet, see Fig. 5. The camera
all horizontal planes, as well as from beneath via a 260-mm diras equipped with a 60-mm Nikon Micro Nikkor lens and a
ameter glass plate mounted in the bottom plate. 550-nm optical high-pass filter which only transmitted the fluo-

PIV and LDV data were acquired at the design load conditiorescent light and thus prevented scattered green light from reach-

Q/Q4=1.0 (series } and the quarter-load conditid@/Qy4=0.25 ing the CCD sensor. In order to minimize displacement estimation
(series 1), respectively, both at a constant rotational speed of errors, the numerical aperture of the recording lens was chosen so

Light-arm
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Power
Supplys

— PIV Processor

| PC
—

Fig. 5 Schematic of the PIV setup
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Table 2 PIV acquisition and processing parameters

1oor 101R2  Field-of-view II
sol ’ Illumination
Light sheet source Nd:YAG laser
60 Sheet thickness 1.5 [mm]
Pulse energy 30-60 [mJ]
4o Pulse duration 4-6 [ns]
20 Pulse separation 110-150 [us]
= Seeding
E or Flourescent polymer particles
> Mean diameter 30 [pm]
20 Density 1.5 [g/em®]
-40t Recording
Resolution 10161008 [px*]
0 ield-of-view I Field-of-view 93%94 [mm?]
—sob Lens focal length 60 [mm)]
Numerical aperture 8 [-]
100 o T80 =60 =40 20 0 20 40 60 80 100 120 Lmage magnification 0.098 [-]
x [mm) Interrogation
Interrogation area 32x32 px?]
Fig. 6 Measurement positions. The squares show the loca- Overlap 50 [percent]
tions of the two 93 X94 mm? field-of-views measured with PIV, Subpixel interpolator Gaussian [-]
and the circles indicate the LDV measurement radii. .
Multi-grid levels 3 [-]
Data set
Vectors per image 62x62 [-]
diffracted particle images covered at least 1-2 pixels on the CCNumber of vector maps 1000-2000 []
sensor. Based oMl and the particle diametet, , this requirement Storage size (images) 24 [GB]

imposed arf-number off¥=8, see WesterweglL4].
The image acquisition was synchronized with the rotational ori-
entation of the impeller by means of a once-per-revolution pulse
obtained fro_m the rotor shaft, see F_ig. 5. Whenever the once-pglcantial PIV parameters.
revolution signal and the free-running 10-Hz laser pulsing coin-
cided within a 50us time window, a double-frame image set was 3.2 Laser Doppler Velocimetry (LDV) System. As a
acquired. By letting the trigger signal pass an adjustable delaypplement to the PIV data and to allow assessment of the PIV
circuit, this procedure allowed a large number of instantaneodata accuracy, a series of LDV measurements was performed in
samples to be obtained at fixed circumferential positions of thiee impeller. The LDV system comprised a two-component four-
impeller in order to calculate ensemble averages. The laser puteam fiber optic system with back scatter collection optics and
separationAt was optimized according to the 1/4 displacemerttvo burst spectrum analyzef®antec BSA. The light source was
rule (Keane and Adriaf15]) to 150us and 11Qus for series | and a Coherent Innova 90 argon-ion laser operating at wavelengths of
I, respectively. These intervals allowed the impeller to move 0%14.5 nm(green and 488 nm(blue). The probe consisted of an
deg between frames, at the most, corresponding to 1 mm of dgtical transducer head connected to the emitting optics and photo
perimeter. The total recording time of a series of 1000 conditiomaultipliers by means of optical fibers. The probe head was
ally sampled images was of the order of 20 minutes, correspondeunted on a three-axis PC-controlled traverse bench and posi-
ing to a mean acquisition rate of 0.8 Hz, or one snapshot for eveigned below the test rig with the optical axis oriented parallel to
15 impeller revolutions. the impeller shaft, allowing the simultaneous measurement of the
The PIV images were processed into vector maps using thbsolute radial and tangential velocity compone@tsand C; .
cross-correlation method and a multiple pass interrogation algdirectional ambiguity was eliminated by means of a Bragg cell
rithm, see, e.g., Scarano and RiethmulEs] or Raffel et al[17]. that applied a 40-MHz frequency shift to one of each pair of
The image processing was performed off-line on a Pentium R@ams.
running an in-house FFT-based PIV processing cqd8]. A For the LDV measurements, the flow was seeded with neutrally
triple-pass interrogation scheme was utilized which gradually dbuoyant polyamide seeding particles with a mean diameter of 20
creased the interrogation region side from 64 to 32 pixels. Them. Velocity samples were sorted into 360 angular bins based on
Gaussian subpixel peak estimator was used as this has been shihwein arrival time relative to the once-per-revolution pulse. This
by numerous studies, e.g., Ullufi8], to be less prone to pixel- ensured the proper assignment of phase angle with respect to the
locking effects. Remedies to avoid pixel-locking are importarimpeller to each velocity sample. This acquisition procedure al-
because the small magnification facirin effect limits the size lowed free running of the LDV system and therefore conceptually
of the imaged particles to a diameter below 2 pixels, equivalent tiffered from the conditional sampling applied in the PIV mea-
a slight undersampling of the particle images. The final pass isdrements.
terrogation regions of 3232 pixels were overlapped 50 percent Figure 6 shows the LDV measurement stations. The impeller
to yield 62x62 vectors per vector map with a distance of 1.5 mrfiow was surveyed at radii of r/IR,
between vectors. Due to the use of fluorescent seeding, a gee€0.50,0.65,0.75,0.90,0.98,1)0Tespectively. At each radial sta-
signal-to-noise ratio was obtained even in the close proximity ¢ibn data were collected at 5-10 axial positions between hub and
the impeller blades. Therefore, the number of spurious vectasbkroud depending on the local impeller height. At each measure-
(outliers did not exceed 1-3 percent. Subsequently, the only vatiaent point, 200,000 samples of each velocity component were
dation procedure applied was a removal of the few vectors withcallected without coincidence filtering, yielding an average of 550
correlation peak signal-to-noise ratio below 1.20. These mainkamples in each bin with an angular extent of 1 deg. However, on
corresponded to attempted velocity evaluations inside the vantt®e grounds of flow congruence between all six impeller passages
No interpolation or data filling was applied. Table 2 summarizest design conditions, the statistical sample size was, in average,
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Table 3 LDV parameters found not significant. Due to the presence of large velocity gradi-

Optics Green (C,) Blue (Cr) ents in the flow, velocity bjas effects may arise from spatial aver-
Wavelength 514.5 438 [nm] aging over the 1.5-mm thick laser sheet. o _

i 13'5 1.35 The errors inherent in the instantaneous digital PIV velocity
Beam diameter . : [mm] estimates were quantified according to Westenj26] to be of
Beam spacing 203 20.3 (mm] the order of 1 percent of full scale. Based on standard error esti-
Lens focal length 160 160 [mm] mates, which have been shown to apply to ensemble averaged PIV
Seeding data by Ullum et al[21], the statistical uncertainty in the mean
Polyamide particles and rms velocities based on 1000 statistically uncorrelated
Mean diameter 20 20 [pem] samples is 1.2 and 4.5 percent, respectively, stated at a confidence
Density 1.0 1.0 [g/em’] level of 95 percent. . .

In the LDV measurements, systematic errors arise from uncer-
Measurement volume o > . .
. tainty in probe volume positioning, which was within0.2 mm,

Diameter 0.078 0.074 [mm] . . - .

” 116 and velocity bias effects due to spatial averaging over the mea-
Lepgth . L. : [mm] surement volume length of 1.2 mm. The statistical uncertainty in
Fringe spacing 3.8 4.0 (pm] the LDV mean and rms velocities are estimated to 0.7 percent and
Number of fringes 19 19 [-] 2.4 percentc.i., 95 percent respectively.
Data collection
Dead time 1-5 1-5 [ms] 4 Results and Discussion
Velocity samples 200.000 200.000  [per point] The presentation is organized as follows. First, PIV data are
Angular bins 360 360 [ presented including both instantaneous samples and ensemble av-
Velocity samples 550 550 [per bin] erages based on 1000 vector maps. Following this, blade-to-blade
Statistical sample size 3333 3333 [perbin]  distributions of selected flow quantities are extracted from the PIV

data and compared with mean LDV data at different radial sta-
tions. All presented data pertain to the impeller mid-height plane,
z/b,=0.5. The full data sets are included in PedersEr.

3333 samples per bin. As consecutive velocity realizations We|5 4.1 Design Load. Figure 7a) shows a sample instantaneous

P e : : V velocity vector map acquired at the design flow rétg in
placed in different phase bins, imposing a dead time of only 1- . . ) L et .
ms between samples ensured statistically uncorrelated sampﬁ@(.j'm'v'.ew I (sge Fig.. §. Since the camera frame is fixed in

ace, this readily obtained velocity field is the absolute velocity

Effectively, though, data rates did not exceed 100 Hz due to sig . . . ) -
loss associated with flare light. Therefore, total measureme ¢ 10 allow a direct interpretation of the flow field, the relative

times per series with a total of 38 measurement positions was &¢Ity W as experienced by an observer rotating with the im-

the order of 10 hours. Table 3 summarizes essential LDV paraﬁﬁ"er.wa.s calculated by vectorial subtraction of the_ local circum-
eters. erential impeller speed from the measured data, W= C—U,

inside the impeller region. Figure() shows the instantaneous
3.3 Measurement Errors and Uncertainty. In the PIV relative velocity corresponding to the absolute vector map in Fig.
measurements, systematic errors include particle lag effects dugt@. The impeller rotation sense is counterclockwise. Figute 7
the density difference between the fluid and the fluorescent pagveals that the field of relative velocity follows the curvature of
ticles, the latter with a specific gravity of 1.5. According to thehe blades in the predominant parts of the impeller passages, and
discussion of Aguand Jimeez[19] this implies that a velocity that no significant separation occurs. A low-velocity zone devel-
slip of up to 3—4 percent between the flow and the particles mayps on the blade pressure side, extending about two-thirds down-
be present. However, as the focus of the present study is on gtieeam the blade. This is also evident from the contour plot of the
detection of large-scale structures rather than on a study of thiesemble averaged relative spé@tl)| shown in Fig. 8. The fact
high-frequency turbulent fluctuations in the flow, this deficiency ithat high-momentum fluid is displaced towards the suction side in

i

crrrrisy, /

60 70 80 70 80
x [mm] x [mm]
Fig. 7 Sample instantaneous velocity vector maps; (a) absolute velocity C, (b) corresponding relative ve-

locity vector map W. (Q/Q,=1.0).
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Fig. 8 Ensemble averaged relative speed [{W)|. A copy of the =ML, . : . . . ’ * * ’ *
measured data has been rotated 60 deg with respect to the -100 -80 -60 —40 -20 0 20 40 60 80 100
rotation axis to demonstrate the flow congruence between ad- x [mm]
jacent passages. (Q/Q,=1.0).

Fig. 9 Vector plot of the relative velocity (W) measured with

LDV at radial stations of r/R,={0.65,0.75,0.90,1.01}. (Q/Q4

=1.0).
the inlet section is in accordance with potential theory, see, e.g.,
Stepanoff[22]. It also indicates that, in the inner part of the pas-
sage, the meridional curvature associated with the axial-to-radial
entry bend dominates over rotational effects. However, as the fluid ) )
moves towards larger radii, the Coriolis force gains strength add!= VKzp/U, whereU, is the impeller speed at the outlet. Values
pushes the fluid in the opposite direction towards the pressieTu reach a maximum of 6 percent near the suction side, but are
side. As a result{W)| increases on the pressure side in the out&therwise much lower, 2—3 percent. As noted by Ubaldi eft2a]
parts of the passage, Fig. 8. The result is a fairly uniform out/&om similar observations in an unshrouded impeller, this low
velocity distribution free from distortions or wake effects. level of turbulence indicates the persistence of an inviscid poten-

In the blade-to-blade plane, a measure of the relative strend@l flow core through the impeller passage at design load.
between curvature and rotational effects is the Rossby number Rdrigure 1@b) shows the convergence history of the first and
given by Ro=|(W)|/wR, whereR,=70 mm is the constant cur- Se€cond moments of the measured data in the three sample grid
vature radius of the blades. The highest Ro occurs at the inlet at@ints marked in Fig. 1@). The first point,P, is situated in the
attains a value of about 0.8, falling to R6.6 in the central parts high-turbulent zone behind the leading edge on the blade suction
of the passage. This indicates that the flow in the blade-to-blagi€le, the second®,, in the low-turbulent passage center, and the
plane is mostly dominated by rotational effects, as was also tHdrd, Ps, in the mixing-region downstream of the impeller. Fig-
case in the impeller studied by Abramian and Howd). ure 1(Ib) shows the effect of Inclu(_ilng more samples in the cal-
In Fig. 8, a replicate of the measured data has been rotated®ttion of (C,) and k,p, respectively, and demonstrates that

deg with respect to the rotation axis to illustrate the flow congrdibese statistics, at a sample sizeNo¥ 1000, are well-converged
ence that clearly exists between adjacent passages at design I84@n in high-turbulent regions. _
i.e., data acquired in one passage represent the flow in all sidn summary, the measurements at design load showed a well-
passages. This is clearly confirmed by the vector plot of the LDRehaved, predominantly vane congruent flow with no separation
mean relative velocity field shown in Fig. 9. The LDV velocityoccurring and no significant distortions of the outlet velocity pro-
vectors at the inner radial station ofR,=0.50 are not shown, file. A distinct flow congruence between all six passages was ob-
since excessive reflections obscured the determination of the $8rved.

dial velout_y c_omponenC, at this station. . 4.2 Quarter-Load. The main objective of the present work
A.quar.mtatlve measure of the random unsteady yeloplty fI”9\7{:\5 to investigate the characteristics of the complex flow pattern
tuations is the measured portiém,, of the turbulent kinetic en- ¢ gevelops when operating the centrifugal impeller at severe
ergy k, defined as the mean deviation of instantaneous data erfﬂ-design conditions. Figure 14) shows a snapshot ¢V) mea-
the ensemble-averaged results sured in field-of-view Il at a flow rate of 0.2%,, while Fig. 1Xb)
1 shows the corresponding ensemble average based on 1000 vector
kZD:§[<C)’(2)+<C§2>] (1) maps. Both vector maps show a clear departure from the well-
behaved nonseparated flow field observed at design load and,
where the primes denote the RMS of the velocity fluctuations, amgbst notable, the flow congruence between adjacent passages has
C, andC, the measured planar velocity components. This quabeen lost. In the lower passage, see FigblLla large recircula-
tity does not account for the spanwise velocity fluctuations, ntibn bubble has been created due to the change in incidence angle
measured. A contour plot df,p is given in Fig. 10 and demon- at quarter-load. This bubble covers the visible part of the suction
strates an even distribution of turbulent kinetic energy inside tlside surface, as shown in the closeup in Figi@l20n the con-
passage. Disregarding image edge effects in the bottom left regtoary, the center passage shows no evidence of separated flow, but
and flare light effects aroundk(y) = (65,—20), local high levels is fairly well behaved, see Fig. (). In the upper passage, a
of turbulence are confined to near-wall areas along the blade slow-velocity zone with strong instantaneous vortical structures
tion side, coinciding with positions of high relative velocity.has emerged, extending over half the passage width on almost the
Based ork,p, a turbulence intensitf u may be calculated from entire pressure side. Furthermore, at the outlet, a strong vortex
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Fig. 10 (a) Contour plot of the portion  k, of the turbulent kinetic energy, measured by PIV. (b) Convergence history of the first
and second moments in the three sample grid points P,, P,, and P5. (bl) Horizontal velocity component  (C,). (b2) Turbulent
kinetic energy k,p. (Q/Q,=1.0).

with a rotation sense opposite to that of the impeller reverses tb remained in the same location, but a delay &= 13.8 ms,

flow direction and hence reduces the through-flow in this passagerresponding to the passage time of one impeller blade, was

see Fig. 1th). added to the trigger signal from the rotor shaft. This procedure
The fact that adjacent impeller passages exhibit such distiratiowed the collection of data in a region that effectively covered

flow characteristics at quarter-load implies the need to extend ttweo complete adjacent passages. The result is seen in Fig. 13

sample area to fully grasp the flow physics. Therefore, a supplehere the last series, although acquired at the same position in the

mentary series of 1000 PIV velocity fields was acquired. The carfixed camera reference frame, has been rotated 60 deg to reflect

Fig. 11 PIV vector maps of the relative velocity W. (a) Sample instantaneous snapshot.  (b) Ensemble average of 1000 instanta-
neous samples. (c) Sample instantaneous deviation. (Q/Q4=0.25).
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Fig. 12 Details of the ensemble averaged relative PIV velocity field (W) shown in Fig. 11 (b). (a)
Inlet stall cell. (b) Reversed flow at outlet. (Q/Q,=0.25).
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Fig. 13 Vector maps of the ensemble averaged relative veloc-
ity (W). The well-behaved passage is denoted A and the stalled

In passageB, see Fig. 13, the large extent of the suction side
recirculation zone is notable, with flow reattaching not taking
place until half way down the blade. The recirculation bubble
effectively blocks three-quarters of the entrance to pasBaghis
in return unstalls passadein analogy with the mechanisms lead-
ing to the propagation of a rotating stall cell. The hypothesis of
every second passage being stalled is confirmed by the LDV mea-
surements given in Fig. 14. A few outliers are visible, but in
contrast to the design data in Fig. 9, the inner data /&,
=0.50 are not obscured by reflections. A detailed quantitative
comparison between PIV and LDV mean data will be given later,
but it is readily evident, that the LDV velocity field of Fig. 14
corresponds well to the ensemble averaged PIV flow picture in
Fig. 13. Both data sets reveal the presence of a strong relative
eddy that dominates the flow structure in the central and outer
parts of passagB. It gains significant strength towards the outlet,
where fluid is swept from suction to pressure side. The clockwise
rotation of the eddy brings fluid backwards along the pressure
surface where it is later diverted towards the suction side, with the
apparent effect of suppressing separation there. A potential vortex
with very similar characteristics was observed by Abramian and

passage is denoted B. Only every second vector is shown to

Howard[23] in a low-specific speed impeller operating at a flow
rate of 0.5@,. Visser et al[25] also reported high passage ve-
locities at the suction side and near-stagnation flow on the pres-
sure side. The unusual confinement of flow separation to the blade
the effective field-of-view. A remarkable “two-channel” flow pat- pressure side may also be influenced by secondary flows induced
tern alternately consisting of stalled and unstalled passages isdee to the backward curvature of the blades, as discussed thor-
vealed from Fig. 13, with an apparent flow congruence existingighly by Farge and Johns$26].

between every second of the six passages. The fact that the twephe geviationC-(C) of a sample instantaneous velocity from
ensemble averages fit perfectly together and therefore fully cor

spond with the result obtained if the two series had been acquilig(?. ensemble average is Sho".“” n Flg(c’,l_'LThe fluctuating ve-
simultaneously with two cameras underlines the stationary natJp&!ty vectors show large spatial structures in the upper passage,
of the detected stall phenomenon. To facilitate discussion, the iRASSages. Figure 15 reveals highly elevated levelsiaf along
peller passage without flow separation is dendteuhd the stalled the core of the suction side separation bubble. Significant turbu-
passagé. lent activity is also associated with the flow reversal near the

avoid crowding.

(01Q,=0.25).
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Fig. 14 Vector plot of the relative velocity (W) measured with LDV at radial
stations of r/R,={0.50,0.65,0.75,0.90}. (Q/Q,=0.25).
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outlet of passagds, although parts of this high level may be
attributed to movement of the relative eddy itself, rather than -~ 0!
the effect of turbulence. Generally,y attains values more than 0 p 120 o~ 540 3 260

twice the level measured at design load. Expressed in terms d) 800
Tu, typical values of 8—10 percent are found in the regions d

scribed, with a peak of 15 percent just before the outlet. 600
Summarizing the observations done at quarter-load, a higt g

distorted flow with a “two-channel” pattern characterized by flon § 400

congruence between every second passage has emerged. The O

T

£

in the passage denotedlis dominated by rotational effects and 200

resembles the well-behaved design flow, although with higher tt W

00
bulent activity. In passagg, a stationary inlet stall cell blocks the (i 60 120 180 240 300 360
inlet section and gives rise to a relative eddy dominating the r. Angular position [deg]
maining parts of the passage. Compargd to observations in Iitg 3 16 Bin resolved LDV data obtained at  1/R.=0.90. (a) Ra-
tur_e, e.g.,[27,28|, the dete_ctc_ed Oﬁ'.de5|9n stall phgnomenon ! igl velocity (C,). (b) Tangential velocity (C,). (cz) RMS—v(eIc)x:ity
unique in the sense that it is stationary, nonrotating, and onjy, (d) Number of radial velocity samples. (O Oy=1.0)
appears in every second passage. It may be speculated that the ' am
stationary stall appearance is dictated by the even number of pas-
sages that enables a stable equilibrium mode between the forces
acting on the stall cells, and subsequently locks their circumfer- ) ) ) )
ential positions within the impeller. Any influence of geometricafloubled at 0.2Q. This resulted in a uniform number of, in av-
asymmetries may be ruled out as consecutive runs with the imp@fage, 3333 samples in each representative angular bin, compa-

passages. averages. No smoothing of the LDV data was applied.

Figure 18 compares the PIV and LDV blade-to-blade distribu-

4.3 Blade-to-Blade Distributions. As demonstrated above, tions of the radial velocity compone(€, ), assigned to represen-
much knowledge of the global flow features in the centrifugahtive passages as just described. The PIV profiles were obtained
impeller may be gained from a direct study of the planar PI¥y bi-linear interpolation of the planar PIV data onto lines of
velocity fields. Nevertheless, in order to substantiate the obsenéanstant radii. It should be noted that the radial compon@dts
tions and to assess the accuracy of the ensemble averaged Z4d(W,) are equivalent. The velocity profiles are given for radii
data, as well as to investigate possible three-dimensional fl@f r/R,=0.50, 0.75, and 0.98mpeller outle}, respectively. As
effects, a comparative study with LDV mean data is presentggleviously mentioned, no valid LDV data were available at the
below. The six radii at which LDV data were acquired, see Fig. @aner radial station.
form the basis of these comparisons between PIV and LDV. In general, Fig. 18 reveals a good agreement between the two

Samples of the LDV data in the form of vector plotsWfhave data sets. At design load, Fig. 1&ft), the flow starts off as
already been shown in Figs. 9 and 14. Below, a closer look at thetential flow with a radial velocity profile that is skewed mark-
LDV data is given. Figure 16 shows the bin-resolved absolutaily towards the suction side &ltR,=0.50. This displacement of
velocity componentgC,) and (C;) acquired atr/R,=0.90 at the flow core suggests that viscous effects have not yet developed
design load, together with the RMS veloci®y and the number of at this radial station, leaving a flow governed by curvature and the
velocity samples collected in each angular bin. The similarity b@resence of a swirl component in the inlet flow. Both effects work
tween all six passages is apparent. The few local outliers restdtraise the radial velocities near the suction side. Traveling out-
from a registration of the movement of the blade surface througbards through the impeller passage, the radial velocity profile
the measurement volume. Figure 17 shows the LDV velocity fiellzens out under the influence of the Coriolis force. Although some
acquired at quarter-load, and reveals, again, flow congruence tiscrepancy may be observed between the PIV and LDV profiles
tween every second of the six passages. Therefore, representaive R,=0.75, possibly due to difference in size of seeding par-
mean passage profiles were calculated from the LDV data by dicles and measurement volumes, they agree well at the outlet,
eraging all passages @ and every second passage at @g5 where large radial velocities now also exist near the pressure side
respectively. To ensure the same statistical sample size at bdtte to the unloading of the blade. Overall, the design flow pattern
flow rates, the number of velocity samples in each angular bin wigsin accordance with classical mean line the$®z].
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Fig. 18 Blade-to-blade distributions of the mean radial veloc-
ity (C,)/U, measured with PIV (— —) and LDV (—) at flow
Moving on to the quarter-load data, Fig. 1i8ght), passaged rates of Q, (left) and 0.25Q, (right). (a) r/R,=0.50, (b) r/R,
exhibits the same main characteristics as seen at design flow, wb.75, (¢) r/R,=0.98.
the addition of local flow features such as reversed flow near the
pressure side at the inner radial station. The flow in pas8age
however, is dictated by the suction side inlet stall cell. This is SeenFigure 19 shows a comparison of the PIV and LDV blade-to-

to cover a third of the passage @dR,=0.50 with backflow ve- Ctri i ; ;
locities reaching a magnitude of 55 percent of the maximum ox.gglde distributions of the tangential velocity compongat), and

d L » lociti ist in th enerally reveals the same levels of agreement as was seen for
war c?mpdqnentﬁ arge plos_ltlvebvgtt)almtl:(; ef'g%'g }Dl(\e/ pazsa ). The discrepancy seen@R,=0.75 is partly due to the fact
center, feeding the recirculation bubble. AR,=0.75, and - that the PIV profiles stem from bi-linear interpolation of relatively

LDV agree on the location and height of the po_sitive peak i oarse planar data, and thus exhibit a stronger broadening effect
passageB which has now moved to the suction side due to t an the LDV data in regions with strong gradients.

strengthening of the relative eddy. At the outer radial station o Figure 20 shows the turbulence intensiflas= \Kyp/U , calcu-

r/R,=0.98 the two profiles of passagevirtually collapse and lated from the PIV and LDV ensemble averages. The LDV data at

uncover the significance of the flow reversal that covers tWopgjgn joad show a distribution afu that varies almost linearly
thirds of the outlet of passad® Hence, the outer radial station offr m about 3 percent in the pressure side region to 5-6 percent

passage gives evidence of a stalled passage with aimost N0, {foqe g the blade suction surface. This distribution of ow
any, through-flow. Comparing this to the apparent net positi rsists throughout the impeller and is indicative of a stable flow

through-flow atr/R,=0.50, suggests that some three-dimensiongj jegign oad. The turbulence intensities measured by PIV at the

e_ffects are present in the 'mpe”e“ To elaborate fur_ther Or.'.thﬁvo inner radial stations are about 40 percent smaller than the
bin-resolved LDV data obtained at a number of axial positions

between hub and shroud were analyzed. Table 4 shows the inte-
gral volume flow rateQ, and Qg in passage#\ and B, respec- o
tively. The table compares passage flow rates calculated USWe 4 Integral volume flow rate distribution calculated from

only data at the mid-height plane/b,=0.50, to area-averaged -0V data

values based on LDV data at five different axial heiglzid, Operating point Qa/Q4 Qs/Qd b
=0...1.0, across the impeller outlet. Since the mid-height dépegign foad (2/b2=0.5) 0.50 0.50 1.00
suggest a flow rate of only 0.0® as opposed to the actual ﬂOWDesign-load (2/b2=0. ..1.0) 0.50 0.50 1.00
rate of 0.28)4 it is evident that some three-dimensional effects ar _

in fact present at quarter-load, as is described in detail by PedQuarter-load (2/b2=0.5) 0.20 -0.08 0.12
sen[11]. Quarter-load (2/b2=0...1.0) 0.21 0.04 0.25
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Fig. 19 Blade-to-blade distributions of the mean tangential ve-
locity ( W)/ U, measured with PIV (— —) and LDV (—) at flow
rates of Qg (left) and 0.25Q, (right). (a) r/R,=0.50, (b) r/IR,
=0.75, (¢) r/R,=0.98.

Fig. 20 Blade-to-blade distributions of the turbulence inten-

sity Tu=.k,p/U, measured with PIV (——) and LDV (—) at
flow rates of Qg (left) and 0.25Q, (right). (a) r/R,=0.65, (b)
rlR,=0.90, (¢) rlR,=0.98.

r/R,=0.98, respectively, indicating the presence of moving ve-

values attained with LDV. A possible explanation for this discred[OCIty gradients or unsteady flow effects associated with the mo-

ancy is the fact that u, apart from a turbulent contribution, may lon of the relative eddy.

; I : - Considering the strict conditions associated with this quantita-
|nclude_contr|but!ons of f_Iuctuatlng velo_c:|ty components becau?ﬁe comparis?)n of LDV and PIV data in a rotating flow wit% large
of moving velocity gradients present in the flow. As noted b

Hesse and Howarf29d), this will result in a broadening of the g_patlal gradients, and acquired with dn‘fergntly sized seeding par-
. X . . S . ticles and measurement volumes, a satisfactory agreement has
probability density function of the velocity, which is falsely inter-

preted as turbulence. Considering that each PIV velocity reali}%e-en obtained.
tion results from a spatial averaging over a measurement volume .
that is in effect more than one order of magnitude larger than i Conclusions
LDV counterpart, the impact of this effect differs between LDV Detailed measurements of the flow inside the rotating passages
and PIV, and thus may lead to locally different levels of turbuef a centrifugal pump impeller were obtained using particle image
lence intensities. velocimetry(PIV) and laser Doppler velocimet.DV). Results
Unlike the design load observations at the two inner radial stacluded both instantaneous and ensemble averaged PIV velocity
tions, the agreement between the two data sets at the outletctor maps acquired in the midplane between hub and shroud of
r/R,=0.98, is generally good. The large peaks in the PIV profilthe impeller, as well as bin-resolved LDV mean fields.
in the passage center and at the suction side surface may be ait design loadQ=Q, both data sets showed a well-behaved
tributed to image edge effects and slight variations in the positisane congruent flow with no separation occurring, and revealed a
of the blade trailing edge in consecutive PIV images, respectivediistinct flow congruence between all six passages. Apart from
The level of agreement between the two data sets is maintainedlawal curvature effects in the inlet, the flow in the blade-to-blade
even improved, at the off-design condition, 0Rh Ignoring the plane was dominated by rotational effects. At quarter-lo@d,
edge effects just mentioned, PIV predicts the same peak position8.25Q4, a previously unreported “two-channel” phenomenon
and magnitudes of turbulent intensity as LDV. In passBgée consisting of alternate stalled and unstalled passages was observed
values ofTu reach maxima of 9 and 14 percentr&R,=0.90 and in both data sets, with distinct flow congruence between every
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Flow in a Centrifugal Pump
Impeller at Design and Off-Design
e k. ayson | CONMitions—pPart 1I: Large Eddy
Christian B. Jacobsen Slmu|atI0nS

Fluid Dynamic Engineering, The flow field in a shrouded six-bladed centrifugal pump impeller has been investigated
Grundfos Management A/S, using large eddy simulation (LES). The effect of the subgrid scales has been modeled
DK-8850 Bijerringbro, Denmark through a localized dynamic Smagorinsky model implemented in the commercial CFD

code FINE/Turbo. A detailed analysis of the results of LES at design loaQ@ and
severe off-design conditions, at quarter-load=Q.25Q;, is presented. At design load

Nicholas Pedersen’ LES reveals a well-behaved flow field with no significant separation. At quarter-load
Department of Mechanical Engineering, significant differences between adjacent impeller passages are revealed. A steady nonro-
Fluid Mechanics Section, tating stall phenomenon is observed in the entrance of one passage and a relative eddy
Technical University of Denmark, develops in the remaining part of the passage. The stall unblocks the adjacent passage
DK-2800 Lyngby, Denmark which exhibits a flow dominated by rotational effects. Velocities predicted by LES and

steady-state Reynolds averaged Navier-Stokes (RANS) simulations based on the Baldwin-
Lomax and Chien ke turbulence models are compared with experimental data obtained
from particle image velocimetry (PIV). The complex two-channel phenomena observed
by LES is with satisfactory agreement confirmed by PIV. However, it is found that the
two RANS models do not reproduce the stall phenomenon observed at quarter-
load and are incapable of detecting the differences between the two passages.

[DOI: 10.1115/1.1524586

1 Introduction on pump flows. In industrial applications the smallest resolved
cales are typically orders of magnitude larger than those seen so
%rsin classical LES. Therefore some scepticism exists on the ma-
ity of present methods and it is necessary to investigate the
itations of the classical LES approach. It is, however, found
t the present state of LES, using simple eddy-viscosity subgrid-

The traditional approach to the hydraulic design of pumps
based on steady-state theory and depends on empirical meth
and the combination of systematic model testing and engineeri
experience. This approach has come a long way in produci
efficient and reliable pumps. The flow field in centrifugal pumpg, . L i ;
which is influenced by system rotation and curvature, is highfj°@!® models in combination with second-order numerical meth-
turbulent and unsteady, and due to separation and recirculatfiffs» €an predict main trends for some industrial problems, and
very complex. Further improvements of performance for desigHve an interesting insight into the flow dynamics in a subdor_nal_n.
and off-design operating conditions will be extremely difficuif® féW examples related to the present work can be found in lit-
with traditional steady-state methods, because it will depend méteature. Eggel§ld] investigated the impact of a mechanical im-
on controlling complex physical phenomena such as boundaﬁ?_”er on the turbu_lent flow field in a baffled stirred tank reactor
layer separation, vortex dynamics, interactions between rotatiHging the Smagorinsky model and found good agreement with
and stationary components, vibrations and noise, etc. These GXPerimental data. Revstedt et @l5] performed LES on a simi-
steady phenomena are not predictable with the conventiof@l test case using an implicit model also with promising results.
steady simulation approach and extremely difficult to measure hES of the flow through the spiral casing, impeller, and exit sec-
side physical models. In order to improve the accuracy of tHn of a Francis turbine system at different operating conditions
numerical simulations and to be able to analyze and understdi¥e been conducted by Chen and S¢16,17 giving first an
more thoroughly the flow in centrifugal pumps, it is essential thsight into the flow field present in each unit separately and later
advance from a steady state to an unsteady simulation technic@4€0 taking into account the mutual interaction between the rotat-
In this context a promising alternative or supplement to standalfty and stationary parts. Kato et dl18] presented the first
Reynolds averaged Navier-Stok@ANS) turbulence modeling is achievements of LES of the flow in a complete stage of a mixed
large eddy simulatiofLES). flow pump at 60 and 100% design flow. Again the Smagorinsky

LES has hitherto primarily been an academic research tool usg@@del was used. For both operating conditions the unsteady fluid
for analyzing simpler flows, e.g., mixing layef4], flow over flat forces on the impeller agreed well with measured values. Re-
or curved plates;2—4], and channel flowg5-7], or to study the cently, Jang et al.19] have performed LES and LDV of the vor-
details of the numerical methods, e.g., development of neigal flow field in a propeller fan and showed that the vortex struc-
subgrid-scale mode[8—10], discretization schemé4&1], or mesh tures, the tip vorteses, the leading edge separation vortex, and the
structureg 12,13. Little work has been done in the field of LEStip leakage vortex, were all simulated correctly in the LES when
for industrial applications of practical importance and in particulaxromparing with LDV.

The main problem in the integration of LES as an industrial

ICurrently at Fluid Dynamic Engineering, Grundfos Management A/S, DK-ggs@nalysis tool is that the methodology is not established as a stan-
Bjerringbro, Denmark. e-mail: nipedersen@grundfos.com. dard commercial CFD tool. In order to demonstrate the potential

Contributed by the Fluids Engineering Division for publication in ti)BNAL ¢ | EG for gaining improved insight into the fluid dynamics of
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division . . .

centrifugal pump flows, the objectives of the present work have
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Tsujimoto. been,[20,21],
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e to make LES available for numerical investigations of thadded to the source term vect®r as compensation. The relative
flow in centrifugal pumps through the implementation of LES/elocity W is the velocity experienced by an observer rotating
in a commercial CFD code tailored for turbomachinary and with the impeller,w is the angular velocity of the impeller amd
subsequent validation of the implementation, is the position vector.

to provide detailed flow field analysis of the flow inside a The absolute velocityC is computed by vectorial addition of
centrifugal pump impeller at design and off-design condithe local circumferential impeller speed to the relative velocity,
tions, and C=W+U.

 to perform a comparative study of the contributions and ac- . . . .

curacy achieved from LES and standard RANS turbulencez'2 Large Eddy Simulation (LES). The basic philosophy

modeling through combparison with experimental data. in LES is,_through the introduc_tion of a filter Ien_gth, to separate
9 g P P large eddies from small eddies. The three-dimensional time-

Within this work LES has been implemented in the commercialependent large-scale turbulent motion is resolved directly and the
CFD code FINE/Turbo and validated for plane and rotating chaeffect of the unresolvedor subgrid scales is taken into account
nel flow, [21]. This paper presents the first results from simulahrough appropriate subgrid-scd®GS models. The large scales
tions of the flow field in an industrial centrifugal pump impeller. An a turbulent flow are generally more energetic than the small
complete discussion is given in Byskd20]. In Section 2 the scales and their size and strength make them the most effective
numerical solution technique employed in the present work is prgansporter of conserved properties. The small scales are usually
sented. Section 3 introduces the actual impeller under investigeeaker, and provide little transport of these quantities. Hence the
tion and describes how it has been modelled numerically. Tlgproximation of LES, which treats the large eddies more exactly
results of the simulations are presented and discussed in Sectiothdn the small ones, is justified. Since only the smaller scales,
including a thorough comparison with results from standanghich can be assumed to be isotropic, are modeled in LES, the
RANS simulations based on the Baldwin-Lomi@2] and Chien SGS models applied can be simpler than similar models for the
k-& [23] turbulence models as well as with experimental dat@ANS equations.
obtained from particle image velocimetr§PIV). Conclusions In order to numerically define the large-scale field the idea of a
based on the comparative study are drawn in Section 5. In Pattdditional Reynolds decomposition is followed as shown in Eq.
of this paper, Pedersen et 24| describes in detail the experi- (3)
mental apparatus and technique.

f=f+f’, 3)

2 Numerical Solution Technique wheref is any flow variable, scalar or vectoridl,is the resolved

. . . large-scale component arfid the subgrid-scale component due to
2.1 Governing Equations. As opposed to traditional LES g 7iiq| flyctuations of the unresolved scales. Applying the filter in

codes, which are o_ften tailored for analysing simpler flows, t q. (3) to the governing equations in Eq4) and(2) in a manner

use of a commercial CFD code such as FINE/Turbo poses BRalogous to the time averaging in the RANS approach, one

geometrical restrictions and is thus ap.plicable for simulating the hieves the filtered equations, E¢4) and (5), describing the
flow in a complex geometry as a centrifugal pump impeller.  pohavior of the large scales
2 '

FINE/Turbo is a well-established finite volume Navier-Stoke
solver based on solving the three-dimensional compressible con- 1 dpy  dpy;
tinuity, Navier-Stokes, and energy equatiof5]. The convective =t ——
fluxes are treated through a second-order central Jameson scheme, B= T 2
[26], with second and fourth-order scalar dissipation. In the
present work the second-order term is turned off and the fourth-

-0, (4)

dpu;  dpu.  dpuiu;  Ip,

order dissipation is determined through the coefficiexif) JT Jt X IXi

=0.001. This is two orders less than the default value<&? P gu au

=0.1. However, the adjustment af needs further research. A = —| p(v+vegd —+—|+8, (5)
pseudo-compressibility method and a second-order dual-time- IX; X IXi

stepping procedure implemented by Hakfiav] allows for simu- where vy is the subgrid-scale viscosity introduced due to the

lating incompressible unsteady flows. ) ) ;
Since the flow under investigation can be assumed to be inci&;in“neamy of the convective termw.qsaccounts for the effect of

pressible and isothermal, the energy equation is not conside asma'.' unresolved spalgs on the Ia}rge.resolved scales. The over-
and the governing equations utilized in the present work are he s indicate the.SDa.t'al filtering which in the present f|n|_te vo_I-
the unsteady preconditioned continuity and Navier-Stokes eqdﬁne approach is implicitly represented through the numerical dis-

tions given by cretization.
2.3 Subgrid-Scale Modeling. In the few large eddy simu-

19 apu; ) . . g
— “Pq + P _ 0, (1) lations of turbomachinary flows which have appeared in literature,
Be 09X [16—18, the Smagorinsky model has been employed. In the
JoU doUs doul. d p U ous present work different eddy viscosity SGS models have been
pui  opUi  opUilli  9Pg _ 7 py(_'+ _') +B,, implemented in FINE/Turbd;21], and plane and rotating channel
JrT Jt IX; X IX IxXj X flow simulations have revealed a superiority of the localized dy-

() namic Smagorinsky model of Piomelli and L[®], which has

where B is a preconditioning parametep, the gauge pressure, therefore been employed. The SGS viscosifis given by
and B; the source term vector including the effects of system _
rotation.t is the physical time ana the pseudo time introduced Vgs™ CA2|S”-|, (6)
due to the dual-time-stepping. During each physical time-step an ) ]
explicit fourth-order Runge-Kutta scheme is used for advancighereC is a model parameted a filter length related to the local
Egs.(1) and(2) in pseudo time. cell volumeA =V13, ands;; is the strain rate tensor based on the

As the flow is influenced by the rotation of the impeller Ef). filtered velocities. The advantage of dynamic models is the dy-
and (2) are formulated in a relative frame of reference. This isamic computation of the model parame@mwhich need there-
allowed when the two inertia forces; the Coriolis fordg= fore not be specified a priori. In the present localized dynamic
—2p(wXW), and the centrifugal forcd,= —pwX(wXxr), are Smagorinsky mode[9], the model paramet& is computed from
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L, —2C* By aij
C:—( ij ﬂu) ij (7)
2(1”' aij
WhereLij =uiuj_—t£1il£1j ’ ,B,J =A2|S”|Sij and a;j :A2|§I]|éi] . .C*
is a known estimate of found from a first-order extrapolation of
C from previous time-steps and | indicates spatially double filter

ing over a volume of the siz&=2A. The SGS model is referred
to as “localized” as it does not require averaging of the mode.
parametelC in directions of homogeneity.

From Eq.(7) it is seen thalC and consequently alsgy,s can
become negative. This is interpreted as an ability to predict bac
scatter. For reasons of stability the SGS viscosity has, however,
the present simulations been constrained to be non-negative. F
ther, an upper constraint limiting the model parameter to be le:
than 1.0 has shown necessary. With these simple constraints 1
model remains stable even at high Reynolds numbers.

TpsTTrTTTTTTTey
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3 Impeller Model ) - . )
Fig. 3 Blade-to-blade (left) and meridional (right) view of the

3.1 Pump |mpe||er_ The impe”er under inves[iga’[ion is aimpeller under investigation, [28]. The circles indicate radii of
shrouded, low specific-speed pump impeller representing the fmparison with experimental data. PS and SS refers to the
tating part of an industrial multistage pump as shown in Fig. Plade pressure side and suction side, respectively.

[28]. This pump type is typically applied for water distribution
and pressure boosting in industry and agriculture.

The pump is designed to operate at a flow rate @f
=3.06 I/s and provides at design load a pressure rise in a single
stage equivalent to a head bf;=1.75m. Figure 2 shows the
performance curve for a single stage. Simulations at design load
Q=0Qq and at severe off-design lod@d=0.25Q, are performed.
The predicted static pressure rise over the impeller is also shown
in Fig. 2 and illustrates that 85-95% of the total pressure rise
develops in the impeller and only a smaller part of the pressure
rise is due to a transformation of dynamic to static pressure in the
stationary parts. This corresponds to what is normally observed.

The geometry of the impeller under investigation is seen in Fig.
3. The impeller has an outer diameter of 190 mm and six simple
curvature backswept blades with blunt leading and trailing edges.
The Reynolds number typically used for pumps is based on the
outer dimensions of the impeller, R&,D,/v, and is for the im-
peller under study of the order Rd..4x 10° and thus very large
in the context of LES. More relevant, however, when investigating
the local flow behavior, is to base the Reynolds number on the
local radial velocity and the blade height, R&/b;/v. In this
case, the Reynolds number is only-Re5x 10* at design load.

Fig. 1 Two stages of an industrial multistage pump with the The main geometrical data of the impeller and the operating con-
shrouded centrifugal pump impeller under study, [28] ditions are summarized in Table 1.
3.2 Numerical Model. When modeling the impeller nu-
3 merically, ideally all six impeller passages should be included in
order to simulate the true flow field and detect any asymmetry of
25 the flow. However, most numerical simulations of the flow field in
turbomachines take advantage of the geometrical symmetry of the
o o impeller and simulates one impeller passage only, €29+31].
The experimental work, described in Part | of this pap24], has
T ° at quarter-load revealed a pronounced correlation between every
;1 S second of the six impeller passages. Modeling only one impeller
passage would not allow to predict this phenomenon and conse-
1 quently provide an inaccurate flow field. However, the experi-
ments justifies modeling only two of the six passages, which still
0.5 provides a significant reduction of the computation domain, which
is shown in Fig. 4.
0 Keeping the computational effort at a realistic level compared
005115 202[]5/-]3]3 35 4 455 to the available computer power, a mesh of totally 385,000 cells

with roughly 150,000 cells in each impeller passage has been
utilized. The grid stretching factor has been chosen to allow the

Fig. 2 Performance curve for a single stage of the multistage . . .
9 9 g 9 first cell point to be located 1-pm off the surface corresponding

pump under investigation. The pump design point is marked by

* and O shows the static pressure rise predicted in the LES to localy™ values less than 5.0 in average. The main characteris-
simulations. tics of the mesh are listed in Table 2 and a cross-sectional view is
Journal of Fluids Engineering JANUARY 2003, Vol. 125 / 75
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Table 1 Impeller geometry and operating conditions Table 2 Characteristics of the mesh structure, boundary con-
ditions, and numerical setup of the simulations

Geometry
Inlet diameter D, 71.0 [mm] Mesh structure
Outlet diameter D, 190.0 [mm] Total number of cells 385.000
Inlet height b 13.8 [mm] Cells in inlet section 34.000
Outlet height bs 5.8 [mm] Cells in impeller 304.000
Number of blades z 6 [-] Cells in outlet section 47.000
Blade thickness t 3.0 (mm] Cell height along blades <1.0pm
Inlet angle B 19.7 [deg.] Cell height along hub & shroud <5.0pm
Outlet angle B2 18.4 [deg.] Boundary Conditions
Blade curvature radius R, 70.0 [mm] Inflow Turbulent velocity fields
Specific speed N, 26.3 [eng.] Outflow Uniform pressure
Flow conditions I II Wall No-slip
Q/Q4 1.0 0.25 Circumferential Periodicity
Flow rate Q 3.06 0.76 [Us] Numerical Setup
Head H 1.75 2.4 [m] Number of pseudo time steps 100
Rotational speed n 725 725 [rpm] Time step 5.0x107s
Flow rate coefficient ® 0.123 0.031 -] Time steps per revolution 160
Head coefficient R4 0.33 0.45 -] Development period 2000 time steps
Reynolds number Re 1.4x10° 1.4x10° [-1 Averaging period 2000 time steps
CPU time per time step 14 mins.
Total computational time 940 CPU hours

seen in Fig. 5. Kato et a[18] utilized a total of 850,000 mesh
points for a LES of an inlet section, all passages in a mixed flow
impeller and a double-volute casing, and Jang ef1#] utilized random fluctuations on a mean velocity profile as done by David-
1.3 million cells for simulating a full propeller fan which gaveson and Nielseri32]. While turbulence fluctuations are easily
y*<2.5 along the walls. In this context the current mesh appeagenerated with a random method, the correlation between indi-
to be fairly fine. However, the sensitive subject of mesh indepewidual velocity components and the correlation in time is zero and
dence has not been examined. the inflow velocity profiles are therefore not associated with orga-
. . . nized turbulence motion, neither in space or time. In this context
Boundary Conditions. As opposed to RANS simulations, yhe gevelopment of turbulent structures requires an excessively
where the specification of a mean profile and a turbulent |nten5|[yng inlet section. Lund et a33] provides an overview of exist-
is normally sufficien_t, specifying turbulent inflow conditions !;‘Png inflow generation techniques.
the context of LES is a general matter of concern. Due to diffi-g|aras and Piomel[i34] concluded that the most realistic type
culties of setting up realistic turbulent inflow conditions in indusyt inflow condition available is extracting inflow velocities from
trial applications, often only the mean profile is imposed, hoping, 5 xjliary simulation. This approach has been utilized. Simula-
the}t turbulence will develop .due to interaction with the geometry ., of a fully developed turbulent channel flow at-R2900,[21],
This approach has been utilized by both Song eftl#] and Kato a5 allowed for the creation of a database consisting of a time
et al. [18] for large eddy simulations of the flow in a Francissgries of 4000 spatially and temporally correlated velocity fields.
turbine and a mixed flow pump, respectively. _ At each time-step the velocity field in a plane is extracted from the
As LES resolves the turbulent structures it is important t0 ingaiahase and applied as inflow conditions to the impeller. Due to
troduce turbulence associated with coherent structures through e \atrical differences the profiles have been mapped from a
inflow boundary. A straightforward approach is to superimposgtangular to a annular cross section and as the Reynolds num-
bers are significantly different, the velocities have been scaled
according to the mass flow requirements. Naturally, these manipu-
Inlet lations introduce some deformations of the turbulent structures,
' however, this approach is still believed to be far superior to the
¢ random fluctuation method.

Qutlet _

Rotation
Fig. 4 Computational domain of the impeller. For reasons of Fig. 5 Cross-sectional view of mesh structure in the impeller
visualization the shroud is not shown. mid-height
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The other boundary conditions are similar to what is imposed the Danish Computer Center, UNI-C, located at the Technical
standard RANS simulations; At the impeller outlet a uniform predJniversity of Denmark. The required CPU time has been about 14
sure is prescribed, thereby not imposing any restrictions on thenutes per physical time-step resulting in a total CPU time of
velocities. Figure 4 illustrates how the axial height of the secticabout 960 hours for one operating condition. Table 2 summarizes
after the impeller blade has been decreased in order to keep tife numerical setup.
outlet area constant. This prevents problems with flow reversal
over the outlet boundary. A no-slip condition is utilized on the
solid walls which are rotating with the same angular velocity & Results and Discussion
the impeller. Periodic boundaries are utilized in the circumferen- tq | g5 results of the flow field in the impeller are analyzed in
tial direction and will be seen to ensure a smooth connection jg, following. To ease the discussion it has shown advantageous
this direction. An overview of the boundary conditions is given i, distinguish between the two impeller passages modeled, which
Table 2. are denoted passage and B. For reasons of presentation the

Numerical Setup. During each physical time-step,the sys- results have been replicated and rotated 120 deg and 240 deg,
tem of preconditioned equations, Edd) and (5), is solved by thereby covering the entire impeller.
advancing in pseudo-time, The stability of the advancementin 4 1 Fow Field at Design Load. Figure 7 shows the time-
pseudo-time is determined by a fourth-order Runge-Kutta ag

h h . bl ber h h veraged relative vector field at design load. The rotation sense is
\égn:;:ementw ere the maximum stable GRUmber has shown to .o\ nterclockwise. It is seen that the flow follows the curvature of

h f h phvsical ti the impeller blades in the predominant part of the impeller pas-
The convergence rate necessary for each physical time-steRiQe 44 no significant separation occurs. In agreement with po-
ensure a converged solution has been investigated for a turbulgpt;- theory,(see, e.g., Stepandf85]) the flow in the inlet sec-

channel flow[21]. This investigation has revealed that a converyo, is gisplaced towards the suction side. Along the blade suction
gence of 0'.75 _orders W.'th'n each p.hyS'C?' Ume-step Is su_ffl(_:leg e both passage#, and B, experience the development of a
for the continuity equation. From Fig. 6 it is seen that utlllzma%I

. L g ) " w-velocity zone at/R,=0.6. This could be interpreted as being
100 pseudo time-steps within each physical time-step satisfies §jj§ yeyelopment phase of a jet-wake structure as reported by other
requirement with a convergence rate from 48to 10 5°. This

X i T o investigators,[36,37. However, at the outer radius the low-
gives rise to the characteristic sawtooth pattern. Within

; ! locity zone is suppressed and a nearly uniform velocity profile
pseudo time-steps the momentum equation converges appreiross the impeller outlet has developed.

mately one order. o Figure 8 shows the radial velocity in hub-to-shroud sections in
In order to resolve the real temporal variations of the flow the

time-step has been adjustedtte 5.0< 10 % s which ensures an
average CFLnumber based on physical time less than 1.0. This
time-step is equivalent to 160 time-steps per impeller revolution. 0.1 e e

As initial conditions, a steady-state Baldwin-Lomax solution at
50 percent of design load has been used. With the turbulent inflov
conditions described above, the flow field at both design load ant
quarter-load have developed for 2000 time-steps, equivalent to 1
revolutions. Time-averaged quantities have in both simulations
been computed during 2000 additional time-steps. No significan
differences in the mean flow profiles and the distribution of tur- T 0.04
bulent kinetic energy have been observed between averages bas 2
on 1000 and 2000 time-steps. As the flow field is statistically
stable the averaging period of 2000 time-steps has therefore be¢
found sufficient to stabilize these lower-order statistics.

The simulations have been performed on a single Alpha EVE
500 MHz processor of a COMPAQ AlphaServer DS20 situated al

006 -004 -002 0 002 004 006 008 0.1
x [m]

10e-451 -}

Fig. 7 Time-averaged velocity field (V~V) in the impeller mid-
height, z/b,=0.5. (Q/Q,=1.0)

10e-5.01

4
[}
=
i
10e-55
1
10e-6.0
60 100 120
SS PS SS
Fig. 6 Convergence history in dual-time-stepping procedure Fig. 8 Time-averaged radial velocity, (W,)/U, at positions of
for the continuity equation  (upper curve ) and z-momentum constant radius. r/R,=0.5 (top) and r/R,=0.95 (bottom).
equation (lower curve ) at design load (Q/IQy=1.0).
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Fig. 9 Time-averaged velocity field (V~V) in the impeller mid-
height, z/b,=0.5. (Q/Q,=0.25)

the two passages. In the inlet sectiornR,=0.5, the effect of
axial-to-radial curvature is evident. High momentum fluid is con-
centrated in the hub-suction side cornerrAR,=0.95, the blade g 0.04
pressure surface is not covered by the suction side of the adjace’>,
blade. As indicated in Fig. 8 and known from the literature,
[38,39, this causes an increase in the velocity along the pressur
side and a decrease on the suction side, resulting in an unloadir
of the blade.

The flow in the two adjacent passages is found to be similar
revealing no significant circumferential variations at design load
conditions.

FEgL Y s "y -

-0.06 -0.04 -0.02 0 002 004 006 008 0.1
4.2 Flow Field at Quarter-Load. The time-averaged vector x [m]

field at quarter-load is seen in Fig. 9 and shows a substantial

departure from the well behaved nonseparated flow observedFat 11 Sample instantaneous velocity derivation from the

design load. time-averaged velocity, ~W—(W), in the impeller mid-height,
In passageA the low-velocity zone along the suction side obz/b,=0.5. Q/Q,=1.0 (top) and Q/Q,=0.25 (bottom ).

served at design load has turned into a distinct zone of recircula-

tion. A close analysis of the flow approaching the impeller passage

reveals that the flow initially follows the curvature of the impelle 4 : : . :
blade along both suction and pressure side in passagehe in the blade-to-blade plane is mostly dominated by rotational ef

; S ~ ~. fects. This was also observed in the impeller investigated by
recirculation is thus seen as a consequence of an alteration in

. . . . amian and Howardl40].
Rossby number, which determines the relationship between hqt is apparent from Fig. 9 that a significantly different flow field

centrifugal force due to curvature of the blade-to-blade sectit?g . . : :
L - . present in passag® This passage is largely dominated by a
and the Coriolis force, Re|W|/wR, . R,=70 mm is the constant flow field associated with stall. A significant recirculation zone

curvature radius of the blades. The highest Rossby number occLy g 30 percent of the blade suction side is observed which ef-

at th_e inlet and is Re0.4 but reduces rapidly to Re.2 in the fectively blocks the entrance to passaBeand apparently un-
domlnan_t part of the impeller passage. At _deS|gn loag-Ré6 in hlocks )p/)assagA. In contrast to obsgrvat?c?ns in Iittfrgtufél?gﬂ,

the dominant part of the passage. This indicates that the flow flqﬁ.‘i stall is stationary and nonrotating and not initiated due to
interaction with stationary components. Due to the stall in passage
B and the subsequent blocking, a minimal throughflow exists.
Hence, Fig. 9 illustrates the formation of a relative eddy covering
the remaining part of the passage; high positive values of the
relative velocity along the blade suction side and flow reversal
along the dominant part of the blade pressure side.

The distortion of the flow field becomes further evident from
the velocities in the hub-to-shroud sections shown in Fig. 10.

In the entry section of the passages #,=0.5 the reversed
flow along the suction side of passageand both pressure and
suction side in passadgis found to fill the entire passage height.

In passagé flow reversal near the exit alR,=0.95, due to the
relative eddy, is seen to cover more than 50 percent of the passage
height along the pressure side and it is apparent that the through-
flow in passage is minimal.

Fig. 10 Time-averaged radial velocity, (W,)/ U, at positions of

constant radius. r/R,=0.5 (top) and r/R,=0.95 (bottom ). 4.3 Turbulence Fluctuations. Figure 11 shows instanta-
(QIQ,=0.25). neous samples of the deviation from the time-averaged velocity
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Fig. 12 Turbulence intensity Tu =100/K/ U, in the impeller mid- Fig. 13 Time-averaged SGS viscosity =~ v /v in the impeller
height at z/b,=0.5. Q/Q,=1.0 (top) and Q/Q,=0.25 (bottom ). mid-height at z/b,=0.5. Q/Q,=1.0 (top) and Q/Q,=0.25 (bot-
tom).

0.1 0.06

profiles discussed above. The deviations give evidence of a high  o0.08/ B
fluctuating flow field superimposed with eddy structures. Due t
the relatively coarse mesh only the larger eddy structures of tt  0.06
true turbulent flow are captured. It is seen that the level of th
fluctuations increase as the flow rate decreases and the intensg 0.04
associated with the stall phenomenon in pasd&geapparent. -

A qualitative measure of the velocity fluctuations is the con.  0.02
tours of the turbulence intensity FL00/k/U, seen in Fig. 12. A
significant portion of the flow at design load is characterized b
turbulence levels lower than 3%, indicating a relatively stable
flow. As noted by Ubaldi[39] from investigations of an un-
shrouded impeller, this low level indicates the presence of a pt
tential flow core at design load. Decreasing the flow rate causes x [m]
increase in the turbulent intensity. As far as magnitude is cor
cerned the intensity at quarter-load is almost twice the magnituc
at design load with an average of around 5%. The stall phenor
enon in passagB is observed to be associated with high turbu- 908 B
lence activity. Also the strong reversed flow from the relative edd
in the outlet region of passade gives rise to significant turbu-
lence intensity of more than 10%.

4.4 Subgrid-Scales (SGS Model Behavior. The time-
averaged SGS viscosity is shown in Fig. 13. A qualitatively dif-  0.02
ferent distribution of the viscosity is revealed compared to th
smooth distribution generally achieved in RANS simulations anc 0
with an average obg,/v close to 1.0 at design load and 1.2 at
quarter-load, the level is significantly lower. This corresponds t -0.02 A
that LES models only the smallest turbulent scales whereas RAMN ~0.06 -0.04 -0.02 O 002 004 006 008 0.
models the entire turbulent spectrum. x [m]

The main advantages of the dynamic localized Smagorinsky
model[9] is an implicit and dynamic computation of the modeFig. 14 Time-averaged model parameter ~ C in the impeller mid-
parameterC, circumventing a priori specification. Figure 14height at z/b,=0.5. Q/Q,=1.0 (top) and Q/Q,=0.25 (bottom ).

0.04

0.1

0.06

E 0.04
>
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Fig. 15 Radial (top) and tangential (bottom ) velocities in the impeller mid-height, zIb,=0.5, at radial
positions of r/R,=0.5 (left) and r/R,=0.9 (right). —LES, — — — Baldwin-Lomax, —+—+—+— Chien k-£ and
O PIV, [24]. For PIV only every third data point is shown in order to avoid crowding. (Q/IQ4=1.0.)).
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Fig. 16 Radial (top) and tangential (bottom ) velocities in the impeller mid-height,

tions of r/R,=0.5 (left) and r/R,=0.9 (right). —LES, — — — Baldwin-Lomax,

PIV, [24]. For PIV only every third data point is shown in order to avoid crowding.
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and experimental data for all three simulations, though a detailed
analysis reveals a slightly more accurate prediction of the details
of the flow behavior in the LES simulation.

Due to the dominant effect of curvature in the inlet section the
velocity profiles are skewed towards the suction side /&,
=0.5, see Fig. 15left), with a peak located around 80% of the
passage span for both the radial and tangential velocity. This trend
is seen to be predicted very accurately in LES whereas the two
RANS simulations predict flatter profiles.

Towards the outlet,/R,= 0.9, see Fig. 1%right), the unloading
of the impeller blade is initiated. This results in increased veloci-
ties along the blade pressure side. LES predicts, in agreement with
measurements, radial velocities with equal peaks at pressure and
suction side and the lowest value near mid span. Experimentally,
; A nearly uniform tangential velocities are detected at this radius.
006 —0.04 002 0 002 004 006 008 04 Except from some discrepencies at the suction side the LES simu-
x [m] lation confirms this also. Both RANS simulations predict a stron-
ger influence of the unloading and, thus, almost a linear decrease
from pressure to suction side in both radial and tangential veloci-
ties.

F i o

i

=

Flow Field at Quarter-Load. At quarter-load the above dis-
cussion has revealed that LES predicts a flow field that differs
substantially in the two passages. From Fig. 16 this is seen to be
confirmed by the PIV measurements.

In the inlet sectionr/R,=0.5, see Fig. 16left), the PIV mea-
surements reveal velocity profiles in passa#gyekewed towards
the suction side. Contrary to this, LES predicts profiles displaced
to the pressure side. This remarkable difference is mainly attrib-
uted to the influence of prerotation. Especially at partial load the
rotation of the impeller generates upstream vorticity which, com-
bined with the effect of leakage flow, cause a substantial swirl in
the inlet velocity profile. In the experiments it has not been pos-
sible to meassure the extent of the inlet swirl. It has therefore been
disregarded in the simulations, but is here seen to have a signifi-

) L ~ . . . cant influence on the inflow.
Fig. 17 Velocity field (W) in the impeller mid-height, z/b, . . . .
=05, given at radial positions of  r/R,={0.50,0.65,0.75,0.90}. In passageB the stall phenomenon is evident in the velocity

Computed using LES  (top) and measured using PIV (bottom ).  Profiles obtained by LES and PIV showing substantial variations
(01Q,=0.25). across the passage spanré&R,=0.5. The radial and tangential
velocities illustrate reversed flow along the suction side and LES
and PIV are seen to agree on the location and the size of the peak.
shows the time-averaged model parameter. An expected corr(%%.-the mid-passage positive radial velocities feeding the recircu-
tion between the model paramet@and the SGS viscosity in Fig. alion are present. The peak in the radlgl ve_Iocny predlcted by
LES is slightly displaced towards the suction side giving room for

13 is revealed. Significant areas of negatvare present, illus- . - f .
: : mall counterrotating eddy at the pressure side. This eddy is,
trating that the SGS model would predict backscatter had the Sﬁgvever not observeg expgrimentalli)/. In contrast to these f?/nd-

viscosity not been constrained to be non-negative. From the ran s the two RANS simulations predict identical and non-

of the model parameter it is evident that the constraint, specifyiﬁ .
|C|<1, is not dominating. Generally, the model parameter is se parated flows in the both passages and do not capture the com-
ex stall phenomena.

to vary strongly in the domain with averages equivalent to Sm “At 1/R,=0.9, see Fig. 16right), both the LES and PIV radial

gorinsky constants o€s=0.06 andC,=0.09 at design load and velocity profiles are observed to become relatively flat in passage

quarter-load, respectively. A difference of 33%, even on the ave(- . " . h
aged values, emphasize the difficulty of specifying the model p'&l In passag® the LES and PIV radial velocities give evidence of

rameter a priori. This study also reveals that the model paramet fd rg\?é'é%gﬁg{v \gl'g;] pfhsét'vree;g?g'g%se a_:_?]r;g&gi:nu;é'eolr}:'de
if computed dynamically, will exhibit a very complex behavior. 9 p ’

observed to predict the variation in the radial velocity in passage
B, however, flow reversal is predicted also in passagestead of
a uniform profile. The Baldwin-Lomax model is seen to predict

4.5 Comparison with Reynolds-Averaged Navier-Stokes
(RANS) and Experiments. In order to evaluate the achieve- . N -
ments of LES relative to standard RANS turbulence modeling tif&Pstantial deviations from measurements in both passages. The
LES results are compared to steady-state Ckienand Baldwin- variations between the three simulations and the PIV data are
Lomax simulations, all performed on the same mesh. The basis'§f2tiVely larger when analysing the tangential velocities, though
this comparison is ensemble averaged PIV measurements coi> and PIV agree on the velocity variation in the majority of
ducted by Pedersen et al. and presented in Part | of this pafSsags. . . o
[24]. As in LES, PIV provides instantaneous whole-field informa- The quantitative comparison given ab_ove Is in Fig. 17_s_upple-
tion of the flow and can therefore be seen as the experime nted by a comparison of the vector field at radial positions of
counterpart of LES. r/R,={0.50,0.65,0.75,0.90 thereby giving an impression of the

entire flow field obtained by LES and PIV. The comparison of

Flow Field at Design Load. The radial and tangential veloci- LES and PIV illustrates that a flow field which is significantly
ties at design load are compared in Fig. 15 which shows the \aifferent in the two passages is present. In pasgageaelatively
locities at radial positions af/R,=0.5 andr/R,=0.9. The gen- well-behaved nonseparated flow is observed in both LES and PIV.
eral impression is a satisfactory agreement between the numeritaé discrepancies are due to inlet prerotation in the experiments,
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as discussed previously. In pass®the stall in the inlet section Ns = specific speedN=n,Q/H¥* eng
is evident and both LES and PIV shows substantial velocity varia- Q = flow rate, l/s

tions across the passage sparr at0.5. Also the relative eddy R = radius. m

developing in the remaining part of pass&)es clearly present in R, = blade ’curvature radius, m

both LES and PIV.
. . i Re = Reynolds number, ReU,D,/v
In summary, LES is at quarter load seen to predict deviations Ro = Rossby number, Re|W/|wiR,

from measurements in the inlet section of passAgehich are _ : ;
attributed to differences in the inlet conditions. In passageow- TLLJJ ; g:g&f&ggﬁ gls\'/tg’l O-E?:ylon?}fluz
ever, LES predicts the nonrotating stall in the inlet and relative B . !

; i . ; W = relative speed, m/s
eddy in the remaining part of the passage with a satisfactory ac- ® = flow coefficient,d=Q/A,U
curacy. Though the Chiek-&¢ model do predict flow reversal ¥ — head fici ’w_ H/'jzz
along the pressure side for larger radii it is evident that neither the = head coeflicienty =g 2
Chienk-& nor the Baldwin-Lomax models capture the stall pheSubscripts

nomenon in passagg 1 = inlet
. 2 = outlet
5 Conclusion d = design load conditions
The flow field in a centrifugal pump impeller has been investi- I = radial component
gated at design load and quarter-load using LES. t = tangential component

At design load the large eddy simulation reveals a well-behavegronyms
flow dominated by curvature, causing a displacement of the flow
towards the hub-to-suction side in the inlet section. The differ-
ences between the two impeller passages modelled are found to b
negligible. Decreasing the flow rate to 25% of design load, sig-
nificant differences are revealed between the two adjacent impel-
ler passages. One passage is dominated by rotational effects cgisferences
ing high Vehl%(?ltlesh.alﬁrg the blag% prefSSI(ljJre S}!]de' The Othe 1] Vreman, B., Geurts, B., and Kuerten, H., 1997, “Large-Eddy Simulation of the
pas_sag_g exhibits a_ ighly separate QW ield; in the entry Section™ 1yjent Mixing Layer,” J. Fluid Mech.339, pp. 357-390.

a significant stall is observed, blocking the entry and as the2] moser, R. D., and Moin, P., 1987, “The Effect of Curvature in Wall-Bounded
through-flow consequently is minimal, a relative eddy develops in__ Turbulent Flows,” J. Fluid Mech.175 pp. 479-510.
the remaining part of the passage. Unlike stall phenomena previL3] Wu, X., and Squires, K. D., 1998, “Numerical Investigation of the Turbulent

L. . . Boundary Layer Over a Bump,” J. Fluid Mect862
ously reported in literature the stall is steady, nonrotating, and NOf4) Armenio, V., Piomelli, U., and Fiorotto, V., 1999, “Applications of a Largra-

PS = pressure side
eSS = suction side

initiated by interaction with stationary components. gian Mixed SGS Model in Generallized CoordinateBjtect and Large-Eddy
The results from the LES simulations have been compared with ~ Simulation Il Peter Voke, Neil D. Sandham, and Leonhard Kleiser, eds.,
steady-state RANS simulations based on the Chien and Kluwer Academic Publishers, Dordrecht, The Netherlands, pp. 135-146.

Baldwin-L bul del d th ical hi [5] Moin, P., and Kim, J., 1982, “Numerical Investigation of Turbulent Channel
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Effect of Pressure With Wall
Heating in Annular Two-Phase
Flow

Ranganathan Kumar The local distributions of void fraction, interfacial frequency, and velocity have been
Lockheed Martin, Inc., measured in annular flow of R-134a through a wall-heated, high aspect ratio duct. High

One River Road, aspect ratio ducts provide superior optical access to tubes or irregular geometries. This

Bin 109, work expands upon earlier experiments conducted with adiabatic flows in the same test

Schenectady, NY 12301 section. Use of thin, transparent heater films on quartz windows provided sufficient elec-
trical power capacity to produce the full range of two-phase conditions of interest. With

Thomas A. Trabold wall vapor generation, the system pressure was varied from 0.9 to 2.4 MPa, thus allowing
General Motors, the investigation of flows with liquid-to-vapor density ratios covering the range of about

Ten Carriage Street, 7 to 27, far less than studied in air-water and similar systems. There is evidence that for

Honeoye Falls, NY a given cross-sectional average void fraction, the local phase distributions can be differ-

ent depending on whether the vapor phase is generated at the wall, or upstream of the test
section inlet. In wall-heated flows, local void fraction profiles measured across both the
wide and narrow test section dimensions illustrate the profound effect that pressure has on
the local flow structure; notably, increasing pressure appears to thin the wall-bounded
liquid films and redistribute liquid toward the edges of the test section. This general trend
is also manifested in the distributions of mean droplet diameter and interfacial area
density, which are inferred from local measurements of void fraction, droplet frequency
and velocity. At high pressure, the interfacial area density is increased due to the signifi-
cant enhancement in droplet concentratigpOl: 10.1115/1.1524583

Introduction tain the turbulence intensity9], which was shown to increase
ewd'qh increasing droplet diameter. We also presented new measure-
ents in adiabatic flow,10], to illustrate the effect of pressure on
gws with low surface tension and low liquid-to-vapor density
é@tio. The measurements from these specifically designed experi-

cause of the separation of the liquid phase between the w: ents at high pressures were used to validate the integrated ef-

bounded film and dispersed droplets in the central gas core. fﬁgts of the annular flow models in a two-dimensional three-field

complication of phase separation in annular flow leads to the neé’ﬂr:lgi:'(e)g’rl[ig]wori@_lq the adiabatic annular flow was gen-
for more sophisticated analyses and computations. The literatur ’ 9

contains plenty of adiabatic tests in air-water. However, becau%ated upstream of the test section to produce a desired cross-

of the attendant reliance on mathematical modeling, detailed e%g_ctional average void fraction. This_ metho_dology is_ congistent
perimental data in wall-heated high-pressure annular flow are ith the majority of the work reported in the literature, in which a

quired. The physical mechanisms and the physical models t W -phase mixture is introduced at the_inlet, and the flow is con-
describe the complex interactions that occur in annular flow hay ered to be fully developed after being transported over some

been discussed by Hewitt and Hall-Ta and Azzopardi2]. €ntrance length. There is little evidence in the literature that the
Important contribtﬁions have also beeyn[d;]nade in thg are[a]of éﬂ(_:al structure of the phase distribution produced by this method

trainment, deposition, interfacial shear, and droplet size modeli similar to that created_ by an |ncremen_tal production of the va-
in annular flow by Hanratty and co-worker3—5], and by por phase by wall heating. For the design of heated two-phase

Kataoka and co-worker$6,7]. These and numerous other Paperggw systems, it is important to understand if an adiabatic flow has

in annular flow modeling and measurements have been referen G same basic structure as a _heated ﬂov‘." even if t_he bUIk. f'OW
elsewhere[2] conditions at a given cross section are equivalent. This question is

Much of the data in the literature have been obtained in circulB?‘r.tICUIarIy relevant in connection with computational analyses in
tubes. High aspect ratio noncircular ducts have been used in mﬁ‘r‘ ch ma_them_atlca_l models for_heated systems are based upon
applications including compact heat exchangers. While presenti a _obtalned in adlabat_lc experiments. . .

a clear optical access for fundamental experimentation, these ge- his paper has the primary objective of expanding upon previ-
ometries also present unique problems. Since the liquid film at t S e_xperlmental analysis by the current authiBs10), by con-
edge has been known to be much thicker than that at the flat sidel€"ing the effects of wall heating in annular flow for a range of
the droplet breakup mechanism is nonisotropic, giving rise Stem pressures, mass flux, and void fraction in a very thin duct.

; ; ; ; have been made in a refrigerant fluid
three-dimensional topography in narrow ducts. Our earlier papgf]€S€ measurements gerant fluid,
[8], provided an introduction to the measurement methods aRgL34&(SUVA) at elevated temperature and pressure conditions.
database in adiabatic annular flow, and presented void fraction -9 and 2.4 MPa, R-134a has a liquid-to-vapor density ratio of
droplet velocity distributions at 2.4 MPa in a narrow duct. Thesg/-0 @nd 7.3, respectively, compared to a ratio of about 850 for

data from the hot-film anemometer were further analyzed to oBtmospheric pressure air-water. Similarly, the surface tension of
R-134a is 0.0069 and 0.0021 N/m at 2.4 and 0.9 MPa, respec-

Contributed by the Fluids Engineering Division for publication in ticeJBNAL tlvely’ Compared with 0.072 N/m for water at atmOSphe“C

OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionconditions. . o . . .
Nov. 4, 2000; revised manuscript received Aug. 9, 2002. Associate Editor: J. Katz. The specific objectives of this paper are(& provide detailed

Annular two-phase flow is an area of active research becaus
its practical importance in a wide variety of applications in th
chemical process and energy industries. From a scientific stal
point, annular flow is a particularly challenging phenomenon, b
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local measurements of void fraction, droplet frequency, droplet Table 1 Flow conditions
velocity, and thereby infer distributions of mean droplet diameter

and interfacial area concentration using hot film anemoméjy, P . Void Vil VgV

. . - . ressure =9 w Quiality,  Fraction,

investigate the effect of wall heating by comparing the resuligs, o kg/hr X o m/s

with those of adiabatic flows, an() investigate the effect of

liquid-to-vapor density ratio and surface tension on local pha§e& 037 106 .73 94 .78 365 124

d?stributiong in both t?]/e narrow and wide directions of the Ero% 136 106 68 94 114 115 115

. 9 .037 266 .33 .83 1.73 452 218

section. 2.4 136 266 44 .83 1.76 2.08 1.84
1.4 .062 532 46 .88 417 785 49
2.4 136 532 .60 .88 3.54 533 4.02

Experimental Investigation

The test section shown in Fig. 1 has been designed to be flat,
thin and rectangular for easy optical access. This high aspect ratiorking fluid used in this study is refrigerant R-1348UVA)
test section and the two-phase flow facility have been describedahich is of scientific interest because of its very low liquid-to-
detail in our previous paperg3—11], and only a brief overview vapor density ratio and low surface tension.
will be provided here. The R-134a facility consists of a chiller, A unique feature of the test section is the use of heating ele-
pressurizer, circulating canned rotor pump, Jt@at exchanger, ments on the inside surfaces of the quartz window, which are
loop heaters, various throttle valves and flow meters, and a veddmprised of thin transparent films that are rugged enough to
cal test section. Loop conditions are established by programmeabvide the required heat input. The areas between the quartz
logic controllers. The test section has a length of 1.2 m, a crosgindows contain the brushes to carry current to the window films.
section aspect ratiowidth/thickness of 22.5, and a hydraulic di- The triple-track window heater design consists of three transpar-
ameter of 4.85 mm. These test section dimensions facilitate thlet metallic oxide conductive films, vacuum deposited on the in-
use of thin, transparent heater films that enable visual observatigie surface, with an antireflective coating on the outside. Three
and are consistent with the flow and control capabilities of the tesitver epoxy buses deliver the current at both ends of the window,
loop. Optical access to the flow is provided by eight quartz wirend connect with the silver graphite brushes. The power to each of
dows, each 38.1-mm thick by 76.2-mm wide by 0.28-m long. Thiie three heater films on each window is independently controlled,
so various heating profiles can be investigated.
In the present experiments, the two-phase flow field was created
by a phase change in the test section due to power addition
grerrarssss through the window heater strips. The inlet temperature was con-
‘Front View? trolled by means of a heater located upstream of the test section
trsssrsssss inlet. Slightly subcooled R-134a was introduced to the test section
—— and heat was applied uniformly to the six windows comprising the
P P13 (X=117.3cm) lower three power steps. For experiments conducted for compari-
son to earlier adiabatic annular flow tests, the window power for a
given combination of pressure and mass flow rate was adjusted to
P12 (X =108.0 cm) produce the same cross-sectional average void fractiod/lat
=0.86. The total net heat addition ranged from 2.3 to 9.2 kW. The
heat losses were quantified experimentally and generally ac-
P11 (X =98.6 cm) counted for less than 10 percent of the gross energy input. Major-
ity of the losses was due to conduction at the bridge between the
P10 (X =86.8 cm) windows. These losses were maximum for the highest pressure of
2.4 MPa and the lowest mass flow rate of 106 kgffable 1. The
heat losses were estimated to be between 5 percent and 7 percent
P9 (X=77.5cm) at higher flows and about 2 percent at low pressures and all flows.
The instrumentation used in the R-134a experimental program
has been extensively discussed in our previous paferdl].
Cross-sectional average and line-average void fraction measure-
ments were obtained using a gamma densitometer sy&&s).
P6 (X =56.3 cm) This instrument features a 9-curie Cesium-137 gamma source and
a Nal detector. For each experimental condition, the average void
fraction was established by using a wide gamma beam that inter-
rogated the entire duct cross section at a streamwise position of
X/L=0.86. The uncertainty of this measureménq) has been
determined empirically as0.015 in void fraction.
All of the data profiles reported in this paper were measured
using dual-sensor hot-film anemometétFA) probes(made of
P3 (X =25.8 cm) platinum with 25um diameter and 254am active length, which
have been discussed at length in a previous publicaf®jnFor
each sensor pair, the upstream hot-film measurements of the local
P2 (X =16.5 cm) void fraction are made by quantifying the time the sensor is ex-
posed to the vapor phase relative to the total measurement time.
The local interfacial velocity is calculated by dividing the known
spacing between the sensors by the mean interface transport time.
X Fpressure tap locationJ The latter is obtained directly by taking the cross correlation be-
t iZ Abd 3Zoncinler tween the output voltage signals from the upstream and down-
Y stream sensors. Two types of HFA probes were used. One was
mounted in a hole in one of the quartz windows to traverse across
Fig. 1 Test section and measurement locations the narrow(Z2) dimension atX/L=0.74. The other was mounted

Power Step #4
(Windows 4 and 8)

Power Step #3
(Windows 3 and 7)

P8 (X = 68.1 cm)

~
T

P5 (X=47.0cm)

Power Step #2
(Windows 2 and 6)

P4 (X=37.7cm)

Power Step #1
(Windows 1 and 5)

Pl (X=7.2cm)
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in an instrument access port between windows 3 affgt 1), to The local void fraction profiles for the heated case are presented
traverse the wid¢Y) dimension atX/L=0.77. The measurementfirst in Figs. Za), 2(b), and Zc) for each mass flow rate of 106,
uncertainties(+20) associated with the HFA probes have bee@66 and 532 kg/hr, and compared with the corresponding adia-
quantified empirically as follows: 0.027 for void fraction, 7.5 perbatic cases. The conditions given for the mass flow rate of 106
cent for near-wall velocity, and 7 percent for far-wall velocitykg/nr and 266 kg/hr for adiabatic flows are the same as those
Limited benchmarking was done by the current authors in a prgiven in [8]. However, new measurements were made so that
vious study,[8], to confirm the results of the HFA probes. Thecomparisons could be made at the same ambient conditions and
void fraction and velocity measurements were compared by $br the same heat loss. The void profile given here in Fig) B
multaneous measurements with a gamma densitometer and lagightly different from that given i8] near the wall for the low-
Doppler velocimeter, respectively. The effective size of the meast flow consideredwhere the heat loss is maximynbut still is
surement volume in the narrow dimension was approximatefyell within the experimental uncertainty. For all flow rates, at
0.25 mm for LDV and 0.02 mm for HFA. The measurement volhigh void fractions, the behavior of these profiles for the two types
ume can influence the measurement of mean velocity, especigffyheating is similar. There is an inversion in the void fraction
in regions of large velocity gradients. Measurements made wigfiofiles, as the wall-bounded film thickness decreases. The de-
both instruments near the middle of the test section were foundd@ase in the void fraction in the center of the test section is due to
compare well with each other and were representative of the difa concentration of droplets emanating from the test section edge
persed droplet velocity measurements in the vapor core. Near fgiq film. This fact is corroborated by the interfacial area con-
wall, since LDV had a larger measurement volume, there proballinration profiles in Fig. 3 which show an increase in droplet
was a negative bias in the mean velocity. . _ oncentration toward the center of the test section at high pres-
Measurements of local void fraction, interfacial velocity and, -eq - Although there is no significant difference in the overall
frequency_ were obtained fr_om direct analysis of the HFA outpyl, - g displayed in the two types of heating for the same flow
voltage signals. In the region of the two-phase flow compris bndmons, near-wall measurements are seen to differ. At the cen-

solely of dispersed liquid droplets in continuous vapor, these Sr.the magnitude of the dip is higher in the case of heated flow
rect measurements were then used to compute the local m?&hl

droplet diameter: ow rates(Fig. 3(a)). Therefore, local measurements in heated

flows are important for model and code validation. Having dis-

Vyay cussed the fundamental similarities and differences in adiabatic
dg=1.5——. (1) and wall-heated annular flows, further discussions will be re-

d stricted to wall-heated annular flows.
Ishii and Mishima[12] characterized the average interfacial area The basic structure of the phase distribution in the narrow
concentration in annular flow by combining contributions fronz-dimension is dependent on the system pressure, which is shown
interfacial waves and dispersed droplets. If their expression iis Fig. 4. Forw=532kg/hr anda=0.71, as the pressure is in-

applied locally in the region of the flow where only the vapor corgreased from 0.9 MPa to 2.4 MPa, the flow goes through several
and droplets are present, the interfacial area density reduces tglistinct transitions in the two-phase flow structure. This average
4f, void fraction was chosen so that for some conditions, a churn-

a=—. (2) turbulent flow would be produced using the window heaters. It is

Vg clear from this figure that at lower pressures of 0.9 MPa and 1.6

Galaup[13] derived the above equation from geometric consideMPa, the void fraction profile attains the classic parabolic shape
ations in bubbly flows where the characteristic size of the bubblgBaracteristic of the transition flow regime. As the pressure is
far exceeded the effective size of the measurement volume. In tRgreased to 2.1 MPa, the film thickness decreases on the wall, as
current experimentsy very small drop|di$_, size of the same the void profile becomes flat. At the hlghest pressure of 2.4 MPa
order as the 25:m diameter HFA senspwere measured. There- (€quivalent to 13.7 MPa in steam-water with the same liquid-to-
fore, it is expected that the largest error associated with the appigpor density ratio as the refrigerant in this styde profile
cation of Eq.(2) will be for very small droplets which generally becomes inverted, with maximum void fraction near the wall and
occur for cases with void fraction in excess of 90 percent. minimum void fraction at the duct centerline. This trend, also
detailed discussion of these derived parameters is givé6, & ;)tTlserved in earlier adiabatic experiments, may be explained as

ollows.

The strong inversion in the void fraction profiles in the narrow

Z-dimension is caused by two mechanisitiy:the liquid bridges

Results in the transition regime get disintegrated into large droplets and

Detailed local measurements of void fraction, droplet freconvected into the vapor core af@) increasing the system pres-
quency, diameter, velocity, and interfacial area concentration weiére thins the liquid film on the walls, redistributes the liquid to
obtained in wall heated annular refrigerant flow through a narrotie edges where the disturbance waves with larger amplitudes
duct. The three operating variables are preséti@to 2.4 MPy  form over a thicker base film. The disturbance waves are sheared
mass flow rat¢106 to 532 kg/hrand cross-sectional average voiddff by the fast-moving vapor, entraining larger diameter droplets
fraction (0.83 to 0.94. The three system pressures investigateifito the vapor core. The second mechanism, in conjunction with a
provide liquid-to-vapor density ratios of 7.0 to 27.0. For some dghuch lower surface tensiofAt 2.4 MPa, R-134a has a surface
the experiments, the inlet flow was heated to produce adiabatg®sion which is significantly lower than that of water at any pres-
conditions in the test section, and to reproduce the same aver&ges, increases the Weber number. As the Weber number in-
void fraction obtained at the same location during similar wallreases, the entrainment fraction increases. This phenomenon is
heated test runs. The HFA voltage scans were used only when @védent from Fig. 5 which shows the void fraction distribution in
signal quality was considered adequate for accurate determinatimih dimensions at 0.9 and 2.4 MPa for an average void fraction
of local void fraction. For some flow conditions, in particular apf 0.83 and flow rate of 266 kg/hr. As mentioned previously,Zhe
high flow rates, it was difficult to define a threshold, thereforeandY dimension void fraction profiles were measured with HFA
droplet frequency and diameter measurements could not be mgafebes at streamwise positions ¥fL=0.74 and 0.77, respec-
However, the time-averaged interfacial velocity could be obtaingively. So although theX positions of the two data scans in each
using the dual-sensor HFA prolfeia cross correlationeven for figure are not the same, the cross-sectional average void fraction
the highest flow rate. For all experimental runs, the cross-sectionaried little over this interval. At low pressure, the void fraction is
average void fractiond) was established a=1.03 m using the fairly uniform across most of the duct in both the narrow and
wide beam gamma densitometer edge measurement. width dimensions, and quickly tapers close to the walls and the
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Fig. 2 Comparison of thickness dimension void fraction scans between adia-
batic and wall-heated cases

edges. The near-wall gradient is especially confined within a reerrelation has always been reliable. However, the droplet diam-
gion extending to only about 2 to 3 mm from the unheated transter calculation requires frequency, velocity, and droplet fraction.
verse edges of the test section where the void fraction reacheBaa certain pressures in certain regions of the flow, the void frac-
local minimum of nearly 0.4. When the pressure is increased tion, «, is close to 1.0, and the diameter calculation performed
2.4 MPa for the same flow rate and average void fraction, thesing the droplet fraction(1-«), would contain unacceptable un-
narrow dimension profile inverts with the dip in the vapor corecertainty. For this reason, droplet diameter profiles are not plotted
The width dimension profile stays flat as it does for the lowdor certain flow conditions, and certain regions of the flow field.
pressure in the vapor core, however, the void fraction shows aAs shown in Fig. 6, high pressure causes a void dip in the
steady decrement much farther than 2 to 3 mm from the edgesnter of the test section. This dip is more profound for 266 kg/hr
This suggests the presence of thicker liquid films at the edges atda slightly lower average void fraction of 0.83. The lower the
disturbance waves with large amplitudes. This phenomenon a@id and pressure, the more parabolic is the void profile. At the
pears to be characteristic of flows in high pressure systems in higiighest flow rate of 532 kg/hr, the trend continues such that the
aspect ratio ducts. void fraction is lower near the wall for the low pressure, but a
Plots of void fraction, droplet frequency, droplet diameter ansimall region of void inversion exists near the center for both
droplet interfacial area density are shown in Figs. 6 through 9 fpressures.
different flow rates. Profiles are given for two pressures and whereThe droplet frequency profiles given in Fig. 7 provide insight
available, for three pressures. If reliable droplet frequency meagarding the possible source of these droplets. For the low flow
surements could be made, interfacial area density profiles coulddfe106 kg/hr, the frequency profile for the low pressure has a
made available through the simple relationship=4f4/Vy, slight decreasing trend toward the vapor core since most of the
since droplet velocity measurements obtained from crossatrainment occurs at the flat-side film. As the pressure is in-
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0.00 0.25 0.50 0.75 1.00  wall toward the vapor core is also seen for the highest flow of 532

E 12 ———————T———T1—r———— 1312 kg/hr at both low and high void fractions of 0.71 and 0(&#8gs.
= 10F - QD. o® 410 7(c) and 7d)). For this flow, the increasing trend can be noticed at
E’ 8 3 0y O o*~o 3 8 both pressures. A¢:0.71, the_flow has not reached a pure annu-
3 E é ® O e | ] lar flow regime. It is probably in its late stage of transition as seen
s 6F @ wareasd |18 by the asymmetric distribution in droplet frequen@jig. 7(c)) as
< E o - 3 well as in void fraction(Fig. 6(c)). At 266 kg/hr (Fig. 7(b)), the
-‘_g ¢ : .ﬁ. w=106 k\%?(;’:g_;fA MPa ¢ frequency profile is flat at the two pressures and void fractions. All
& 2r X/L=0.725; Y/W=0.5 2 the cases clearly show that the droplet concentration increases
g 0b—— T g with increasing pressure.

0.00 0.25 0.50 0.75 1.00 The interfacial area densitiFig. 8) is calculated directly from

Non-dimensional ?Stance from wall, 2t droplet frequency and droplet velocity measurements. Because the
velocity profiles in the droplet field are generally flat as reported
1.00 previously,[6], the trend in the interfacial area closely mimics the

0.00 0.25 0.50 0.75
£ 60 ————r——p—r—r—T—r———r—r——————— 60 measured frequency. To the authors’ knowledge, no average or
= 50 F|w=532kghr;P=1.4MPa (O Adiabatic ©=0.94 E 50 local measurements of interfacial area are available in the litera-
% F| X/WL=0.725; Y/W=0.5 @ Heated =088 ] ture for heated flow at elevated pressures. The local interfacial
S 40 440 area density increases with pressure for almost all flows as seen in
% a0k 000 Ja0 the frequenc_y profiles. For a constant void fraction of approxi-
g g e0e00e, O 30 E mate_ly O.9(F_|gs. §a), 8(b),_ an_d 8d)) for P=2.4 MPa, the aver-
3 20; ®e, ° ;20 age interfacial area density increases as the flow rate increases.
§ 10F ® @gg {10 For the same flow rate and pressure, the interfacial area density is
g b o o 30 higher for lower void fractions due to the increased droplet fre-
= 000 0.25 0.50 0.75 100 quency. These trends are expected, but the surprising result is that
Non-dimensional distance from wall, Z/t the magnitude of the interfacial area density is significantly higher
than the values reported for the air-water flows. The largest inter-
(b) facial area density reported for air-water flow was 25 ¢mmea-
) ] ) ] o ] sured at a gas superficial velocity of 37 m/sgl], in circular
Fig. 3 Comparison of thickness dimension interfacial area tubes. For a measured droplet velocity field of approximately 6

density profiles between adiabatic and wall-heated cases m/sec, the interfacial area density reported here exceeds 25 cm

at 532 kg/hr. It may be suggested that the combination of a high

Weber number due to the high pressure and a thin noncircular
creased to 2.4 MPa, a complete opposite trend is seen wheregremetry contributed to a large frequency of droplets, thereby
frequency increases towards the core. Since the void fraction pieereasing the interfacial area compared to air-water flows at at-
file for this case is seen to have a slight inversion, it is reasonalsi®spheric pressure.
to conjecture that the edge film for the higher pressure is muchThe droplet diameter profiles shown in Fig. 9 are another set of
thicker with large amplitude waves than that at low pressuraferred measurements, but are significantly more difficult to ob-
When these waves are sheared off, some of the larger diameé&én than interfacial area density. The uncertainty is higher at very
droplets emanate from the edges. The other larger diameters proigh void fractions, since the calculation involves the volume
ably arise from the liquid bridges that are disintegrated in theaction of the droplets. The droplet field features a wide range of
transition regime. This increasing trend in the frequency from thdroplets from 25um to 400 um, and generally displays an in-
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Fig. 4 Effect of pressure on void fraction scans in the thickness dimension for
w=532 kg/hr and a=0.71
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Fig. 5 Void distribution in the narrow and width dimensions at two different
pressures

creasing trend in diameter from the wall to the vapor core. Fdihe average values of vapor velocity,, and liquid velocityV, ,
high void fraction flows, the wall film is too small to contribute tocan be calculated using the one-dimensional relationship in terms
large droplets. These large droplets are generated from anotbethe measured quality and mass flux as
source, possibly the thicker edge film. The available droplet diam-
eter profiles do not show any variation in trend as the flow rate or
void fraction increases. The diameters vary only between 200
and 400um in the core of the flow (022/t<0.8) for all the
cases, whereas the droplet frequencies can vary te(fadd 7).  The profiles for lower flow rates and a low pressure of 0.9 MPa in
This suggests that the increase in interfacial area density shouldfg. 10 offer dramatic evidence of the presence of disturbance
attributed more to the increase in droplet frequency than the dropaves on the wall. AZ/t<0.2, the droplet velocity is low and
let diameter. follows closely the average liquid velocityrable 1. Within this
Finally, the droplet velocities measured by the cross correlatioagion, the velocity increases from this average liquid velocity to
of the two HFA sensors are plotted for three flow rates both in thbe wave velocity, and &/t~0.2, jumps to a much higher veloc-
thickness(Z) dimension(Fig. 10 and width(Y) dimension(Fig. ity closely following vapor velocity. It is interesting that although
11). Table 1 summarizes the flow conditions and the calculated Z/t<0.2, the droplet frequency and diameter have a higher
averaged liquid and vapor velocities. It also includes the wawmcertainty and are difficult to measure, the droplet velocities
velocity calculated for a neutrally stable film from a simple forcéhrough the cross correlation are reliable and follow theoretical
balance at the interface between the liquid film and the vapor careeraged velocities. It is conjectured that the measurements made
yielding close to the wall are measurements of liquid ligaments and/or
large droplets and HFA is generally more biased towards bigger

X G (1-x) G

Y ahy T @

9

Py droplets.
\ﬁVgJFVI The high-pressure profiles provided both in Figs. 10 and 11 are
VW:pI— 3) flat since the average liquid and vapor velocities for these condi-
Pg tions are closer to each other in magnitude. This is the uniqueness
1+\/— of the high pressure systems where annular flow is possible even
P for low vapor velocities close to 1 m/sec, whereas in air-water
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