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ABSTRACT

The purpose of this experimental study was to aeady2D
cavitating shear layer. The global aim of this warks a better
understanding and modeling of cavitation phenonfeom a
2D turbulent shear flow to rocket engine turbopangucers.

This 2D mixing layer flow provided us a well documbed
test case to be used for comparison between thevioehwith
and without cavitation. Similarities and differeacéed to
characterize effects of the cavitation on the fibymamic.

The run fluid was liquid water. The experimentatility
allowed us to set two distinct configurations witifferent
cavitation levels:

- CDM: a mixing layer flow (Y= 15.8 m/s for the high speed
side and = 3.5 m/s for the low speed side)

- MD: a downward facing step flow ¢& 13.5 m/s and b= 0
m/s).

The development of Kelvin-Helmholtz instabilitiesasv
observed at the interface. Vaporizations and inmpies of
cavitating structures inside the vortices were alsserved.

PIV-LIF(Particle Image Velocimetry — Laser Induced
Fluorescence) system was used to measure the tyetdcihe
liquid phase. Instantaneous velocity fields werasueed in the
whole flow.

The Self similarity of the flow was characterized the
dimensionless analysis of the mean and fluctuatiakpcity
fields. Parameters that characterized the flow ohjoawvere
studied and quantified: Vorticity thickness, growtate and
Reynolds tensor components. Turbulent kinetic gnargl the
anisotropy tensor
estimated.

components were also analyzed and
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General behaviors of the two configurations havenbe
observed:

- In the CDM case the mixing area developed alblegctaxis a
turbulent shear area, growing linearly, showing anstant
growth rate over the studied cavitation parametege.

- The MD case was more complex, presenting a flepagation
with a large recirculating area and a quite largssitive
pressure gradient. The reattachment point movedrikpg on
the cavitation level. The recirculating area seentetiave an
unsteady behavior and was certainly pulsing andidihg
vortices downstream.

Successive vaporizations and condensations of Ithé f
particles inside the turbulent area have generatiditional
velocity fluctuations due to the strong density raes
associated with the vaporization and condensatimtesses.
However, the mean spatial development of the migirep was
only barely affected over the studied cavitatiomber range.

The main results of this study clearly showed ttred
turbulence-cavitation relationship inside a mixilager is not
only driven by a simple change of compressibilitggerties of
the fluid in the turbulent field due to the preseraf a two-
phase flow.

INTRODUCTION

Background

This work follows previous experimental and numakic
studies carried out by the Turbomachinery and @twit team
of LEGI (Grenoble, France). The purpose was a bette
understanding and modeling of cavitation phenomedri2]
[3].

The studies were led in collaboration with the [Efren
Space Agency (CNES) and the rocket engine divisidn
Snecma. The global aims were the analyses of tiagtlows



in the rocket engine turbopomp inducers, wherertimefluids
are cryogenic fluids, liquid hydrogen (LH2) anduid oxygen
(LOX).

In this context, experimental and numerical studiase
been performed in the laboratory, with cold waterd a
refrigerant R114 on venturi geometries [1-6]. Th@sevious
studies provided a good understanding of the dyndhavior
of an attached cavitating sheet on the wall. Theillasng
frequency of the vapor sheet was analyzed, thealboé cycle”
was characterized. Velocity measurements highlaytites re-
entrant jet dynamic. Several phenomena were suespetct
influence the cavitation development: Wall effedipw
separation, shear stress, turbulence ratio, watelitg... The
flow complexity prevented us from telling apart ihBuence of
each parameters on cavitation production. That losian led
us to carry on experimental study on a fundamesdaé: a 2D
mixing layer. This particular type of flow has beehosen
because of the high number of results presentdriitibrature.
The parameters characterizing the self-similarityperties of
the flow are well known whether compressible or, mdtether
involved liquid or gas. Those parameters are ofiased on
inlet conditions and liquid properties. A lack ohdwledge
remains concerning behavior of two phase flows espkcially
cavitating flows where no gas is present at thet.inl

The present study is carried out with water in ast@ar
layer test bed in order to avoid wall effect. THgeative is to
obtain data and information concerning the behawidhe flow
under different cavitation levels. This referenesttprovides us
a well documented test case to be used for nunheiioalation
validation.

Cavitating shear layer

A shear layer is characterized by a discontinugyween
two flows. In the present study, the developmena afelocity
gradient was observed. The time averaged velocifiles are
illustrated in Fig.1. Kelvin-Helmholtz instabilisedeveloped at
the interface and became eddies along the x-akis.pFessure
was lower at the eddies center than in the extdayals; this
was where the liquid started to evaporate firste Hg.2 is a
instantaneous picture (shutter time = 20us) of dheitating
shear flow, it shows cavitating eddies in the shager: There
is three eddies that are clearly identified (thporas dark and
liquid is white).
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Figure 1. Averaged velocity profiles in the shesrdr

Figure 2. Instantaneous picture of the cavitatihgar layer
(shutter time =20us)

A shear layer can be defined by its growth &fewhich
remains constant along the x-axis when the flogel§similar:
':M
O dx
wheres,, is the vorticity thickness:

_u,-u, AU
duf du
dy| .. dy

Two different behaviors occur depending on the priips
of the fluid. One case is incompressible. In tlase; wheU
increases the growth rate increases too. At thesifg in the

compressible case the scaling parameter is theectimg Mach
number of the large eddies as defined in Papamasehal.[7].

When M, increases,b'(;) decreases. This phenomenon is called
the net effect of compressibility. It can be quied by the

convective Mach number Mwhich depends on the velocity
difference and the speed of sound of each extéovel

Mc: 1—U
at+a,

Where a and a are the speed of sound for the two external
flows: a, =a,=1500 m/s in liquid water.

When M, is lower than 0.5 the flow behaves as an
incompressible one [7-8].

w
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One of the objectives of the present study wasngalyae
the behavior of a two-phase flow mixing layer. Tiheoming
flows were liquid cold water ones and the vaporegped inside
the eddies in the mixing area due to sheared ¢&witaSuch
shear layer cannot be compared to the one obtdmeghs
supersonic flows as described in [7] because ofcthétation
phenomenon. In our case, the convective Mach numiaer
0.006 which would mean the flow could be approxamit an
incompressible one whereas the local Mach numtsdenthe
two-phase sheared zone in the flow was about 5. mam
interest for studying such flows comes from thegioal
configuration of two subsonic flows creating a sgpaic shear
layer in the two-phase mixing zone only.



METHODS

Experimental apparatus

Experiments were conducted in CREMHyG, hydraulic
research center of Grenoble, in a shear layer iedt The
rectangular test section was 300 mm long and hadoss-
section that expands from 80 by 80 mm at the itdeB0 by
88.8 mm at the outlet. The studied shear layer2iasthe inlet
section was divided in two halves. The splittingtplwas 6 mm
thick and ends by a rounded edge of 0.2 mm diamkiguid
water was used as the test fluid for this expertmen

The test bed was set in a hydraulic closed-ciiogitiding
a regulated water pump and a free surface tank.pfréssure
was decreased in the system by a vacuum pump tbaathe
tank. The operating point was characterized byr#ference
cavitation numbes,; defined in the inlet reference section:

P-R
0.5p[U1-U2)
P, was the averaged pressure measured at the wiilein

inlet section of the low speed flow, Ras the vapor pressure
which depends on the water temperature.

Oref =

Downstream of the water pump the flow was divided i
two separated flows: in the following study, thgtispeed one
is reference with index 1 and the low speed onexr2l Then
both flows crossed a settling chamber containingelfoomb
frames and grids in order to homogenize the flod tmbreak
large scale structures. Further on, flows were lacated in
convergent pipes: boundary layers were reduceedtict the
wake effect at the splitting plate tip. Based oe thethod
described in [10], convergent profiles has beerimiped to
avoid flow separation and cavitation at the wall.

Two different cases were studied:

- case 1, called CDM, was a traditional mixing layghe
inlet conditions were U= 15.8 m/s for the high speed layer and
U,= 3.5 m/s for the low speed layer (figure 1).

- case 2, called MD, was a downward facing step. intet
conditions were W= 13.5 m/s for the high speed layer andsJ
null.

For each case, five operating points were seleated:
without cavitation oncay, one at the inceptioncévQ and
three with developed cavitating structureavlto cav3. The
corresponding cavitation numbers are presenteabile tl.

Case O'ref
CDM | Cav0 0.208
CDM | Cavl 0.167
CDM | Cav2 0.102
CDM | Cav3 0.012
MD Cav0 0.258
MD Cavl 0.132
MD Cav2 0.121
MD Cav3 0.086

Table 1. operating points.

Temperature measurement of the water was requoed t
calculate the vapor pressure and to set the sdl@ete@tation
number. The recorded water temperature varied nvithie
range of 10°C to 25°C depending on operating ambsgpheric
conditions.

The concentration of dissolved gas inside the wgalegys a
major role in cavitation inception [9]. The expeeintal
apparatus allowed us to measure but not to corttiel
concentration of dissolved gas. The concentratiodigsolved
O, was acquired with an Orbisphere MOCA O2 probe. A
degasification protocol has been established ierotal reach a
minimum value of 3.5 ppm used for each operatirigtpo

Particle Image Velocimetry (PIV)

Velocity measurement was performed in the longitadi
section (X-Y). We were then using 2D PIV-LIF teaiumé in
order to obtain the mean and fluctuating componetshe
velocity field inside the two phase part of the imixlayer. The
PIV-LIF system was a LaVision DAVIS with a Twinsttd Yag
2*30mJ Laser, wave length peak at 532 nm. An Imager
ProX2M camera with a minimum interframe time of IiOwas
used to record the PIV-LIF images.

The aim being to measure velocity of the liquidfedent
couples of filter/particle have been tested in otdevanish the
bubbles and highlight the particles which were iedrralong
within the liquid. The selected filter was a highsp band at
570 nm and the corresponding particles were RhauarBi
type: it absorbs 532 nm light and emits at 584 nm.

A test pattern has been used to focus the devinethe
middle vertical plan.

5000 pairs of picture have been recorded by thaisitign
system. The delay between the two pictures was 4.2DgVis
7.2 software was used to cross-correlate the gistand gave
instantaneous velocity field for each pair of pieti A velocity
vector was defined on each node of a 1.38 mm squash.
The measurement area was 232 mm long and 71 mn{fiigh
3).

The statistical convergence of velocity measurenterst
been studied over the whole measurement arespweshthat a
minimum of 500 velocity vectors are needed to defthe
averaged velocity within a precision of £ 0.1 misdathe
standard deviation within £ 0.3 m/s. The Skewnesd the
flatness factors did not converge with 5000 valuefs
instantaneous velocity therefore those two paramme@nnot be
analyzed in the present study.
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Dimensionless parameters

The aim was to analyze the self-similarity of themfrom
velocity field measurements. Averaged velocity 8adtuations
were considered. All parameters were dimensiornfessder to
be compared to the ones found in the literatureutledher
compressible or incompressible fluid, two-phaseope-phase
flows.

The studied parameters are the following:

- vorticity thickness: Ow [m]
—dOw
- growth rate: Ow'==2"
? dx
- y-axis: y* Z% where Yrer is the center of the
W

mixing area.

The splitting plate tip is located at x = 0 and .=

The location Y* = +1 corresponds to the border loé¢ t
mixing area.

- velocity gradient (averagedf\U =U, —U, [m/s]

- averaged velocityt_J and\_/ [m/s]

-U-U>

- dimensionless velocity (averaged): AU

- n : number of measurements

- instantaneous velocityi and M
- longitudinal fluctuations:

[m/s]

- turbulent diffusion:

> Ui-0 V) "

uv'=-== 2/s2; UV™=
n (mes’l AU?
uz uv'
- Cinematic Reynolds stress tens [m2/s?]
uv' v2
Ri :Zkl_bij +}§dj J
1 2 1 2 1 2
- turbulent kinetic energyk:% [m?/s?]
- anisotropy tensorlij = u2llli L - %-O_ij

where:ui=u', uz=v',U's=w'

RESULTS AND DISCUSSION

Averaged longitudinal velocity

Fig.4 and Fig.5 were extracted from DaVis 7.2 safey
they present the averaged longitudinal velocityMdrahe entire
measurement area. At the operating point CDM (Frighe
expansion of the mixing area could be observed(fteft to
right): this is the area where the velocity vafiesn U, to U,.

-15

-10
“w

5 E

-0

Figure 4. CDM - Cav3- Averaged velocity U.

The MD configuration flow showed a large recircirgt
area where U is negative (darkest gray area irbFighis area
extended further downstream the measurement ardawat
Oret (nONcavFig.5 andcavOFig.6). Two vortices with opposite
vorticity directions were observed.

As a first qualitative observation, we noticed amfe of
behavior in the evolution of the recirculation amepending
ongret . The downstream limit of this area is the reattaeht
point of the flow located on the bottom wall. Th®int is
circled in the Fig.6 to Fig.9. Its location changibending on
Oret . From no cavitation to low cavitation (frononcavFig.5,
to cavl Fig.7) the recirculating area decreased. Then the
behavior changed: for lowegrer the recirculating area grew
back (Fig.7. to Fig.9).
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From the averaged velocity fields, vertical velpgtofiles
could be investigated. In order to qualify the imixarea and to
analyze its self-similar behavior, 20 vertical flesf have been
analyzed: X2 to X21, with a 11 mm distance fromheather
along the x-axis.

Dimensionless velocity profiles have been plottetti a
superimposed separately for each studied operatiigt. As
examples, Fig.10 and Fig.11 present Y*(U*) at CDNdaviD
configurations caseav3
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Figure 10. CDM — cav3 - Y*(U*)
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Figure 11. MD — cav3 - Y*(U*)

In the CDM case, Fig.10, at the upper border ofntideéng
layer (Y* = 1), we observed smaller velocities & % X8 than
on the other profiles. This phenomenon was due titow
separation and wake effect on the splitting plape This
problem influenced the mixing area in the CDM cgufation
until X8, further, the profiles were well superingsal and the
behavior was self-similar. No major changes dependin
Oret Were observed.

In the MD case, the influence of the splitting pléip was
noticed until X6. Another change of behavior wasered: the
maximum velocity of the downstream profiles washieigthan
U, (U* = 1) and located at Y* = 1 (From X15). This
phenomenon was amplified @s.r decreased; it was probably
linked to the dynamic behavior of the reattachnaet with a
pressure gradient from downstream. The shear layas
curved: Y. decreased along x-axis. According to the
observations, only a minor part of the mixing aceald be
approximated self similar: from X7 to X14.

Vorticity thickness and growth rate

The vorticity thickness characterizes the develapted
the Kelvin-Helmholtz instabilities at the interfaoéthe layers.
dy grows linearly along x-axis when the flow is s&ifilar:

d;:% = constant

From the velocity profiles, it was possible to defidy (x)
which is plotted in Fig.12 and Fig.13 for each @pieig point.
The dotted lines mark the boundary of the selfisimarea
presented in the previous subsection.

3,/ is a function of fluid properties and inlet cotidns [8]:

Ow=0w'(r,s) (for incompressible fluid)

wherer=Uz/U1 and S= 02/ o1
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In the present study, both layers were liquid watad

therefore p2/ p1=1 and s=1 .3, was reduced to:
141

dN—Cl_r
where C is a constant defined experimentally wittownward
facing step flow where r = 0 and therefows=C .

Dimotakis (1986) [11] defined C in the range of @b
0.18. Brown and Roshko (1974) [8] recommend C 80.The
results were compared to this reference for eaatiedd cases
(Fig.14). According to the literature, experimentalues vary
within £20% around those references for all theompressible

flows tested. Referring to compressible flows, vétfuivalent s
and r, vorticity thickness could be five times siea]7-8].

Fig.14 presents the ratio 8§ on the consensu&%)_

We noticed that the operating point without cauitat CDM
and MD casesioncay followed Brown and Roshko (1974) [8]
results within less than 10% difference. Regardtogthe
cavitating cases, results were also included in rdrgge of
values presented in the literature concerning impressible
flows.

Analyzing these first results, we may concludedt tha
development of cavitating structures did not stipngfluence
the global development of the vortices. Howeverthe CDM
configuration, vorticity thickness seemed biggdoi 30%
more in the cavitating cases than in the non ctivifaone even
if the corresponding growth rates were similar ihet
downstream part of the flow. This difference irefithickness is
due to the fact that, at the beginning of the shieger
expansion (for x ranging from 50 to 150mm), the oawitating

flow (in the CDM case) has not reached its asynipptowth
rate. At the opposite, cavitating configurationgrae to attain
more rapidly their autosimilar state.
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Figure 14. Growth rate comparison

Turbulent shear flow

Fluctuations of the velocity field have been anafiz
Fig.15 presents as an example the longitudinatifatons u'*
in the case CDMnoncav where vertical profiles have been
superimposed along x-axis (from X2 to X21). Tramsaé
fluctuations and turbulent diffusion profiles hachgar shapes:
The first common point was a very low and constaitie
outside the mixing area (Y* > 1 and Y* < -1) anck thecond
was a maximum value reached at the center of thkengnarea
(Y*=0).
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Figure 15. CDM — noncav - longitudinal velocitydtuations

In a self similar shear flow, fluctuation profileare
superimposed, the maximum value is constant alofagis
From Fig.15 we observed that the maximum of thdilpsoin
the wake of the splitting plate differed from thenes
downstream: The longitudinal fluctuations were self similar
from X2 to X7 in that case.
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Figure 18. CDM — Maximum turbulent diffusion
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Evolution along x-axis of the maximum of those desf
has been studied for each operating point. Reardtpresented
in Fig.16 to Fig.21. The dotted lines mark the kany of the
self-similar area presented in previous subsectiorfsose
borders, based on mean velocity analysis, corresgabio the
zone where the maximum of the fluctuation proféeemed to
be constant (Fig.16 to Fig.21). This confirmed libealization
of the self similar part of the flows.

In the CDM case, u™ and v'* increased when catiita
developed (Fig.16 and Fig.17). In the downward rfigcstep
case (MD, Fig.19, Fig.20 Fig.21), the fluctuatiaris v* and
u'v* showed a strong growth around the reattachimemea,
X15 to 21. This tendency corresponded to an ungtead
behavior: the recirculating area was probably pgirlgaand
vortices were certainly convected downstream. Furtstudy
will characterize the frequencies of the instaileiit

In the MD case (Fig.20), the transversal fluctuatio*
clearly showed a behavior change similar to thdutiom of the
reattachment point (see Fig.5 to Fig.9): wher: decreased,
v™* grew until grr=0.13 then v* decreased. Longitudinal
fluctuations did not show a behavior change, utwras
Oret decreased. This highlighted strong transversahlil#ies

depending on the dynamic of the recirculation area.

The turbulent diffusion u'v™* was null outside thmixing
area (Y* > 1 or Y* < -1), this mean that there @ correlation
between longitudinal and transversal fluctuatiombis was
typical of an isotropic homogeneous turbulence bieia
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Figure 22. CDM - fluctuations in the self-similarea
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Figure 23. MD — fluctuations in the self-similarear

Fig.22 and Fig.23 bring together the main results
concerning the turbulence properties of the mixanga in both
cases: CDM and MD for each operation point. Averegleies
and spatial standard deviations of u*, v'* and '’'were
plotted. They were defined by only taking into acothe
values inside the self similar area. As an exampléhe MD
cases u™ was defined:

__jiu%xn

U*=1=
8

14 . -
(u'*( Xi )—u'*)2
Ou ==L
and its standard deviation: 8

Longitudinal fluctuations had bigger amplitude ththe
transversal ones (Fig.22 and Fig.23), this tendén®pserved
as well in every typical flows like shear flow, bwlary layer or
wake flow.

From results presented Fig.22 and Fig.23 we coedud
that there was no evolution of u'v’* when cavitatideveloped.
u* and v'* increased respectively by 60% and 448the CDM
case comparing the working point without cavitatiponcay
and the most cavitatingcdvd one. In the MD cases, they
increased respectively by 36% and 29%.

From those results, evolution of Reynolds tensor
components was defined over the studiee: range. It will be
used as reference to validate turbulence modelsumerical
simulations.

We noticed a difference in the evolution of those
parameters by comparing the CDM and MD cases. Goimge
CDM, u™ and v'* grew ascgret decreased whereas in the MD
case a quasi saturation of the turbulence levelroed from
oret =0.13. Consequently, from this poino(er =0.13), the
flow seemed to be ruled by the reattachment dynamnd the
cavitation-turbulence relation seemed to be fixed.

Turbulent kinetic energy

The kinetic energy is the sum of the three comptme?,
v'2 and w2. The third one concerns fluctuationstbé third
component of the velocity, W, which was not meadutaring
this PIV-LIF campaign. Wygnanski et al. (1970) [12gasured
w' in a downward facing step (flow without cavitat). w’ has
been compared to u’: w/u’ = 0.85. This was theorave used
to estimate the missing component of the kinetiergy k for
the present paper. Fig.24 and 25 shows the evolufothe
maximum of the turbulent kinetic energy when theerall
cavitation level is increased (by decreasings ) for CDM and

MD cases respectively
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Figure 25. MD — kinetic energy in the self-simitaea

The kinetic energy has doubled between the flovinauit
cavitation and the most cavitating one in both murhtions
(CDM and MD). The shear rate being constant okierrange
of ort studied, the growth of kinetic energy came frora th
vaporization and implosion of the cavitating bulsble

In MD case, according to the behavior of u’ andkvgrew
until grer =0.13 and then stayed constant.

u'v'
In Fig.24 and Fig.25 the parametETk— is also plotted

for each studiedors . This parameter is used as a reducer
factor in numerical models: Bradshaw 's hypothagiglied to

u lV 1
one-phase 2D flows gavJ:k—[S 0.3

We noticed that the Bradshaw’s hypothesis is \atifn the
presented experiment for all operating points, tasivig or not.
lu'v

k
continuously when cavitation developed (we obsened
coefficient 2 betweemoncavand cav3) Thus the turbulence
production level represented by u'v’ was more @ffitly
converted to turbulent kinetic energy when cawtativas

In CDM case, decreased significantly and

strongly  developed. Successive  vaporizations  and
condensations of the fluid particles inside thebtent area
have generated additional velocity fluctuations doestrong

density changes.

Anisotropy tensor

Evolutions of the four main terms of the anisotrapgsor
for each working point were analyzed (CDM case Fgand
MD case Fig.27). B and h; were linked because w
fluctuations were deduced from u’ using a constactor (w'/u’
=0.85).

In CDM cases, whemrt decreased, the longitudinal part
of the fluctuations contained in the global turlmtléinetic
energy k increased significantly fromr et = 0.10 (cav2.
The growth from u’ () was followed by a decrease of vofpb
In addition, the growth of b was steady all over the studied
Oref range.

We observed therefore a major change in the ewooludf
anisotropy betweeoav2andcav3cases (Fig.26). However, the
ratio between the turbulent shear rate and theukemnb kinetic
energy (B, grew continuously principally due to the constant
raise of k because as we have seen, the turbuiear gu'v’)
was quasi-constant over tbes studied range. As a result,
Reynolds tensor was modified as cavitation developad
especially fromcav2. It seemed that cavitation increased
turbulent fluctuation rate without affecting turbot shearing
rate and probably without modifying the turbuleigcesity. In
addition, when cavitation was strongly developedjgaificant
change in the anisotropy of Reynolds tensor wascenbtin
which longitudinal fluctuations were advantaged pane to the
transverse ones.

In the MD cases (Fig.27), we observed tendenciedasi
to the CDM cases except for the term which stabilized from
cavl because k stopped growing at that point. In this
configuration, the turbulent field underwent exwdristresses
(reattachment of the flow, large scale unsteadjnéssyitudinal
pressure gradient) and so k tended to saturateeriheless, at
low oret , values of b, grew while B,decreased.

The MD configuration was more complex to analyzd an
most of all it did not let the turbulence-cavitatiooupling free
from external constraints. However, it was probalbhpre
representative of real complex flows situations.
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CONCLUSION

Velocity measurements were performed with a PIV-LIF
system in a 2d cavitating shear layer flow. Acdigsi of
instantaneous velocity fields allowed us to analyeedynamic
of the flow for two distinct configurations: a mng layer flow
(CDM) and a downward facing step flow (MD).

Averages and fluctuations values have been validhie
analyzing the convergence of the measurements.

The dimensionless analysis of mean velocity preféad
fluctuations profiles led us to localize the seilinitar area.
Parameters that characterized the flow dynamic vstudied
and quantified: Vorticity thickness, growth ratedaReynolds
tensor components. Turbulent kinetic energy andattisotropy
tensor components were also analyzed and estimatezbe
parameters will be used as references for validatad
turbulence models in numerical simulations.

General behaviors of the two configurations havenbe
observed:
- In the CDM cases, the mixing area developed a
turbulent shear area along the x-axis, growingalitye showing
a constant growth rate over the studied cavitdepls (range
of gret ). The flow seemed isobaric in the external layers.

- MD cases were more complex, presenting flow
separation with a large recirculating area and assqirre
gradient from downstream. The reattachment pointvedo
depending ow s , its evolution was not a bijection. The flow
seemed to have an unsteady behavior and was ¢gpaising
and shedding vortices downstream.

The main results of this study clearly showed ttret
turbulence-cavitation relationship inside a mixlager was not
a simple change of compressibility properties effihid in the
turbulent field due to the existence of a two-phfisa. We
observed quite different phenomena as comparedheioohe
observed in one-phase compressible flows so pHysica
properties of one-phase supersonic flows couldbeotised as
they are.

The presented results will be implemented with waitio
measurements. This will provide information conaegnthe
momentum:pU profiles inside the mixing area will be analyzed
in order to provide a better understanding of thwgsjcal
properties and dynamic of such cavitating flows.

ACKNOWLEDGMENTS

The authors wish to express their gratitude to the
French Space Agency (CNES) and the rocket engirisiai of
SNECMA for their continuous support. Fruitful cditaration
with S. Prothin (Ecole Navale) and H. Djeridi (Bres
University) and strong technical support by L. \AjfLEGI,
Grenoble) are also greatly acknowledged.

REFERENCES

[1] Barre S., Rolland J., Boitel G., Goncalves Eortes-Patella
R. (2008), Experiments and modelling of cavitatfilogvs in
venturi: attached sheet cavitation, European Jbuafia
Mechanics/Bfluids (in press)

[2] Rolland J., Boitel G., Barre S.,Fortes PateéRa (2006),
Experiments and modelling of cavitating flows innteri,
Part I: stable cavitation, Sixth Internationnal $@sium on
Cavitation, CAV2006, Wageningen, the Netherlands,
September 2006.

[3] Fortes Patella R., Barre S., Reboud J.L., (2006
Experiments and modelling of cavitating flows innteri,
Part II: unsteady cavitation, Sixth Internation8gmposium
on Cavitation, CAV2006, Wageningen, the Netherlands
September 2006.

[4] Merle L. (1994) Etude expérimentale et modehygique
d'un écoulement cavitant avec effet thermodynamique
Ph.D. Thesis, Grenoble Institue of Technology.

[5] Stutz, B., Reboud, JL (1997), Two-phase flowsture of
sheet cavitation, Phys. Fluids 9(12).

[6] Stutz, B., Reboud, JL (2000), Measurements iwith
unsteady cavitation, Experiments in Fluids,n°2%4#§552.

[7] Papamoschou, D., Roshko, A. (1988), The conginés
turbulent shear layer: an experimental study, Jduof
Fluid Mechanics, vol.197, pp.453-477

10



[8] Brown, G., Roshko, A. (1974), On density efteeind large
structure in turbulent mixing layers, Journal ofuiBl
Mechanics, vol.64, part 4, pp.775-816

[9] Arndt, R.E.A. (2002), Cavitation in Vortical &lvs, Annu.
Rev. Fluid Mech., vol. 34, pp. 145-175

[10]Sargison, J.E., Walter, G.J., Rossi, R (20@¢sign and
calibration of a wind tunnel with a two dimensional
contraction, 18 Australian Fluid Mechanics Conference,
Sydney, Australia, 13-17 Dec

[11]Dimotakis, P.E. (1986), Two dimensional sheser
entrainment, AIAA J., vol. 24 (11), pp. 1791-1796.

[12]Wygnanski, |., Fiedler, H.E. (1970), The twardinsional
mixing region, J. Fluid Mech., vol. 41, part 2, (327-361.

11



