—— International Symposium
\ ﬁ\¥ On Turbulence and Shear Flow
A_— Phenomena (TSFP-8)

August 28 - 30, 20183 Poitiers, Franc

MULB

HIGH-SPEED IMAGING AND PIV MEASUREMENTS IN TURBULENT CAVITATING

FLOWS AROUND 2D HYDROFOILS

Aleksandra Yu. Kravtsova
Institute of Thermophysics, the Russian Academy of Sciences, Siberian Branch
1, Lavrentyev Avenue, 630090, Novosibirsk, Russia

Dmitriy M. Markovich
Institute of Thermophysics, the Russian Academy of Sciences, Siberian Branch
1, Lavrentyev Avenue, 630090, Novosibirsk, Russia
Novosibirsk State University
2, Pirogova Street, 630090, Novosibirsk, Russia
Email: dmark@itp.nsc.ru

Konstantin S. Pervunin
Institute of Thermophysics, the Russian Academy of Sciences, Siberian Branch
1, Lavrentyev Avenue, 630090, Novosibirsk, Russia
Novosibirsk State University
2, Pirogova Street, 630090, Novosibirsk, Russia

Mikhail V. Timoshevskiy
Institute of Thermophysics, the Russian Academy of Sciences, Siberian Branch
1, Lavrentyev Avenue, 630090, Novosibirsk, Russia

ABSTRACT

The paper reports on high-speed imaging and PIV
study of cavitating flows around a flat plate wibmi-
circular leading edge and a NACA0015 hydrofoil. Both
foils were investigated at a series of attack anghmging
from 0 to 9° with varying cavitation number. Severa
known types of cavitation common to both foils, bigo
some different patterns, were registered. At smadiles
of incidence (less than 3°), cavitation on the gla¢gins
in form of a streak array (bubble-band) whereasthan
hydrofoil as travelling bubbles. For the regimeshwde-
veloped cavitation on the NACA0015 hydrofoil, theas
tered and discontinuous bubble streaks branch amd g
but subsequently merge into bubble clouds forming-a
markably regular lattice pattern. Once the incideangle
increased to 9°, the cavitation on the hydrofodrmfed to
a streaky pattern like that on the plate at zetachktangle,
whereas the regime on the plate showed no significa
changes. The time-averaged velocity and turbulence
ments show that the incipience of cavitation is ayaed
by the development of the carrier-fluid flow aroutide
foil leading edges, but the subsequent flow paten
pends strongly on the cavitation regime displayimayk-
edly different distributions compared to the noritzding
case. The influence of the test object scale aadiathsur-
face roughness on the cavitation pattern as wetinathe
mean velocity and turbulence intensity was analyzed
Thus, surface roughness leads to faster turbuizatf the
boundary layer and, consequently, to growth oftthes-
versal dimension of the turbulent wake. Turbulertkev
past the foil was shown to be wider for the lariygdro-
foil due to the flow acceleration as a result cfajer flow
blockage.

INTRODUCTION

Flow in complex configurations of real power system
and their prime components — hydroturbines, sugpbts
and draft tubes, are usually highly turbulent, eady and
featured by large-scale vortical structures (LVBJ) @as-
sive secondary motions of different origin and &p@f-
ten and especially at variable off-design loadss on-
avoidably encounters cavitation and the consequietiée-
sirable two-phase phenomena. The dispersed phabe (b
bles, clouds) is governed by turbulence and the d$V
namics (turbulent dispersion), while the bubble iorot
and the vapour-gas phase in general significarithnges
properties of turbulent fluctuations in the carrjgnase
(turbulence modulation) due to a number of physical
mechanisms. Nonlinear interactions of LSV with gas-
vapor dispersed phase lead often to strong flowatiains,
which may come into resonance with the structueds-n
ral frequency and cause excessive vibrations aada a
consequence, failure of hydraulic equipment onyvaist,
even emergencies.

The quest for improving the hydromachinery effi-
ciency, durability and safety has necessitated -eger
studies of cavitation aimed at reducing its negaéffects.
More recently, these studies take the advantageodirn
measuring techniques and computer simulations aed a
directed more towards gaining a deeper insight jtysi-
cal mechanisms and processes, various regimesvith-ca
tion and its interaction with flow of the carriduifl. These
methods make it possible to investigate simultaslyahe
spatial distribution and the time-dynamics of catin-
generated gas-vapour dispersed phase, the vosiwl
turbulence structures of the carrier fluid and rtheterac-
tions. This, in turn, should lead to better underding
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and the ability to forecast cavitation and the egpent
erosion, as well as to provide guidance for theirtol. It
is noted, however, that the methods for reduciegnga-
tive effects of cavitation have to satisfy the regunent
for power loss minimization.

Despite extensive research, detailed quantitative i
formation for cavitating flows required for designd op-
timization, as well as for verification of the ety and
development of advanced mathematical models, s sti
lacking and, to a large extent, limited to simplificondi-
tions and usually 2D geometries. Experiments ot ful
scale objects are very difficult or can even bedsgible,
but the laboratory investigations are also costig ae-
quire expensive laboratory setups. Thus, most patidins
in the literature report on research in simple geties
(Venturi nozzles, scaled-down shaped bodies, eACAN
series hydrofoils, etc.) though at varying condisicand
with focus on diverse issues of the cavitation preice
and development of different regimes. The acqoisiof
systematic experimental data for various cavitatien
gimes is still an issue.

Depending on flow conditions (foil shape and suefac
texture, velocity and pressure fields, overall floanfigu-
ration and others), one can distinguish a variétyawita-
tion patterns (bubbles, vortex or cloud cavitatisnper-
cavitation, etc.), but practically all spatial dation pat-
terns can be grouped into two generic types —glardivi-
ties and supercavities. Partial cavities occur waeavity
closes on the cavitating surface, while a supetgalboses
downstream in the wake of the cavitating objecte Plar-
tial cavities can further be classified into closed open
cavities, depending on the flow in the cavity clesue-
gion (Laberteaux and Ceccio, 2001). A typical exangdl
closed cavities is the sheet cavitation whereasdhthe
open cavities is the cloud cavitation. A cloud tatvdn
arises when a large portion of vapour-filled cavityder-
lined with re-entrant fluid breaks off, forming awitation
cloud.

Experimental studies report on visual observatams
regime maps with qualitative descriptions (e.g.nerand
Michel, 1985), point pressure measurements (Ceretne
al., 2006) and, sometimes, velocity distributioKsil{ota
et al.,, 1989). Measurements of the local volumetioa
of vapor phase within a cavity and in the wake paiil
were also reported (e.g. Coutier-Delgosha et @062
The impact of thermal effects on the onset of vaio
forms of cavitation and instabilities was studied ®@er-
vone et al. (2006), etc. Much of the works publisirethe
literature deal with the experimental investigatadrcloud
cavitation (e.g. Kawanami et al., 1997 and Callemastr
al., 2001). As widely acknowledged, when a shegitga
reaches a certain dimension, periodic oscillatmin=avity
appear. This process is accompanied by a cavityh@gn
form of clouds) shedding downstream. Kubota et al.
(1989) showed that a cloud cavity consists of gdascale
vortex and a cluster of small vapor bubbles sitlatethe
core of the vortex. In various experiments (e.goi@e et
al., 2000), it was revealed that cloud cavity ptitses oc-
cur at similar Strouhal numbers. Callenaere et2401)
proposed correlations between separation of a atauity
and the re-entrant jet generated in the cavityurose-
gion due to the adverse pressure gradient.

The present paper aims at investigating the mutual
impact of the flow hydrodynamics and a partial taini-
tiation and detachment, as well as cloud cavityddimgy
on 2D hydrofoils. It also reports on the resultshajh-
speed imaging of the cavitating foils and the PIV-
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measurements of spatial distributions of mean ariut
lent characteristics about the foils at variousvfloondi-
tions. Besides, the scale effect and test objeqjmoess
impact on the cavitation inception, cavity devel@mn
and turbulence intensity distribution are of a smeater-
est in the present work.

EXPERIMENTAL CONDITIONS AND MEASURE-
MENT TECHNIQUE

Experiments were carried out in the Cavitation tlinne
of the Institute of Thermophysics SB RAS. Detailed de
scription of the setup can be found in Kravtsovaalet
(2012).

We investigated the spatial structure and dynawics
partial cavities and measured the velocity andulerce
intensity in flows around a 2D plate with semi-agfical
nose and sharp-cut end (100 mm chord and 15 mrk-thic
ness), and a NACAO0015 series hydrofoil (100 mm dhor
at four attack angles = 0, 3, 6 and 9°. The test objects
were made of brass with roughness level of ab@ip2.

In order to investigate the impact of roughnesshenon-
set of cavitation and partial cavities developmeatutil-
ized one more NACAO0015 hydrofoil with roughnesselev
of 4.5um as a test object. The scale effect on the cavitie
and turbulence intensity was studied on three NACISD
foils with chord lengths of 50, 100 and 200 mm.

The working liquid was distilled water. The amowoift
dissolved air in liquid was estimated by Henry'w kander
the normal conditions to be approximately 0.023f gio
in 1 kg of water. The liquid temperature was kep3@fC
with uncertainty of +0.1°C and the overpressureha t
setup was fixed to 0.5 bars.

The flow regime is defined by the cavitation number
o = (Pin — PW)/(pU%/2), whereP,, is the static pressure at
the test section inleB), is the water vapour pressutgy is
the bulk flow velocity. In order to observe variotavity
patterns, the cavitation number was adjusted byiwgr
the dynamic pressurgUq?/2, in the range from 0.5 to 5.5.
Under the present conditionB, = 0.044 bar. The initial
turbulence intensity was lower than 1%. The Reynolds
number, Re, based d#y and the chord lengtiG, was in
the range between 0.8X1@nd 1.7x18 The Strouhal
number, St, for the nondimensional cloud sheddieg f
guency is defined in terms of the cloud streamwlisgen-
sionD and the cloud convection velocityy. The uncer-
tainties in defining of cavitation number and estiimg
the Reynolds and Strouhal numbers were 6%, 3% and 4%
respectively.

The dynamics and spatial structure of gas-vapor cav
ties was analysed by high-speed visualization using
Photron FASTCAM SA5 camera at a frame rate of 20-10
kHz taken from above and from the side. The vejocit
fields were measured by a “PIV-IT” PIV-system catsi
ing of a double-pulsed Nd:YAG Quantel EVG00200 tase
(wavelength 532 nm, repetition rate 15 Hz, pulsetion
10 ns, pulse energy 200 mJ), a CCD-camera (10 hits pe
pixel, matrix resolution 2048x2048 pixels) equippeith
Nikon AF Nikkor 50 mm f/1.4D lens and an opticaimo
pass filter (bandpass edge at 570 nm), as well sga
chronizing processor. The PIV-system was operaizd v
computer using "ActualFlow" software (Akhmetbekav e
al., 2006). The thickness of the laser light slieehed by
a cylindrical lens to illuminate tracer particlessvabout
0.8 mm in the measurement plane that coincided thith
central longitudinal plane of the test section flr#o its
larger sidewalls. The distance between the canratare
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laser sheet was 527 mm. The size of the measureameat
was approximately 124x124 mm. Since in a cavitating
flow the micro-size vapour bubbles can act as tmce
their contaminating effect on the PIV measuremevds
reduced by adding fluorescent tracers (average Hre
pm, wavelength range 550-700 nm) into the workigg |
uid.

RESULTS

The results of the visualization and field measure-
ments (velocity and turbulence statistics) are mioaly
for o = 3° because of the limitations of the Confererae p
per format. This value of the attack angle wascsetbas
the most illustrative both for the qualitative amaantita-
tive descriptions of characteristic features of itzng
flows. In all plots, the reference point coincideh the
leading edge of a foil in the measurement plane=a0°.

Visualization

Fig. 1 shows typical patterns of partial cavitiesur-
ring on the suction side of the plate and NACAO®dib
In the case of plate, cavitation inception occursa2.78
as a bubble-band — an array of bubble-filled streism
streaks — which differ from the common sheet atdch
cavity' found sometimes behind the leading edge of the
foil. Similar streaks were registered by Brandnerakt
(2010). The cavity length isc/C = 0.07. The typical dis-
tance between the streaks is about 1 mm. Thisat#nit
pattern persists until approximatety= 2.26 (Fig. 1). As
the cavitation number is decreased, the streakenmec
thicker and tend to interact and merge, forming twiaav
may be qualified as an attached streaky-sheetycadire
it should be noted that the cavity interface igHyoand, in
contrast to results of other papers in the litemt(e.g.
Franc and Michel, 1985), in the present work theesh
cavity is accompanied by shedding of small (up.620)
clusters of bubbles at the cavity closure regiohisTis
suspected to be due to either a relatively higlellef
roughness of the hydrofoil surface or a relativielyge
(compared to deaerated water) amount of dissolireith a
the water.

As well known, a decrease of the cavitation number
leads to the growth of the streamwise extent ofctingty
and even to transition to another cavity patterrenvia
certain threshold is overcome. When the cavitatiom-
ber is decreased w= 1.7 (Fig. 1), the cavity changes to
be of transitional tyfe At this regime, the spatial struc-
ture of the cavity is essentially 3D. The cavitpdéh in-
creases up thc/C = 0.23. Downstream, an increase in lo-
cal pressure leads to the collapse of micro-bubbtet
consequently, a drop of dispersed-phase concerirai
further decrease of cavitation number results ioudl
cavitatior? (Fig. 1). It is proved that separation of cloud

! Sheet cavity represents a gas-vapor film of aively sta-
ble length with clear interface. In the region lué sheet cavity
closure, the main flow reattaches to the solidasgfof the cavi-
tating object.

% This cavity type is intermediate between sheetcimad
cavities. In general, at the closure region traosit cavity is ac-
companied by continuous shedding of relatively $eialids and
larger horseshoe-shaped ones consisting of a lhgisavapor
micro-bubbles at different parts of the cavity cli@sregion.

3 As widely acknowledged, cloud cavities are chaméztd
by detachment of the whole cavity from foil surfacel quasi-
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cavity is accompanied by liquid circulation, whigads to
formation of a large-scale vortex around the cloadity

(Kubota et al., 1989). The characteristic Strouhahbers
for the cloud cavitation regimes are given in tapton of
Fig. 1. Whens = 1.14, the cavity extent grows uplig/C

= 1.1 and the size of detached clouds rises as well

flow z
flow direction a=3
direction —_— X

trailing edg¢

flow
flow direction
direction —_—

Figure 1. Instantaneous images of partial cavifiep
view) on the suction side of the plate (the uppev)rand
the NACAO0015 hydrofoil (the lower row) at= 3°.

In addition, downstream of the plate, one can oleser
thin streamwise and spanwise structures filled ith wa-
por and gas. Their origin seems to be connected geh-
eration of strong vortices past the trailing eddethe
plate. Inside the cores of those vortices, locaspure
most probably falls below the vapor pressure, legdo
water vaporization.

In the case of NACAQ0O015 hydrofoil, flow pattern-dif
fers significantly. Initially, wherny = 1.14 separate micro-
bubbles arise at a distance of about G.@Rwnstream
from the leading edge of the hydrofoil (Fig. 1).€Ek
bubbles are convected downstream with the local fre-
locity of 17.1 m/s. The bubble size grows at a rate
about 5.8 m/s. Such dynamics of bubble growth and
movement can be observed until the bubbles collapse
ther downstream. As suspected, at this threshalatitmn
the magnitude of the local pressure reaches theshiat

periodic cloud shedding process due to the appearmaiire-
entrant jet. A detailed description of cloud cawita can be
found e.g. in Callenaere et al. (2001).
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is sufficient to cause the bubble collapse. Thigtaton
pattern is referred to as the traveling bubbletefiain. At
this regime, the cavity is not formed yet.

When the cavitation number becomes lower (Figal),
transitional cavity type can be observed. As in phevi-
ous case, the micro-bubbles initiate from the legdidge
of the cavity and extend roughly to the hydrofodlfh
length. The bubble size varies from zero up to .18
should be noted that the cavity leading edge iteqliffi-
cult to determine. The trailing part of the cavyfrothy.
At the cavity closure region, the bubbles collapseal
separate into horseshoe-shaped clouds immediaten-d
stream. These clouds are likely to be situatethénvbrtex
cores and replicate their forms. Whers about 0.9 (Fig.
1), cloud cavitation occurs. However, as in theecasth
transitional cavity, one can observe horseshoeeshap
clouds together with the large-scale ones.

Turbulent characteristics

Based on the ensemble of 5000 instantaneous welocit
fields in the vertical midplane, the distribution$ the
mean velocity, turbulent kinetic energy, second} tird-
order statistical moments of turbulent fluctuationsre
calculated over the suction side of the two foimsid-
ered. Fig. 2 shows some profiles of the streamwize-
ponent of the mean velocity excess over the bl fle-
locity, (U — Ug)/Uq, with superimposed isocontours for
both foils at the attack angke = 3° for three different
types of cavitation. In the front of the leadingged(not
shown here), the flow locally decelerates appraaghine
stagnation point and the region of slowdown sttiftshe
pressure side of the foils in all the cases. Tharmeloc-
ity profiles atx/C = 0 are almost identical for all the re-
gimes. Due to the flow deflection and acceleragoound
the leading edge, the mean velocity reaches so®n it
maximum above the upper surface of the foils. When
decreases, the velocity maximum firstly increased a
moves downstream but then gradually decreaseshaftsl s
upstream. In the case of plate, the reverse sfithe
maximum alongk-axis, noticed on the hydrofoil, does not
occur.

The above findings can be explained in the follayin
way. Unsteady cavity is characterized by pulsatiohis
closure. Consequently, pulsations at the cavitylirica
edge lead to an increase in liquid velocity flutimas
(Fig. 3), more intensive mixing and lateral momentu
transfer, which, in turn, reduce the velocity peaks

Downstream from the region of higher mean velocity
along the suction side of the hydrofoils, the mealocity
peaks decrease and eventually disappear, excephdor
plate at the higher cavitation number (Fig. 2) vehat the
plate endx/C = 1.0, mild velocity peaks appear again due
to the vanishing wall shear at the edge separafim.
separation on any of the foils has been detectad &pm
the trailing edge of the plate. In the case of gldhe
transverse dimension of the wake is significandygér
owing to its bluff shape and reaches @23his is caused
by generation of large-scale vortex structureshi shear
layers over the cloud cavity. Here it should beedothat
these observations are only for the averaged ptiepeas
the separation points (lines) are not fixed butsptd
around a mean value.

No doubt, hydrodynamic flow separation and the cavi
tation cloud detachment are interlinked and muyudé-
pendent, but at this stage, it is difficult to payt a clear
scenario of this nonlinear interaction. For incigiend

MULB

mild cavitation, flow separation can be consideasdoe-
ing fully controlled by the hydrodynamics of thermger
fluid, i.e. the adverse pressure gradient on thiirtg part
of the foil. However, cavitation is always followéy ex-
pansion of the gas-vapor phase and the conseqloent f
acceleration, which will tend to delay flow separat On
the other hand, detachment of cavity clouds haes lod-
served in non-separating flows, though in most s
accompanied with re-entrant jet flow underneathictviis
indicative of flow separation. It seems plausiliiewever,
that cloud detachment will trigger and promote fls@pa-
ration and affect its behavior.

Plate with rounded nose
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NACAO0015 hydrofoil
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Figure 2. Downstream evolution of the streamwise
component of the mean velocity for the plate ap (o
bottom) s = 2.98 (cavitation-free flow)s = 2.26,L-/C

= 0.07 (streak cavitationy = 1.56,Lc/C = 0.3, St =
0.44 (cloud cavitation) and for the NACA0015 hydro-
foil at ¢ = 1.57 (cavitation-free flow)s = 1.14 (travel-
ling bubbles),s = 0.93,L/C = 0.66, St = 0.14 (cloud
cavitation).a = 3

In general, one can conclude that the velocityd§el
for the three different cavitation regimes showhils dif-
ferences illustrating the strong effect of the tation of
the carrier fluid. Especially the cloud cavitation both
foils (Fig. 2) show conspicuous suppression of ei&jo
peaks over the front part of the foil surfaces ttuanten-
sive mixing in the cloud and promotion of earlywio
separation associated with cloud detachment.

The turbulence statistics shows, as expected vaiso
strong influence of the cavitation regime and thape of
the test foil. Although all second and third monseate
available, the analysis of the turbulence fielddsnfined
at present to the streamwise turbulence intenslty.fFig.
3 shows the profiles and isocontours of the r.mfshe
streamline fluctuations around the two bodies li@r $ame
cavitation numbers as in Fig. 2.

As seen in Fig. 3, the r.m.s. of the fluctuatiofishe
streamwise velocity are generally much higher betire
plate in comparison with those on the NACA0015 laydr
foil. For the two higher cavitation numbers cormsging
to the noncavitating flow and streaky-sheet or ehawg
bubbles cavitation in both cases, the turbulenceois-
fined within the attached boundary layer, the ostezam
being unaffected. However, for the lower cavitatiom-
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bers corresponding to cloud cavitation in both sasiee
flow separation and cavitation clouds detachmenegge
intensive velocity fluctuations that spread muclydel
the immediate regions around the foils. As showrKby
bota et al. (1989), there is a region of high waifiinside
a cloud cavity, and the small-scale incoherent ciglo
fluctuations are not uniformly distributed over boux
cavity but are concentrated near its boundary. &lea
decrease in the cavitation number leads to a midiguid
velocity fluctuations. In the flow around the plathis ef-
fect is initially mild (there is almost no visibt#ifference
between the r.m.s. profiles and contours for thétaton-
free and streak cavitation cases, Fig. 3). Fordawtation
numbers, some wiggles in the turbulence intensity-c
tours downstream (betweefC = 0.5 and 0.8), show some
secondary higher intensity turbulence spots pogsibso-
ciated with instabilities induced by the positiveegsure
gradient.

Plate with rounded nose NACAO0015 hydrofoil
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Figure 3. Downstream evolution of streamline turbu-
lence intensity (root-mean-square) for the platétat

to bottom)s = 2.98 (cavitation-free flow)g = 2.26,
Lo/C = 0.07 (streak cavitationy,= 1.56,Lo/C = 0.3, St

= 0.44 (cloud cavitation) and for the NACA0015 hy-
drofoil at ¢ = 1.57 (cavitation-free flow)s = 1.14
(travelling bubbles)g = 0.93,Lc/C = 0.66, St = 0.14
(cloud cavitation)oa = 3

Qualitatively a similar pattern is observed alsptfoe
NACA hydrofoil, though generally the peaks of turbu
lence intensity appearing in the thin boundary tayethe
foil surface are milder than those in the caselafep The
highest turbulence intensity peaks for all cavitathum-
bers appear near the trailing edge, which in tree aaf
cloud cavitation (Fig. 3) far exceed the peakstheotwo
regimes. Again, the difference between the nonatmg
flow and travelling bubble cavitation is minor, thetter
showing somewhat higher turbulence level especially
along the trailing part, presumably enhanced bytaaon.
In contrast, just as in the case of plate, thectlcavitation
generates much higher turbulence which spreaddtest
ally almost up tg/C =0.3.
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Figure 4. Profiles of (top) the streamwise compadrehn
the mean velocity excess over the bulk flow velpeibd
(below) streamwise turbulence intensity (root-mean-
square) for the NACAO0015 hydrofoils with differestiord
length:<— 50 mm,® — 100 mm and- — 200 mm.¢ =
1.15,a0 = 3°.
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Figure 5. Profiles of (top) the streamwise comparehn
the mean velocity excess over the bulk flow veloeihd
(below) streamwise turbulence intensity (root-mean-
square) for the NACAQ015 hydrofoils with differewall
roughness® — 2.8um andA — 4.5um. ¢ = 0.84,a = 3°.

Thus, comparing the fields in Fig. 3, one can codel
that transition to the developed cavitation regiteasis to
a significant modification of the turbulence lesid its
distribution. For the plate, the maximum #&fJ, for the
cavitation-free case appearsx4C = 0.28 andy/C = 0.1.
Initially, it moves upstream but when transition dioud
cavitation occurs it shifts downstream and incregsem
0.13 up to 0.37. However, for the NACAOO015 hydrbfoi
the maximum ofii/U, shows the same dynamics with a
decrease in the cavitation number but occurs $light
downstream compared to the plate. Besides, theaser
of the maximum is substantially less compared te th
plate: from 0.17 up to 0.22.

Fig. 4 shows the influence of the foil scale on the
mean velocity and turbulence intensity. For theegiv
cavitation number, the regimes presented are tranai
for the 200 mm foil, traveling bubbles for the 1@ foil
and noncavitating for the 50 foil. As seen in Fgveloc-
ity distributions coincide before the foils of difent
scales. However, when the foil leading edge ishedgin
the case of the 200 mm foil, longitudinal componefithe
mean velocity becomes higher compared to the other
cases. This is likely caused by flow blockage. Naxn
difference of about Oll, is achieved between the sections
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x/C = 0.25 and 0.5. Downstream, the profiles of thame
velocity consist again. Behind the trailing halftb& foil,
velocity for the 100 mm foil also slightly increaseom-
pared to the 50 mm case. Turbulence intensity leofire
noticeably wider (about two times) over the 200 foih

The effect of the wall roughness on the mean and tu
bulent characteristics of the flow can be estimdtedh
Fig. 5. Ate = 0.84, cavitation pattern on the foil with 2.8
um roughness is of transitional type whereas thatHe
other one is attached streaky-sheet cavity. Thos, aan
conclude that, for streak cavitation, the mean ciglmver
the foil is somewhat less compared to the caseawvéling
bubbles, though the turbulence intensity is higihee to
faster turbulization of the boundary layer. Howevier
higher cavitation numbers, this effect is signifittg less
pronounced.

CONCLUSIONS

Visual analysis of high-speed images and PIV meas-
urements of the velocity field and its fluctuatianglows
around a flat plate with semi-cylindrical nose aad
NACAO0015 hydrofoil, both at 3° incidence angle, bav
been performed for a series of cavitation numbeos,e-
sponding to different cavitation regimes.

Despite a relative similarity of the size and shape
the two foils considered, the cavitation patterres differ-
ent. On the plate, the cavitation begins with atielband
(bubble streak array), arguably governed by flostabil-
ity, transition to turbulence and formation of neall
streamwise vortical streaks with low-pressure cévgh a
decrease in the cavitation number, streaks mergk an
transform into a cloud which detaches downstream. |
contrast, the process around the NACA hydrofoilibeg
with travelling bubbles, which, when the cavitatioam-
ber is decreased, coalesce creating clusters gérldrub-
bles. The bubble formation takes subsequently aresn
bly regular lattice pattern before collapsing iatoloud.

The velocity and turbulence fields for the threfeali
ent cavitation regimes show visible differencessitating
the strong effect of the cavitation on the carfieid. Es-
pecially the cloud cavitation on both foils showmatable
suppression of the velocity peaks over the fromt pthe
foil surfaces due to intensive mixing in and by tteud
and the promotion of early flow separation assedatith
cloud detachment. The hydrodynamic flow separatioa
to adverse pressure gradient and the cavitatiomdctte-
tachment with re-entrant jet underneath are closely
lated: the separation enhances the cavitation esation
of the cloud, which in turn feeds back into theriearfluid
flow. The progressive growth of gas-vapor cavity-pr
motes early separation by shifting the separatmintpip-
stream, as well as more intensive recirculatiore €loud
cavity leads to formation of an intense turbuleakes be-
hind the cavity closure region, significantly exded in
the transverse extent, as well as significant siferation
of turbulent fluctuations due to strong shear &t ¢toud
edges and generation of large-scale vortical sirest
over the vapor cavity. Thus, the transition to d@avita-
tion leads to global modification of the flow anartiu-
lence and significant changes in the flow pattesrcam-
pared to the cavitation-inception case.

Additionally it was shown that the larger hydrofas|
the wider the turbulent wake is past the foil. Tisisaused
by the flow acceleration above the foil surface dae
greater flow blockage in comparison with the casés
smaller foils. An increase of the hydrofoil surfacaigh-
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ness leads, however, to faster boundary layer kiagtion
and, therefore, to change of cavitation patterrthanfoil
suction side.
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