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ABSTRACT

Partial cavitating flow and cloud cavitation on a hydrofoil
section are numerically investigated. A fully compressiloen-
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INTRODUCTION

Severe cavitation noise and erosion damage are caused by
cloud cavitation. Formation and collapse of such cloudsaef-c
tation bubbles generate strong pressure waves which grerres
sible for the noise and erosion. There are several experimen
tal studies for cloud cavitation especially on hydrofoittsens
[1-7]. In these experiments, it is observed that the pastiakt

sity based homogeneous equilibrium model is employed along Cavity is period.ically broken-up and rolls up into bubblemx!is.
with a RANS turbulence model and high-order numerical meth- The re-entrant jet that flows under the cavity has been tesiay
ods based on a sixth-order central compact scheme and local-0€ the origin of such cavity destabilization. Pressure wave-

ized artificial diffusivity scheme are used to resolve thei-ca
tating flow and pressure waves generated by cloud cavitation
Predicted results compare well with the experimental neasu
ments for steady/unsteady partial cavitating flows on a NBEA
hydrofoil at cavitation numbeg=1.0-1.4 and angle of attack 6
and 8 degree. Detailed experimental data from the work of Ler
oux et al. were provided by Prof. J.-A. Astolfi at Institut de
Recherche de I'Ecole Navale, France. Numerical visudtinat

of cloud cavity evolution and surface pressure signals steday
tively good agreement with the experimental data. The teaah

jet flow and pressure wave generated by collapse of cloudycavi
are closely investigated. The mechanism associated witlalifis
ferent unsteady dynamics of cloud cavitation observed évipr
ous numerical/experimental study for angle of attack 6 add-8
gree are further explored using the present computatiesalts.
The pressure pulse generated by the collapse of bubble atalid
the flow-blockage effect caused by a large cavity cloud avado

to be responsible for the shifting of cloud cavitation dymesn

nomena is another important feature of cloud cavitationisRe
man et al. [4] investigated the collapse of well-defined agphs
rate cavity clouds for a pitching hydrofoil. Several typégmp-
agating structures (shock waves) which formed in a collapsi
cloud were observed by correlating surface pressure measur
ment with high-speed motion images. Leroux et al. [5, 6] istdd
partial sheet /cloud cavitation on a stationary hydrof@hased
on the analysis of surface pressure measurements, theaiadi
that the pressure wave generated by shedding of cloud temita
effects the dynamics of cloud cavitation itself. Additiligathe
shifting of cloud cavitation dynamics reported in seversqiexi-
ments [3, 6] is also very interesting. However, it is veryfidiflt
to measure the re-entrant jet flow inside the cavity and press
wave phenomena in detail. In this respect, numerical sitiaula
is considered an important tool for close investigatiorhefflow
physics.

The objective of present study is the numerical investigati
of cloud cavitation and cavitation noise (pressure waveegen



ated by cloud cavitation) on a hydrofoil section. In parkicuwe
want to evaluate the ability of simple Reynolds-averagebiutu
lence model based calculation methods in their unsteadynmod
predicting macroscale cavitation phenomena. The denaigd
homogeneous equilibrium model [8] and high-order numérica

methods based on a central compact scheme are employed to

resolve the cloud cavitation phenomena and the pressureswav
generated by cloud cavitation. The governing equationstere
compressible Navier-Stokes equations for the gas/vagoid
mixture. The two-phase flow physics is treated by a linearly-
combined equation of state allowing the compressibilifgets

in liquid and gas phases. Since the governing equationsyare h

perbolic, the generation and propagation of the waves can be

resolved. The high-order central compact scheme [9] wtdch i
widely used in computational aero-acoustics is very efficéand
accurate for representing broadband flow variations. Hewev
it cannot capture flow discontinuities because the schemaha
built-in numerical dissipation. In the present study, #iere,
we used the localized artifical viscosity/diffusivity piaged by
Cook & Cabot [10] and Fiorina & Lele [11], and recently revdse
and adopted to curvilinear coordinates by Kawai & Lele [12].
This approach limits artificial diffusion to only the unréaed
scales and the resolved scales are not affected. For todaule
modeling, the one-equation, Spalart-Allmaras model [$3p-
plied and the eddy viscosity correction method for two-ghas
gion proposed by Coutier-Delgosha et al. [14, 15] is used.

In the present study, we focused on the partial sheet/cloud

cavitation on a NACAG66 series hydrofoil (NACA66(mod.)-312
a=0.8) which has been extensively studied experimentally b
Leroux et al. [5, 6] and Leroux [7].This geometry has alsorbee
numerically studied by Leroux et al. [6] with a barotropicotw
phase modeling and Zhou & Wang [16] with the full cavitation
model. Zhou & Wang studied the foil at AOA(angle of attack)=6
deg. for stable/unstable partial-sheet cavitation. Tloeysed

on the effect of turbulence modeling and their numericalltss
were in good agreement with experimental measurment. Ixerou
et al. investigated the two different cloud cavitation dyres
modes exhibited at AOA = 6 and 8 degree numerically and ex-
perimentally [6]. Their numerical results also show twdfati
ent types of dynamics and generally agree with the expetisnen

The present study covers all the cases studied by Leroux et al

and Zhou & Wang. Itincludes stable/unstable partial skketd
cavitation and shifting of cloud cavitation dynamics. Tlese

of present study is, therefore, appropriate to show thelfgas
ity of numerical simulation for its accuracy in predictingrious
cavitating fow dynamics. The numerical results are congare
with experimental data of Leroux et al.(experimental dagaew
provided by Prof. J.-A. Astolfi at Institut de Recherche dxble
Navale, France.). The re-entrant jet flow and pressure ware g
erated by cloud cavity are investigated more closely thawipr
ous studies. Especially, the propagation of pressure wade a
their effects on cloud cavitation dynamics are studied taitlezn

this paper.

FORMULATION AND MODELING

Governing Equations

In this study, we applied a density based homogeneous equi-
librium model of Shin et al. [8]. Similar model is used in prev
ous numerical studies [17-19]. In the homogenous mediuen, th
mixture densityp can be expressed as a linear combination of
densities in liquid-phasg and gas-phasgy:

p=(1-a)p +apg, 1)

wherea is the void fraction (gas volume fraction). The relation
between the local void fractiam and quality (gas mass fraction)
Y is given by

p(1-Y)=(1-a)p and pY =oapg. 2)

The gas mass fraction is the sum of the mass fraction of non-
condensable gatg and vapor mass fractiovi. Yng is the air
contamination of liquid water and assumed as a constant. The
equations of state for a pure liquid [20] and an ideal gas aite w
ten as follows:

p+ pc=pK(T +Te) for Y =0 (pure liquid
p=pRT for Y =1 (pure ga$

3)
(4)

wherep andT are the static pressure and temperatpge]c, K

are the pressure, temperature and liquid constant for gloédli
state, anR is the gas constant. Using these two equations and
the local equilibrium assumption, the equation of state, @4

for a locally homogenous gas-liquid two-phase medium can be
written as

_ P(P+ Pc)
K(A=Y)p(T +To) +RY(p+ po) T

(5)

whereR = (YngRag+ YyR/) /Y is the averaged gas constant and
Rng=287.058 J/(kg K) andR,=461.5 J/(kg K) are gas constants
for air and vapor respectively. The speed of sound for thaége
mal conditiona is derived as

22 Y{R(p+pc) —Kp} +Kp
Y{R(p+ pc)2 — Kp2} —pKRY(1-Y) pcTe+K p2
y p(p;r Pec) ®)



The constantgc, K andT; for water in Eq. (5) were estimated
as 1944.61 MPa, 472.27 J/(kg K) and 3837 K, respectively. The
speed of sound estimated by Eq. (6) agrees well with Karplus’
[8,21] experimental data at atmospheric pressure.

Based on the above model, under the isothermal condition,
the governing equations for the mixture mass, momentum, and
gas-phase mass conservation can be written as

op »
E‘FD(DU)—DJF)—O

opd

a¥’t+m-(pau+ p)-0-1=0 7)

Y O ) -0 =SS
The source term& and & in mass fraction equation are the
inter-phase mass transfer rates accounting for the loeglora-
tion and condensation. We used the model of Saito et al. [18],
which is based on the theory of evaporation/condensatioa on
plane surface [22].

a1 ey P Mmax(py —p,0)
S=Ca“(1-a)(1 Y)pg RT

_ 2P max(p — pv,0)
S =Ca(l-a) » max(Yy,0) SRT (8)

wherepy is a vapor pressure ar@@lis an empirical model con-
stant and has the dimension afi{]. Saito et al. [18] suggested
the value ofC = 0.1 based on the test of cavitating flow over
a hemispherical/cylindrical object. It has been also shtvet
the cavitating flow result is not very sensitive to the valfithts
constant. In this study, therefa@e= 0.1 is used for all computa-
tions. The viscous stress tengoand the diffusive fluxed, and

Jy are expressed by

I= (W29 + (B St w)(0- 05

3 =D30p,  J =p(Dy+D§)0Y ©)

whereSis a strain rate tensqy, 1y, andDy are physical viscosity,
eddy viscosity, and mass diffusivity respectively. Vatiwith
asterisk(*) are artificial viscosity and diffusivities trensure nu-
merical stability for under resolved flows. They act locadiyd
dynamically. Artificial fluid properties take on significardglues
only in the region where the steep gradient of flow variables e
ists. For two phase flow, the physical viscogitig estimated [23]

by

p=(1—a)(1+2.50)y + oy (10)

wherep, andpy are viscosities for liquid and gas phase respec-
tively.

Turbulence Model

Computational modeling of cavitating turbulent flows still
remains as an open issue. The detailed mechanisms of tine inte
action between turbulent flows and cavitation have not yehbe
clearly revealed especially for the phenomena occuringalls
scales. In this study, therefore, we employed simple Relgol
averaged turbulence model to resolve only the macro-scele u
steady cavitation phenomena. The Spalart-Allmaras mode}-(
equation, eddy viscosity transport model) is applied asseba
line turbulence model. Neglecting transition terms, theéyeds-
cosity transport equation is written as

9
ot

1 e N
to {D-[(u+ pY) V] +pCbz|DV\2} - prlfW<

(pY) + O (pdV) = pCiy SV

%)2 (11)

andv; = Vfy;. Coefficients and damping functions are given in
Ref. [13]

In previous studies, it has been reported that the unsteady
cloud cavitation phenomena were not captured properly tliih
standard turbulence models based on incompressible flow-ana
sis. Coutier-Delgosha et al. [15] and Zhou & Wang [16] obsdrv
that an excessive generation of eddy viscosity inside thigyca
prevented the development of re-entrant jet flow which pthgs
major role on the instability of partial sheet cavity. Tharstard
Spalart-Allmaras model used in the present study also sthowe
this problem. As a remedy to such a problem, Coutier-Delgosh
et al. [14] proposed an eddy viscosity correction for higlidvo
fraction region:

k= [Pg+ (P1 — Pg) (1 — )"y (12)

wheren >> 1 is the modeling constant. This correction signif-
icantly decreases the eddy viscosity value inside the yg@nith
void fraction region). They applied this correction mettiodhe
computation with RNG ke model and obtained good agreement
with the experiment for cloud cavitation shedding in a veintu
type duct. Coutier-Delgosha et al. argued that this simgteye
viscosity correction is virtually equivalent to the comgsbil-

ity correction for turbulence models and showed that the-com
pressibility correction also results the decrease of edsigog-

ity value for high void fraction region [15]. Leroux et al.][6
and Zhou & Wang [16] used the same correction method and
RNG k- turbulence model for the computation of cloud cavi-
tation on a NACA66 hydrofoil section, and also obtainedssati
factory results. In this study, we applied this correctiostinod



with the Spalart-Allmaras model, amd= 3 suggested by Zhou 0.5
& Wang [16] for the same geometry(NACAG6).

Numerical Method o‘_‘

All the governing equations are transformed into a gener- aF
alized curvilinear coordinates and spatially discretiredom- : 1o Exp.
putational domain with a sixth-order central compact solem 15¢ Present
[9]. Time integration is performed with a four-stage Runge- o
Kutta method and the eighth-order spatial filtering propldsg 0 02 04 06 08 !

Gaitonde et al. [24] is applied after each final Runge-Kuta s
For out-going acoustic waves, Freund’s buffer-zone tysodi
ing boundary condition [25] is applied at open boundaries.
The artificial viscosity and diffusivity in Eq. (9) are wiéih
for the curvilinear coordinates according to Kawai and L[21.

Figure 1. Pressure coefficients for a non-cavitating condition at AOA=6
deg. Experimental data from Ref. [7] provided by Prof. J.-A. Astolfi.
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whereS is the magnitude of strain rate tens§rag is ambient (b) 02
speed of sound, and is the Heaviside function. The fourth

02
derivatives in above equations are evaluated with the fieairtier
central compact scheme [9]. The overbar denotes Gaussian fil v e N
tering and the approximate truncated-Gaussian filter ok@mnal > ‘
Cabot [10] is appliedA; andAy, are the grid spacing in the phys- 02
ical space along the grid line, afg is defined by : O —

(c) xic
4
o e + | 2% o
Ay = (16) Figure 2. Cavity shapes for (a) 0 =1.4, (b) 1.35, and (c) 1.29; void frac-

2 .
4y %Y tion contours.
=z +lz=32] +€
\/( 024) (an“)

¢ = 0.150[m], and the foil was fixed within 1 [m] long and 0.192
[m] wide square cross test section. The flow Reynolds number
based on a chord length was ab&®#& = pouoc/H = 8 x 10°.
The angle of attack 6 8 degree was tested. The computational
domain respects the experimental test section, but it iplgied
Geometry to a two-dimensional problem. A C-type 8&181 grid points
The geometry of a NACAG66 series hydrofoil section are used and the suction surface of hydrofoil is covered 28th
(NACA66(mod.)-312 a=0.8, profile given in Ref [5]) is consid  grid points. Theyt values of wall adjacent cell's centroid are
ered. This geometry has been extensively studied experimen within 1-2. The present grid resolution is determined based
tally by Leroux et al. for a partial sheet/cloud cavitatidn.the grid-convergence studies for a non-cavitating flow. A sligh
present numerical study, we tried to reproduce their watene| boundary condition is used for upper and lower walls. Pmessu
experiment. In the experiment, the hydrofoil chord lengisw  and velocity are fixed at the inlet and absorbing boundargicon

whereg is a small number to prevent division by zero. The user-
specified constants are se@9= 1,Cy1 = 0.01,Cy, = 100 (val-
ues suggested by Kawai and Lele [12]), &yd= 0.1.

4
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Figure 3. Comparisons of pressure coefficients for a) 0 =1.4, (b) 1.35,
and (c) 1.29. Experimental data from Ref. [5] provided by Prof. J.-A.
Astolfi.

tion is applied at the inlet and outlet.

RESULTS AND DISCUSSION

At first, the simulation for a non-cavitating condition isrpe
formed to verify the turbulent flow model and geometry mod-
elings (hydrofoil and test section). The pressure coefficie
Co=(p— po)/%poug) distributions for AOA(angle of attack)=6
deg. are shown in Fig. 1 with the experimental measuremént (a
the experimental data presented in this paper are from kexbu
al. [5, 6] and Leroux [7]). The present result agrees nicath w
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Figure 4. Comparison of drag, lift coefficients(Cp,CL), cavity length
(|/C); hollowed symbols: measurement, filled symbols:present compu-
tation. Experimental data from Refs. [5, 7] provided by Prof. J.-A. Astolfi.

Stable Partial Sheet Cavitations

In the experiment of Leroux et al., stable development
of partial sheet cavity is observed for cavitation numbes
(po— pv)/%poug > 1.25 (or developed cavity lengthic < 0.5)
at AOA=6 deg. andRe = 8 x 10°>. Computations of these
cases are carried out by varyiog= 1.25— 1.4. Computed cav-
ity shapes are shown in Fig. 2. For these conditions, quasi-
steady state, stable cavitation is obtained from numesicaili-
lations. Fig.3 shows calculated pressure coefficientitligions
and good agreement with the measurments can be noted. Al-
though the main cavity remains stable, small vapor shedating
the cavity closure region was observed in the experimenth Su
small scale structures are, however, not expected to bé/egso
with the present RANS-based turbulent flow model. The pre-
dicted lift and drag coefficients and cavity length (meaddrem
the cavity shape outline defined by contounat 0.1) are shown
in Fig.4 for stable cavity cases. These values compare will w
the measured data.

Unstable Cavity and Cloud Cavitation

Foro < 1.25 (orl /c > 0.5) the partial sheet cavity is found
to be unstable. The sheet cavity brakes and rolls up, aneis th
shed off and finally collapses. This process is quasi-péariaad
its frequency is determined as about 3.5 [Hz] in the expamnime
This type of cloud cavitation is also exhibited in the nuroati
simulation atb = 1.2. Figure 5 shows the time evolution of cloud
cavitation computed with the present model: The sheetycavit
developed up to x/c=0.7 (a-c). During this stage, the rea@nt

the experimental data. The flow on the pressure surface is ex-flow developes, and it breaks the sheet cavity (d). This teaah

pected to be non-cavitating and most of unsteady, cavtéitng

flow is clearly visible in the numerical simulation (it willebdis-

phenomena occur on the suction surface. This is why the pres- cussed further in a later section). The rear part of cavignth

sure data was measured at only one point on the pressureeurfa

5

rolls up into a large cloud while the front part disappeafs (e
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Figure 5. Time evolution of void fraction for 0 = 1.2 and AOA=6 deg. (Time interval between images is about 1/25 [sec]).

This cloud is shed off and finally collapses. The entire fsil i
cavitation-free for a while (f-g), and new sheet cavity &tdo
develop again (h). The predicted frequency of cavity flutitug
3.7 [Hz] is in acceptable agreement with the measured value.
The numerical visualization looks quite similar to photmgins
from the experiment [5]. Surface pressure signals at x/8:00,
and 0.7 on the suction surface are plotted in Fig. 6 along with
the measurements. Pressure fluctuation on the suctiorceusfa
dominated by the growth and destabilization of the cavitye©
all, the pressure signal follows the measurment well, buteso
differences are noticeable. In the present simulationdtbap-
pearance of the front-part of broken sheet cavity occurtila li
bit early than the experiment, and the cavitation-free tiomas
also a bit longer. Due to this, the predicted pressure sighal
x/c=0.3 is quite different from the experiment. One possiiela-
son of this disagreement is that cavitation inception neafail
leading edge is initiated by stream-wise vortex cores wisiciot
resolved in present 2D simulation. Finger-like shape odileg
edge cavitation caused by stream-wise vortex is clearlpleis
in experimental photographs [6, 7]. In the numerical sirtiatg
leading edge cavitation disappears more easily due to genab
of such three-dimensional flow features. Also, the smallovap

6

shedding which is observed just before the main cloud singddi
in the experiemnt is not captured in the present simulation.

It is also interesting to investigate pressure fluctuation o
the pressure side. The pressure fluctation at x/c=0.5 (oprdse
sure side) is shown in Fig. 7. Comparing to the measurment,
however, it is found that the present computation over-pted
the magnitude of fluctuations. This could be due to the over-
correlated cloud structure caused by two-dimensional flew a
sumption. Note that pressure fluctuations are plotted ugiiag
ferent scales for a qualitative comparison only. Both tsack
pressures decrease just before the cavity destabilizatiarked
by (3) around 0.42 [sec]). A rarefaction wave generated by th
low pressure core of cloud cavity near the trailing edge adnal
the source of this pressure decrease, as suggested by Sing an
Qin [26]. They also suspected that it causes the shiftingagf-s
nation point at the nose of a hydrofoil. Leroux et al. [5] adu
that the shifting of stagnation point is equivalent to a a&on
of angle of attack and related the pressure signal on the pres
sure side to the equivalent change of angle of attack. Inrorde
to investigate such a phenomena, overall pressure fieldaidi@®
hydrfoil are examined in Fig. 8. The low pressure core near th
trailing edge corresponds to the cloud cavity. As this loespr
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Figure 7. Pressure fluctuation at x/c = 0.5 on the pressure surface; red:

present computation, black: experimental measurment.
data from Ref. [5] provided by Prof. J.-A. Astolfi.

Experimental

sure core passes over the trailing edge, the pressure inedeilt
decreases while the upper surface pressure increasesefslia r
the stagnation point moves in the direction of decreasimives
lent angle of attack. This is consistent with the analyslsasbux

et al. As discussed by them, a decrease in the equivalerg ang|
of attack is responsible for the destabilization of cavitg also
the collapse of the residual cavity (front part of brokenettoav-
ity). In Fig.8 (c), one can see a sudden strong pressureasere
on the suction surface caused by the destabilization arabss!
of the residual cavity. This corresponds to the pressurk pea
time signal shown in Fig.6 (marked by (1)) that appears both i
numerical and experimental pressure traces. This is a-Ergle
pressure fluctuation and it propagates both up- and dovamstre
in the tunnel. The decrease of equivalent angle of attaclepts

3000

25000 [Pa]

@
)
rQ.;
©
o)

Figure 8. Pressure field around a hydrofoil; (a) time = 0.39 [sec], (b) 0.41
[sec] (frame (e) of Fig.5), (c) 0.42 [sec], and (d) 0.43 [sec]. 20 Contour
levels between 3-25 [kPal.

the development of new sheet cavity and makes the entire foil
cavitation free for a while. After the shedding of cloud d¢gvs
completed, the stagnation point returns to its orginaltpsand
new sheet cavity starts to develop.

Another interesting pressure wave can be found in the sig-
nal on the pressure surface and is marked by (4). Instead of
this sudden pressure increase observed in experimentellsig
a train of sharp peaks are observed in the numerical re€ts.
investigating computational result more closely, it isriduhat
a strong pressure wave generated by the partial collapdedf s
cloud cavity is responsible for these peaks. In the numleréca



Figure 9. Pressure wave generated by partial collapse of cloud, non-dimensionalized dilatation rate, ([ - U) c/uo (between -0.1 and 0.1) contours for
time = 0.442 - 0.464 [sec], interval: 0.002 [sec] (from upper to bottom and left to right).

sults, the cloud cavity is shed from the foil and partialljlapses reflections, which are not observed in the measurment. Never
in the near wake just after the shedding and generates astron theless, the pressure wave generated by the collapse af cdou
pressure wave. After the partial collapse, cloud forms d-wel explain the pressure wave phenomena observed in surfage pre
correlated circular shape and is convected further doeastr sure signals. Note also many secondary waves apparent.th Fig
The strong pressure wave generated by the partial coligiisin ¢~ Some of these may be artifacts of insufficient grid resotutio
visualized in Fig.9. The collapse occurs at the positiont a i

per the foil suction surface. As one can see in the first frame o

Fig. 9, the pressure wave hits the upper wall and is refledtied. Transition of Cloud Cavitation Dynamics

wave is reflected again by the foil (it generates peaks onube s Leroux et al. observed two distinct types of cavity self-
tion surface pressure signal; marked by (2)) and also detleatt ~ oscillation dynamics at the angle of incidence, AOA=6 and 8
the leading and trailing edge. The wave is successivelyatefle deg in the experiment [6, 7]. For AOA=6 deg, the frequency
by upper and lower walls and also foil surface. These refliecte of cavity oscillation is almost constant of about 3.5 [Hzhel
waves are responsible for the train of peaks observed indbmth  called this low-frequency cavity oscillation ‘dynamics 1The
tion(2’) and pressure surface(4) pressure signal. Theptéso- frequency increases suddenly at a transition angle of ah&ut
dimensional wave and geometry may cause these coherent wavejeg. At AOA=8 deg an@=1.27, a much larger oscillation fre-

8



Figure 10. Visualization of cloud cavitation for dynamics 1. Time interval between images: 1/50 [sec]. Experiment (upper images), AOA=6 deg, 0 = 1.00.
Computations (lower images), instantaneous void fraction, AOA=6 deg, 0 = 1.05. Experimental data from Ref. [6] provided by Prof. J.-A. Astolfi.

quency of 18 [Hz] is observed for which Strouhal number based the experimental photographs. Overall, the process ot slage

on a cavity length is abo®t=0.3. This high-frequency behavior
was called ‘dynamics 2'. They related this frequency shiftio a
parameteo/2(a — 0p)(a is angle of attack) and obtained results
consistent with the analysis of Arndt et al. [3]. In the presau-
merical simulations, these distinct cavity oscillatioaduencies
are captured, which allows further exploration of their dgrics.

The numerical simulation at AOA=6 deg aod1.05 yields
‘dynamics 1'. In the experiment, the cavity oscillationdrency
is almost constant (about 3.5 [Hz]) at AOA=6 deg areD.99-
1.25. The frequency predicted with numerical simulation in
creases very slightly, 3.7-3.8 [Hz] fa=1.05-1.20. For a cavi-
tation number lower than 1.05, however, the frequency smee

ity destabilization and cloud shedding is not much difféfeom
the case discussed earlier forl.2. Visualization with smaller
time interval shows the following stages: development @fesh
cavity (a-e), cavity destabilization (f-g), formation dbad and
collapse of residual cavity (h), detachment and sheddimgaof
cloud (i-j), cavitation free flow (k), development of new she
cavity (I-). Some discrepancies between numerical andrexpe
imental result are the following. Shedding of secondarydlo
(small vapor structure) identified in the experiment duried)

is not resolved probably due to turbulence model. The res$idu
cavity disappears bit earlier and slight growth of residceal-
ity (up to x/c=0.3) after shedding of main cloud (during jik)

not observed in the present computation. As discussed above

significantly, i.e. ‘dynamics 2’ is obtained. The numerival for 0 = 1.2 case, the absence of stream-wise vortical structure

sualization of cloud cavitation is presented in Fig.10 glarith



found at the span-ends in experimental pictures are refsitie-

20 wall effects. The overall unsteady process is well repreduzy

§ i the numerical simulation as shown in Fig.12. The cavity-self
3 or oscillation frequency is determined as about 17.3 [Hz],cluhs
5 in good agreement of measured value 18 [Hz]. Surface pressur
(@) n signals are shown in Fig.13 with phase averaged experiinenta
20?_ data for this high-frequency phenomena. The numericaltgesu
= [ are in acceptable agreement with the experimental onesy-In d
e I namics 2, the shifting of stagnation point is not exhibitbds
s - the pressure wave generated by the collapse of cloud is\asker

b and it sets up small peaks on the surface pressure signal (see
®) ot ‘ ‘ ‘ Fig.13(b)).
The origin of flow instability for the cavity break down and

T | resulting cloud cavitation is associated with the re-entjet that
% 10 i flows under the cavity from its rear part to its upstream erids T
e r is found in the present computation also. The development of
N AN Rl L L re-entrant jet flow for dynamics 2 is examined in Fig.14. One
0 0.2 . 04 06 0.8 can clearly see the re-entrant flow plotted with blue vecamis
© fime {sec) vortex sheet beneath cavity interface. The magnitude oéldev
oped re-entrant flow increases up to 70% of free-stream veloc
Figure 11. Surface pressure signals for ‘dynamics 1’ at (a) x/c = 0.3, (b) ity at x/c=0.1 just before the sheet cavity break (t=0.05&%
0.5, and (c) 0.7; red: present computation, black: experimental measur- Fig.16(b)). It sets up a strong shear |ayer exhibited in tge fi
ment. Experimental data from Ref. [6] provided by Prof. J.-A. Astolfi. ure. Eventually, an instability arises in the shear Iayehatup—

stram position and it breaks the vortex sheet and also thet she
cavity. Avellan et al. [27] and Kjeldsen [28] analyzed Kelvi

near the leading edge due to the two-dimensional flow assump- Helmoltz instability of the shear layer around the cavitein
tion could be the reason for this. In experimental photolgsap  face. In the up-stream region, the shear layer meets théycavi
(1), one can see that the residual cavity near the leaddy®ee jnterface across which the fluid density changes rapidlye Th
has finger-like shape rather than sheet (see also top viegesna  strong enough shear layer formed by counter-flow with cifier
in Ref. [6]). density is subjected to ‘absolute’ shear layer instabititesti-

Surface pressure signals at x/c=0.3, 0.5, and 0.7 for suctio gated by several researchers [29, 30]. According to Jeridoub
side are plotted in Fig.11 for both numerical and experiteta  Strykowski [30], the criteria of absolute instability fae shear
sults. The numerical result agrees well with the experinient  layer is velocity ratioR = (u; — uz) /(ug + Up) > 1.315 at density
amplitude and period. The disagreement at x/c=0.3 is mainly ratio, S= p,/p1=1 (subscripts 1 and 2 denote values at the upper
due to the aforementioned different behavior of residugitga and lower of the shear layer respectively), &g 1.0 atS=0.1.
near the leading edge. The peak shown in the experimental sig The velocity ratio,R and density ratioS of the present shear
nal at x/c=0.7 is caused by secondary cloud shedding. Symila layer formed by re-entrant flow shown in Fig.14 are computed a
to theo = 1.2 case, the rarefaction wave by the low pressure two different upstream positions, x/c=0.1 & 0.3, and présein
core of main cloud and the shifting of stagnation point (dese Fig.15. The solid line is the criteria of absolute instapitiiven
of equivalent angle of attack) are still observedat 1.05. The by Jendoubi & Strykowski. Since the present shear layeras ne
pressure wave generated by partial collapse of cloud iseadso  the viscous no-slip wall, critical values might be slighdifferent
hibited and this generates a train of sharp peaks in thearfa from the result of free shear layer. But mos®ySvalues are lo-
pressure signals. cated near the critical line in the sheet cavity developiage. At

Cloud cavitation in ‘dynamics 2’ regime is studied for t=0.0587, the velocity ratio at x/c=0.1 rapidly increaseft3
AOA=8 deg ando = 1.27, and the results are compared with with the development of re-entrant jet flow, and this is sfron
the experiment. Fig.12 presents visualizations of ‘dyran2f enough velocity ratio to cause the absolute instability hfes
cloud cavitation. The cycle can be depicted as follows: shee layer. The development of this instability at upstream fi@si
cavity developes up to the maximum length (about 60% of the breaks the shear layer and thus sheet cavity (Fig.14(e)xe Mo
chord) (frame (a)); re-entrant jet flows up-stream (b) and the detailed numerical studies for this problem would be muclheno
sheet cavity at about 10% of chord (c); the sheet cavityrolls interesting, since the present numerical simulation i$opered
up into cloud (d-e); the cloud convects and collapses whiée t  in 2D with RANS-based turbulence model. Similar re-entjant
residual cavity grows again (f-h). Strong vapor structyreds) flow is also observed for dynamics 1 and the cavity destahiliz
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Figure 12. Visualization of cloud cavitation for dynamics 2, AOA=8 deg, 0 = 1.27. Time interval between images: 1/144 [sec]. Top view images (upper)
for experiment, side view (lower) for the present simulation, instantaneous void fraction. Experimental data from Ref. [6] provided by Prof. J.-A. Astolfi.

tion of dynamics 1 is triggered by the re-entrant jet flow. The
re-entrant jet strength (maximum velocity magnitude ofree
flow under the cavity) is shown in Fig.16 as a function of dis&
from the leading edge with time increament for both dynartics
and 2. It can be seen that the re-entrant jet strength getsysr
as sheet cavity is developing. For a comparison, measuheges/a
of Pham et al. [2] (but for a different hydrofoil) are also sho
in Fig.16. The present values are consistent with the regult
Pham et al. The velocity of the re-entrant jet is of the sanderor
of magnitude as the free stream velocity and increases héth t
distance from the leading edge [2].

Discussion on the Shifting of Dynamics

The main difference between dynamics 1 and 2 is the fre-
quency of unsteady cloud cavitation. Although the fornmatd

11

cloud cavity is triggered by the re-entrant jet in both cases
frequency of dynamics 1 (3.5 [Hz]) is much lower than one of
dynamics 2 (18 [Hz]). As one can see in experimental/nuraéric
visualization, for dynamics 2, new sheet cavity starts teettsp
just after the roll-up of cloud. So one can see both cloud and
partial-sheet cavity at the same time on several framesdyror
namics 1, however, the new sheet cavity does not grow welt aft
the roll-up of cloud. The development of new sheet cavitys
pressed until the cloud is compeletly shed off from the follis
suppression of new sheet cavity development increasesthe e
tire unsteady period. Therefore, it is important to invgete the
mechanism which causes the suppression of sheet cavityttgrow
for dynamics 1.

Leroux et al. [6] argued, based on the investigation of their
numerical results, that the strong pressure wave gendrgituad
collapse of cloud is responsible for such phenomena. They ob



served very strong pressure wave (its peak valueQyas,=28,
about 400 [kPa)) caused by the cloud collapse at down stréam o 20
the trailing edge (x/c=2.8) for dynamics 1. This pressurgava
propagated upstream (its magitude reduceGdma=3.2 at the
trailing-edge) and interacted with the sheet cavity. Foradyics
2, they found that the peak value of similar pressure wave was (@)
justCp max=8 (and reduced to 0.8 at the trailing-edge), which was
much smaller than dynamics 1. So, they concluded that this di w
ferent intensity of pressure wave caused the different ahjrs &
As shown in above section, the pressure wave caused by the o
cloud collapse is also observed in the present computatiba.
pressure wave at the time when it passes the foil is shown in
Fig.17 for both dynamics 1 and 2. The pressure wave of dynam-
ics 1 is clearly much stronger than dynamics 2. The strenfgth o ©
pressure wave shown in Fig.17(a) is about 5000 [Pa] andgtron %
enough to suppress cavity development. It is observed lieat t e
sheet cavity starts to develop only after this wave propesat.
On the other hand, the pressure wave strength is just ab&ut 50
1000 [Pa] for dynamics 2. As one can see in Fig.17(b), the-pres ©
sure wave is hitting the sheet cavity, but the cavity is notimu
affected. The different strength of pressure wave mightised Figure 13. Surface pressure signals for ‘dynamics 2’ at (a) x/c = 0.3,
by the size of collapsing cloud. The size of cloud cavity fgr d (b) 0.5, and (c) 0.7; red: presnet computation, black: experimental mea-
namics 1 is bit larger than dynamics 2 and its collapse géeera surment(phase averaged over 86 synchronized series of three period).
more strong pressure wave. Consistent with Leroux et ad., th Experimental data from Ref. [6] provided by Prof. J.-A. Astolfi.
stronger pressure wave caused by cloud collpasing for dysam
1 could be the reason of the suppression of sheet cavity -devel ) ) ] o
opment. However, this pressure wave phenomena has not beergynamlcs 1, the size of cloud is about O.4_c. C0n5|der|ng rela
confirmed by experiments. tlyely small tu_nnel size (h/c=1.28, where h is the tunnegh#i,
The pressure wave discussed above can be considered as thEhis large vortical structure can cause a flow-blockageseffene
mechanism that delays the development of new sheet cavity af Instantaneous velocity fields at the time when sheet cavide
ter the shedding of cloud. In Fig.10, however, the sheettyavi velopln_g and it rolled-up into cloud are Sh(_)W” n F|g.18_(ta|) f
disappears and is suppressed just after the forming of chsdid dynamics 1. One can see clear large vortical structureimgtat

ditional possible reason for the suppression of sheetycaeit clock-wise around the cloud. This vortical structure hasse
velopment might be related to the shifting of stagnatiompoi ~ "€gative velocity near the foil surface. When sheet casitye-

observed for AOA=6 deg. only. As mentioned in earlier sectio  VElOPINg, the stream wise velocity near the leading edggasuc

when the cloud reaches at the trailing edge, the stagnatii p surface is about 1up, but it decrease to about ligldue to the

moves in the direction of decreasing equivalent angle acitt ~ Vortical structure of cloud. This drop of dynamic pressure i
and it returns to its orginal position after the cloud is sioéd creases static pressure significantly, which causes thtegtof

The rarefaction wave caused by low pressure core of cloud was Stagnation point and suppresses the sheet cavity devefipme
considered as the reason of this shifting of stagnationtp®ime The velocity fields for dynamics 2 are also shown in Fig.18(b)
decrease of equivalent angle of attack also means the serea Similar vortical structure around the cloud is observed, it

of pressure on the suction side. In fact, it has been obsénved SiZ€ and negative velocity region are smaller than dynarhics
the numerical result that the pressure on the suction surfaar Therefore, it does not make much flow-blockage effect.

the leading edge increased up to 13-15 [kPa] after the farmin

of cloud (but before its shedding and collapse). This presisu

crease can explain the shifting of stagnation point anduppie- CONCLUSIONS

sion of sheet cavity development, but the source of the press Partial cavitating flow and resulting cloud cavitation on a
increase should be addressed. Investigating numericaltses NACAG66 hydrofoil are numerically investigated with a dewsi
closely, we suspect that a blockage effect due to the langgyca  based homogeneous equilibrium model and high-order numer-
cloud and subsequent velocity field change are also redgensi ical methods based on a sixth-order central compact scheme
for such pressure increase. As mentioned by Song & Qin [26], and the localized artificial diffusivity scheme. Applyingp&art-
cloud is a large eddy containing small cavitation bubblesr F  Allmaras turbulence model and eddy viscosity correctiotiroe

p (kPa)
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Figure 14. Development of re-entrant jet flow and break of sheet cavity,
(a) t=0.0379, (b) 0.0448, (c) 0.0517, (d) 0.0587, and (e) 0.0656. Colors
are vorticity contours. Every fourth vectors are plotted. Black line repre-
sents cavity shape defined by a contour at 0=0.1.
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Figure 15. Velocity and density ratio of shear layer formed by re-entrant
flow. R= (u1 — U2) /(U1 + U2), S= p2/P1, (subscripts 1 and 2 denote
values at the upper and lower of the shear layer respectively). Square
symobos: x/c=0.1, circles: x/c=0.3. solid line: criteria of absolute instabil-
ity for free shear layer [30].
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Figure 16. Instantaneous re-entrant jet velocity magnitude as a function

of distance from the leading edge with time increment; (a) dynamics 1
(AOA=6 deg. 0=1.05). (b) dynamics 2 (AOA=8deg. 0=1.27). Filled
symbols are time-averaged measurments of Pham et al. for different hy-
dorfoil [2].

of Coutier-Delgosha et al., present computations wellogpced
steady/unsteady partial cavitating flows observed in expnts

of Leroux et al. The present numerical simulations well cap-
tured the unsteady mode of unstable partial sheet cavitgaind
sequent cloud cavitation not only qualitatively but als@uair
tatively. The high & low frequency modes of cloud cavitation
observed in the experiments for two different angle of &ttae
also found in the present computations. Thus, the present nu
merical model predicts many observed macro-scale featfres
the unsteady cavitating flow on a hydrofoil section, thougtet
pends on empirical models. With the aid of high-order numer-
ical methods, pressure waves generated by cloud cavitaten
resolved and presented. Some features on the measured pres-
sure signal are qualitatively explained with the resolvezspure
wave phenomena. The re-entrant jet flow which is responsible
for the destabilization of partial sheet cavity is also elgsn-
vestigated. Although the present computation is performit¢

a RANS type turbulence model, the instability on the shegra
formed by strong re-entrant jet flow is clearly observed aklin

the mechanism which is responsible for two different urdyea
modes of cloud cavitation is studied, and the differentgjtie of
pressure wave generated by cloud collapse and a flow-bleckag
effect caused by the large vortical structure of cloud aenid
tified. The results of present numerical simulation conedct
with the simplification of 2D assumption and RANS modeling
are validated by the comparison with the experiments, avg gi



some insight of detailed flow features and wave phenomena. A Shock-turbulence Interactionsl’ Compt. Phys203,2, pp.

3D computation with turbulent eddy resolution (LES/DNShca 379-385.

allow the investigation of detailed flow features and untierd- [11] Fiorina, B. and Lele, S. K., 2007 “An Artificial Nonlin-
ing of related physics involving the coupling between tlebae ear Diffusivity Method for Supersonic Reacting Flows with
and cavitation phenomena possible. Shocks,”J. Compt. Phy222, pp. 246-264.

[12] Kawai, S. and Lele, S. K., 2008 “Localized Artificial Dif
fusivity Scheme for Discontinuity Capturing on Curvilimea
meshes,J. Compt. Phys227, 22.
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Figure 17. Pressure wave propagating to upstream. Non-dimensionalized pressure fluctuation, (p — ﬁj/poug contours. Black line represents cavity
shape; (a) Dynamics 1, AOA=6 deg. 0=1.05, During frame (j)-(k) of Fig.10. (b) Dynamics 2, AOA=8 deg. 0=1.27, During frame (h)-(a) of Fig.12.
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