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The understanding of the thermodynamic effectsawitating flow is. crucial for applications like tuwpumps
for liquid hydrogen LH2 and oxygen LOx in spacerialer engines. Experimental studies of this phenmome
are rare as most of them were performed in the’496@d 70’s. The present study presents time redolR
(Infra-Red) measurements of thermodynamic effectawitating flow in a Venturi nozzle.

Developed cavitating flow of hot water (95°C) wabserved at different operating conditions — both
conventional high speed visualization and _high dp#e thermography were used to evaluate the flow
parameters.

Both the mean features of the temperature distobstand the dynamics of the temperature field were
investigated. As a result of evaporation and comseglatent heat flow in the vicinity of the thr@atemperature
depression of approximately 0.4 K was measuredhénregion of pressure recuperation, where thetatim
structures collapse, the temperature rise of Up4d was recorded. It was found that the tempegadynamics
closely follows the dynamics of cavitation struetsir

Finally experimental results were compared agansiple model based on the Rayleigh-Plesset equatid
the thermal delay:-theory and plausible agreemestaghieved.

Experimental data is most valuable for further demment of numerical models which are, due to poor

ensemble of existing experimental results, stil &ery rudimentary level.
Key words: Cavitation, Thermodynamic effects, hot water, thardelay, Venturi channel

1 Introduction

Cavitation is characterized by vapor generation emddensation due to pressure changes at appreymat
constant temperature of the fluid. Is it justifieduse the isothermal approach when we are dewfitingliquids
such as cold water, where the influence of the &atpre variations on the integral liquid propertis
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negligible (Hordet al. 1972).

A detailed look in the formation of a cavitationtale shows that it is formed by the local pressirop, which
causes the gas inside the cavitation nucleus tarekphat consequently triggers evaporation. Thentdieat is
then supplied from the surrounding liquid, createaghermal boundary layer around the bubble. That he
transfer causes a local decrease of the liquid éeatyre, which results in a slight drop of the wappressure
(Franc & Michel 2004). This phenomenon delays timther development of the bubble, because now atgre
pressure drop is needed to maintain the processphienomenon is known as thermal delay:(Brenn8b)19
When the local surrounding pressure rises, the lbustlarts to collapse. During the collapse the eosdtion
occurs and in the final stages the gases alsontigleompress, which leads to considerable risehef
temperature inside the bubble (Hagkeal. 2007).

As a rule of a thumb the thermodynamic effects esumally be neglected in fluids for which the catipoint
temperature is much higher than the working termpeza However, the effects become significant witen
critical point temperature is close to the tempematof the fluid, like in case of cryogenic fluigStahl &
Stepanoff 1956). By formation of cavitation bubbiecryogenic liquids a significant temperature dameurs,
which causes a delay in development of the bulithle.understanding of this thermodynamic effechesefore
crucial for example in turbopumps for liquid hydesgLH2 and oxygen LOx in space launcher engines —
particularity well known is the failure of the Jagse H-Il rocket due to rotating cavitation in thel2
turbopump (Sekitaet al. 2001). Consequently, nowadays much effort is puo idevelopment of CFD
(Computational Fluid Dynamics) methods for the preain of thermodynamic effects of cavitation ofagenic
fluids (Utturkaret al. 2005, Hosangadi & Ahuja 2005, Goncalves & Fortatela 2010, 2011, Goncalvésal.
2010).

The first study, where the thermodynamic effectspamp performance were considered, was conducted by
Stahl & Stepanoff (1956). Sarodsy & Acosta (196&parted significant difference in the appearance of
cavitation in water and in refrigerant Freon. Thertnodynamic effects were experimentally quantifid
Ruggeri & Moore (1969) who investigated the vadasi of pump performance for various temperatutails
and operating conditions. The most extensive erparis on cryogenic cavitation were conducted bydtbal.
(1972,-1973a, 1973b). His results, acquired in Mentozzle, and on hydrofoil and ogive models ai# s
considered as a benchmark for validating numerigatiels for thermodynamic effects in cavitation. &gc
investigations have focused on the influence of ttiermodynamic effects on performance and caviatio
instabilities in rotating machinery. Fragtal. (2004) analyzed the cavitation instabilities onraducer in water
and in refrigerant R114. A similar study was condddy Cervonet al. (2005) with cold and hot water at 293
K and 343 K, respectively.
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Due to complexity of the experimental investigatiitthe local temperature variations, the pastietuchostly
concentrated on the consequences of the thermodyneffects, rather than on the investigation of the
mechanism itself. Frumaet al. (1999) measured the local wall temperature ungercavity with five micro-
thermocouples. More recently, measurements ofeimpérature depression within the sheet cavityeatetading
edge of inducer blades were conducted by Feina. (2010). Rimbert et al. (2012) locally measured the
temperature by two-color laser in a micro cavitattannel, and investigated the relationship betviee void
fraction and the temperature variation. Meanwhiléad & Coutier-Delgosha (2012) used a high-speédied

(IR) camera to measure the temperature on a stagiéation bubble.

Until now the thermodynamic effects were usuallgmeated by rudimentary models, which most of thearev
proposed between 1960 and 1990. The most commeely parameter is the B-factor, which is a dimersgm
temperature depression proposed by Stepanoff (188&hnen (1973) defined theparameter, which depends
only on fluid temperature, a similar parametewas proposed by Kato (1984) and Watanabe et @d7(2

proposed a non-dimensional parameter.

The present study shows innovative, direct measemewf thermodynamic effects in cavitating flow &yon-
invasive method. A high speed IR camera was: useddasure the temperature field in the cavitatiogyl

simultaneously visualization by a conventional higleed camera was made.

2 Measurements

Experiments were conducted at the University obljana in Laboratory for Water and Turbine Machines

2.1 Experimental set-up-and the Venturi geometry

The experimental set-up is shown in Fig. 1.
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Figure 1: Experimental set-up. v

The cavitation tunnel consists of two 2 L reservdit and 2), vergent-divergent Venturi not2)eand a

ball valve (4). The first reservoir (1) is filleditv the worki ater) and pressurizedthe desired

level (through pressure pipe connection (5)). Sirhy i nd, empty, reservoir (2), the gues level can

also be adjusted by the second pressure pipe { pening of the ball valve (4), the workiftuid is
pushed from the first reservoir through th (3), where the cavitation occurs, to theosd
reservoir (2). During the 3 to 5 second. long the pressures in both reservoirs were recobged

Hygrosens DRTR-AL-10V-R16B pre

@ mittera atte of 1000 Hz.

The geometry of the Venturi test s showhRig. 2. The constriction with a converging anglel8° and

diverging angle of 8° w. ed. The channel oftdélsé section was machined (milled) out of threamdtum
blocks and later poli th emulsion. The section itself is made from twotpar lower, with the
converging/diver lIs and upper, straight p@tis enabled machining of a sharp transition betwthe
converging a ivergi art of the Venturi (thdius at the throat was made as small as possib®ut 0.2
mm). T -section of the test section chaisnedduced from 6x5mfrat the inlet, to the 1x5nfat the
throat.
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Figure 2: Convergent-divergent Venturi nozzle (the flow dtien is from the left to the right).

Downstream of the throat of the Venturi nozzle beesvation window, made out of sapphire glass,installed
— sapphire glass had to be used since it is tra@spia both visible and infrared light.spectrum.

The flow velocity changes during the experimentiagsult of changing pressure difference betweenwio

reservoirs. Nevertheless, during a short peridihad (about 0.3s) the pressure difference rematoedtant at a
desired level so that measurement point could bityedetermined.

Developed cavitating flow was observed at severedgure differences which give values of cavitatiamber
(1.3, 1.8 and 2.3). These were defined as therdiffee between the pressure in the first reseryang vapour
pressure p(p,(95°C) =84513 Pa) divided by the difference in ptee between the two reservoirs-fp):

pl — pv (1)

Decreasing the cavitation humber; results in higitebability in cavitation occurrence or in an iease of the
magnitude of the already present cavitation. Camsid the combination of inaccuracies of pressurd a
temperature measurements, the cavitation numbdd bewdetermined within £0.02 of global uncertainty

The parameters.of the experiments can be foundbieTL.

Table 1: Parameters of investigated cavitation conditions.

Test R (Pa) p (Pa) o (-)

1 740000 233000 1.3
2 695500 356000 1.8
3 690000 427000 2.3




International Journal of Heat and Fluid Flow (2013) xxx-xxx; DOI: http://dx.doi.org/10.1016/}.ijheatfl uidflow.2013.10.005

Figure 3 shows about one period of cavitation clgheldding process at cavitation number 1.3.

S
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Figure 3: Cavitation as seen at cavitation numaser 1.3 (the flow direction is from the left to thight).

One can see that cavitation is first attached £d0.0 ms). It then slowly grows while at its clos@a reentrant jet
forms — it flows upstream and consequently causesavitation cloud to separate (at this instant=att.2 ms
the maximum size of the attached part of the casitgached). The cloud separates from the attacdhety at t
= 4.9 ms. Interestingly, it seems that at t = 28the reentrant jet splits into two branches — aenpersistent
branch travels further upstream and causes the tdogid separation, wile the smaller one dies butad.9 ms.
Branching of the reentrant jet may be due to itsfibement in a very small test section (Duéaral. 2010).
While the separated cloud flows downstream andaps#s in the higher pressure region the attachaty ca
begins to grow again and the process is repeatih.thi¢ cavitation cloud shedding frequency (froig. ¥ we
get =166 Hz), its maximal attached length (I=0.085and flow velocity of the jet (v =17 m/s) onencidran

calculate the Strouhal‘numbe8t(= (f EI])/V) to be approximately St=0.34, which points to Byfdeveloped

cavitating flow regime (St values between 0.2 aridade associated with fully developed cavitatliogvfregime
(Dular & Bachert 2009)).

2.2 Cavitation visualization and temperature measwegments

Fastec Imaging HiSpec4 2G mono high speed camesaused to capture images of cavitating flow from th
side view. The camera enables capturing image2&affs (frames per second) at 3Mpixel resolutiaor. fhe
present experiments, it was synchronized with Bigdmera and recorded at a higher frame rate (19@60

fps) and reduced resolution with exposure timeGofid.

A high-speed IR camera CMT384SM — Thermosensorik uged to record the dynamics of the temperature

fields. The camera is sensitive in wavelength rarmgteveen 3 and pm.
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Even a very thin layer of water (1Bn or even less) is absolutely opaque in the irdthwavelength range (Hale
& Querry 1973). Hence the method enables temperat@asurements only within the

layer close to the sapphire glass and water dherevent when a bubble is in a direct contact tithglass, on
the bubble interface with the water (water vapsuransparent in the wavelength from 3 andr§. Results of a
study by Dular & Coutier-Delgosha (2012), wheregincavitation bubbles were observed, showed tmat t
recorded temperatures at the bubble interface ratidei liquid boundary layer do not significantlyfeli. Also,
due to the small size of the section, highly tuentiiflow and extensive cavitation zone, which efsyallarge
part of the section, one can expect a homogenemaperature profile over the width of the Ventuhe(t

thickness of the thermal boundary was estimatéd=@ um).

Two different acquisition frequencies of the IR eamwere applied during the experiments. At a legdency
of 790 fps, the average features of temperatute fiere obtained at a relatively high spatial rasoh. The
frame size at this frequency was 288x64 pixels &dwisition window extended over the whole obdae/part
of the Venturi section).

To analyze the dynamics of the temperature field & relationship to the cavitation structure dyies a
higher frequency (3550 fps) of the acquisition whssen. Consequently the frame size (acquisitiordew)
had to be reduced down to 96x16 pixels.

The pixel size and the integration time were thmesdor both settings — one pixel corresponded tougb

0.16x0.16 mrharea and the integration time was&0

The uncertainty of IR temperature measuring wapdoted by comparison with measurements by an Asclas
Pt100 sensor and a discrepancy of 0.2 K was foltwvever, our main goal was to quantify relative
differences in non-uniform (and possibly time-degeemt) temperature field. For a single element om th

temperature sensor.of the IR camera, the noise@gut temperature difference (NETD) was less 2@amK.

3 Theoretical background

Theoretical approach of the process of bubble esiparand implosion, which is investigated here, lsarfound

for example in Brennen (1995) or Franc & Michel @D When the pressure drops, the bubble begigsoiw

due to both water evaporation and gas expansigoaskon of the air contained inside the initial laus).
During the collapse, the process is reversed —mh@ mechanisms are now condensation of vapor and
compression of gases. In both phenomena, the mialgnitf temperature variations in the thermal lay@und

the bubble depends strongly on the predominant essocthat drives the bubble size evolution: gas

expansion/compression and the phase changes. @nestimate the characteristic time of the heatstean

process at the bubble interfe At, (Franc & Michel 2004):
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at, = :
M piCy

r

(2)

where py and p, are the gas (vapour) and liquid densitieg, and ¢ are the gas (vapour) and liquid heat
capacities, R is the maximum bubble radius Ani$ the heat conductivity of the liquid. The praeesn be
considered adiabatic if the bubble life time is mgtorter that the characteristic time of heatstier At, - the
bubble evolution is then mainly driven by expansimd compression of gases. In the opposite categri is
enough time for the heat transfer to proceed uhsimal equilibrium is reached, the process iseslde
isothermal conditions, which means that evaporadioth condensation of water and water vapour arentia

driving mechanisms.

In the present experiments, a typical bubble inewatt 95°C grew and collapsed in about 0.2 ms &d i

maximum diameter was in the order of |fd. Considering Eqn. 2 wit p, = 961.9 kg/m, p, = 0.4957 kg/my

C, = 4211 Jikg/K,c,, = 720 Jkg/K anc4 = 0.5275 W/m/K 4t, = 0.66 ps is obtained. This is obviously

pl
much smaller than the time of bubble life (0.2 mid)jch means that that evaporation and condensea#inrbe
considered the driving processes involved in th@uton of the bubbles in the present study. A®actusion
one can claim that the thermal delay theory, whihlescribed in the following section, can be agplio

interpret the results of the measurements.

3.1 Theory of thermal delay

The idea of thermal delay can be most simply prteskim the case of a spherical bubble in an irdifiquid. As
the pressure at the infinity.drops, an initial gjted nucleus begins to grow. The evaporation medevolved in
this growth requires the latent héato be supplied by the liquid at the bubble integfavhich gives estimation

for the temperature difference (Brennen 1995):

RVt oL

) 3
\/a_l pICpI ( )

AT =T,-T,=-

A
where the thermal diffusivity of the liquid, is defined asq, ="' Brennen (1995) introduced the
ICpI

parameter which is given by:
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o (aL) (4)

plchlToo \/a_l .

If one assumes the bubble to remain spherical thgeih-Plesset equation (Plesset 1949) includirgnal

effects can be derived (Brennen 1995):

. 3. e R) 25 ., R
pI(RR-'-Esz-FZR\/pr - pv(Too)_ poo+ ng(Ej _E_4H'E’ (5)

which gives the bubble radius evolution accordimgjrne t (o is the initial gas pressure in the bubble, S és th

surface tension, andis the viscosity of the liquid).

In Section 5, Eqgn. 5 is solved numerically to abthie bubble radius evolution as a function of tiffleen Eqn.

3 is applied to calculate the time evolution of teenperature AT . Results are finally compared against the

measurements.

4 Experimental results
As already mentioned two sets of measurements emréucted. We first investigated the mean featafdhe
temperature fields at a low acquisition frequenater we increased the frame rate of the IR cartee@pture

the temperature dynamics of cavitating flow.

4.1 Mean temperature fields

The experiment was ‘designed to operate over a shodtion after which the reservoirs needed to be
repressurized; based on observation of the presualation in both tanks we concluded that duringhart
period of time (0.3 s) constant flow conditions eeachieved. Since cavitation exhibited the shedffeguency

of 166 Hz and more, this was enough to acquireesegtative ensemble of results.

During this set of experiments conventional and high speed cameras operated at 10000 and 790 fps,
respectively. Figure 4 shows a representative ntsteeous image of cavitation (a), a mean of a sarfe
cavitation images (b) and the mean temperaturd fiethe layer near the sapphire window (c) foritzdion
numbersc = 1.3 (top), 1.8 (middle) and 2.3 (bottom). Thewflis from the left to the right; x = 0 mm
corresponds to the position of the throat of thatié channel. The reference temperatugeoT approximately
95°C (slight variations (1 K), which do not influee the magnitude of the thermodynamic effectspapgu
between the tests) was measured 20 mm upstreahe dhttoat of the Venturi by a type J thermocouplas

temperature was subtracted from the measured tatopeto obtain data in terms of the temperatuasgbAT.

9
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In the temperature diagramat= 1.3 a line through the mid height of the charngagllotted — the temperature
evolutions shown in Figs. 5, 7 and 8 corresporttiitoline.

0 5 10 15 20 25 30 35 40
X (mm)
Figure 4. Representative instantaneous image of cavitaipm{ean of a series of cavitation images (b) bad t

mean temperature field (c) for= 1.3 (top),c = 1.8 (middle) and = 2.3 (bottom).
The cavitation numbers were chosen on the basawvitfydength — for the case of= 1.3 the cavitation extends

almost over the whole channel — its maximal lengds about to 35 mm. The maximal length of cavitatio

structure ab = 1.8 was 20 mm what corresponds to roughly a dfathe length of the diverging part of the

10
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Venturi channel. The cavitation @t=2.3 occupied one fourth of the channel lengtheua 10 mm.

As a consequence of cavitation bubble growth byperation and gas expansion in the vicinity of theat a
clear temperature depression can be observed. Ulit#ds then start to collapse what causes rapighezation
of the temperature which finally exceeds the ihiffaeestream) temperature. After the peak tempesais
achieved, it slowly falls and limits to the freestm temperature at the downstream end of the daiigarv

window.

Similarly to the findings of Franet al. (2010) the results imply, to some extent; “that thagnitude of the
temperature depression is associated to the dawitatimber (the cavitation extent) = the larger ¢heitation

number the smaller the depression. At the presmet we feel that more measurements are needed dieraa
conformation. Also the temperature fields (imageslasely resemble the mean.of a series of cawitdathages
(images b) — when cavitation extent is greatergelavolume of the fluid is at an elevated tempemtand the

fall to the freestream temperature occurs furtlosyrestream.

It is common for all three cases that cavitatiomtires cannot be seen just downstream of thetthfde
reason for this could be that a large bubble (arfaw.in length) first forms in this region, from whi smaller
bubbles shed — the light scattering on smaller lesblis more intense, hence they appear whiterérirttage.
Also one can observe the sheet cavitation in #ggon must be very thin (less than 1 mm) what iegpthat it

was poorly illuminated during the experiment.

All three cases also share the fact that the built fs hotter than the one near the bottom andct@mnel walls.
This could be related to the heat flow due to tiffergnt temperatures of the fluid and the chanvedls. Prior to
the experiment the system (test section) was &abilat a temperature close to the temperaturbeofMater
(95°C) by running non cavitating flow through it fa couple of minutes. Since the flow is highlybwlent also
the thermal boundary: layer should be very smallibseems that we were unable to entirely preveatheat

transfer between the walls and the fluid.
For a more detailed discussion and possible cosgasiwith simulations it is more convenient to pliastgrams

of the temperature evolution along the mid heidtthe Venturi channel (see Fig. 4) — these are shiowrig. 5
(o =1.3 (top), 1.8 (middle) and 2.3 (bottom)).

11
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Figure 5. Temperature evolution along the mid height of\Wheturi channel ab = 1.3 (top),c = 1.8 (middle)
ando = 2.3 (bottom)..

As already mentioned the magnitude of the temperadepression is rather unclearly related to thétatéon
number (Fig. 5) — according to Fraetcal. (2004, 2010), it should decrease with the riseasfitation number.
One can see that its value is abfylit= - 0.2 K foro = 2.3 and abowAT = - 0.4 K for botho = 1.8 ando = 1.3.
If the magnitude of the temperature is in fact latel to the cavitation number the reason for tbisld lie in
the rate of growth of cavitation bubbles downstrezfnthe throat of the Venturi section. It is possithat the

12
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rate of bubble growth, which is a dominant paramiet¢he magnitude of the temperature depressign.(B), is
similar for smaller cavitation numbers and somevgmaaller for the case at= 2.3. This hypothesis however
cannot neither be confirmed nor rejected at theguretime.

Interestingly the gradient of the position at whthe minimum temperature is measured is similaafbcases
(1 mm downstream of the throat;= 1 mm). This points to a very small region wherdidh (the first)
evaporation takes place.

The temperature then rapidly increases and excihedfreestream temperature. In cases of lower atiwit
numbers a clear temperature peak is achieved apptly at a position of the cavitation cloud segian (at x
= 14 mm and x 10 mm for 0 = 1.8 ando = 2.3, respectively). This (attached cavity cl@uegion is many
times associated with high pressure oscillationarn@Vet al. 2012), which.could cause condensati@h an
consequently significantly contribute to the inceaf the temperature in this region. In the case=a1.3 we
did not measure the temperature peak. The almostat (only gradually decreasing) temperatureilproin
be associated to a much larger cavitation extemghwat some instants limits to supercavitatingditions.

If one assumes the cavitation bubble to grow adidgse only one time (according to the theory — RR)nthe
temperature evolution should be quite differentne @hould see a rapid decrease of the temperatiah w
would be followed by an even greater but shorterpierature increase, afterwards the temperaturddshgain
rapidly fall to the freestream temperature. Measerts agree with the single bubble approach thimprihe
part of the temperature depression (bubble growthé. trend downstream can be explained if one a&dbp
fact that the bubbles rebound several times asfto@ythrough the Venturi section. At = 1.3 the low pressure
region is larger what causes more bubble reboundiseads to a more constant temperature profile itheases
at higher cavitation numbers. In Section 5 a pteaticof the thermodynamic effects, where bubbleotetas

were considered, is shown.

4.2 Temperature field dynamics

In the second set of measurements we investightedyinamics of the temperature field. For this weded to
increase the acquisition frequency of the IR canbe@bout 3550 Hz. Consequently we had to decrsiaseof

the observation window, which now extended onlyrf downstream of the throat. Figure 6 shows the

instantaneous images captured with the high-sgefiflgnd IR (right) cameras.

13
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Figure 6. Instantaneous images of cavitation and the cooretipg ten@tu)&ield at=1.8.
As already mentioned cavitation near the throathef Venturi ca arly seen. One can sakt th
cavitation clouds, which consist of a large numbietiny bubbles; pos gher temperature thamest of

the flow. This again confirms the hypothesis thékies insid undergo several reboundbeir
lifetime. If a bubble would undergo only one grovethd coll cloud should either be colthéfbubble
would still be growing) or of the same tempera the fluid (if the bubble would beaaquasi

stable state before its collapse), the “hot” regi ppear only for a short period of tifjuet after the

0.15% of the desired value and exactly dateed a

ageeviate as the time progressed.

For a clearer comparison of the t erature andtatimm dynamics and to avoid the influence of the

synchronicity jitter on sion of the recordizda was sacrificed — the temperature differeddeand the
intensity of cavitation s agat the mid height of the channel (see Fig. 4) viiesetaken from each image
and were the c together in a time diagraRign7. The intensity of cavitation structukgss calculated

related id fraction. The time is reportedthe y axis, while the x axis represents theadist from the

as the bri s of the structure in the imagedin white= 100%, blackp = 0%) and could roughly be
the
r

Ve avitation intensity is shown iretleft and the temperatures in the right diagrassuRs for all
cavitation numbers are shown £ 1.3 (top), 1.8 (middle) and 2.3 (bottom)).

14
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ty of cavitation structuregand the temperature differend&E as a function of space (distance

from the Venturi throat) and time fer= 1.3 (top), 1.8 (middle) and 2.3 (bottom).

Figure 7. Inte

We see that both the cavitation structures andethmperatures exhibit vivid dynamics. By moving @dhe y
(time) axis one can see that maximum of cavitati@nsity moves from the throat further downstrearhat
points to the shedding of cavitation clouds. Thggae of higher temperature at first follows the rament of the
cavitation cloud, but later on (near the positidrcloud collapse) somewhat diffuses — this is patérly well

15
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seen for the case of= 2.3 where at the end of the observation windogtemperature is almost constant in
time. We believe that this is a result of heat emtion after the cloud collapse. In the case sf1.3 and 1.8 this
phenomenon cannot be seen since the clouds impfodiber downstream (the observation window extende
only 15 mm downstream of the throat). The positsbrihe observation window also prevented us to vese

temperature decrease to the freestream level wémnhigely seen in mean temperature profiles (Bigad 5).

The shedding and the temperature dynamics are wdlyiperiodic and closely related. The eigenfregiesnof
the phenomenon lie at 166, 200 and 225 Hzforl.3, 1.8 and 2.3, respectively. One can sedhieatavitation
structures near the throat of the Venturi are eold they heat up as they flow downstream. In sintetvals,
when there is almost no cavitation present, thep&gature profile seems to be almost constant gamgle for
c=18att=18 ms).

5 Comparisons to the theory of thermal delay

One of the goals of the study was to investigatethdr the thermal delay theory (presented in se@)ccan be
applied to the cavitating flow problems. The thermelay.theory was developed only for a case oingls
cavitation bubble and more complex approachescaes — mainly due to the lack of experimental datahe
present work we limited our investigation to thesfipn if experimental results roughly comply wiitke theory.
As a test condition we took the caseat 1.3.

First we calculated the pressure evolution alomgntiid height (see Fig.4) of the Venturi channele@ould do
this by CFD, but to limit the number of adjustat&giables and consequently to leave the investigads clear
and as simple as possible this was done by a paltdlov theory approach (Gasta al. 2001). Here one
calculates that as the flow approaches the thrb#thieoVenturi the pressure rapidly drops fromtp vapour
pressure, which persists about 6 mm downstreaimedftroat. During the next 12 mm the pressure theovers

to approximately pressure.he pressure losses were also considered.

Since we are dealing with cavitating flow, one ddaonsider the possibility of interaction betweka bubbles.
This was intentionally omitted, again for the sakelarity of results. We do not know the size lod ttavitation
nuclei-as they enter the Venturi channel. Hencerasemble of nuclei sizes was chosen<R, 1.5, 2, 2.5 and 3
um), which, according to the modified Rayleigh-P&ssquation (Eqn. 5), grew to a maximal bubbleusdi

recorded during the experiment — this was estimfrted the images and was in the order of 5 tqA0

Figure 8 shows the calculated temperature evolsitiancording to Eqn. 3) for 5 cavitation nucleiesizogether

with experimental results for the caseoof 1.3.
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1.4 « Experiment (c=1.3)
1.2 | — Simulation (R,=3.0 um)
101 — Simulation (R,=2.5 um)
" | = Simulation (R,=2.0 um)
0.8 Simulation (R,=1.5 pum)
. 0.6 Simulation (R,=1.0 um)
X 04
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0.0
-0.2
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Figure 8. Calculated and measured temperature evolutiotieimid height of the channel for the case of
1.3.

One can see that the size of the nuclei plays armaje-in the temperature evolution. An approadterg an
ensemble of nuclei sizes was used to calculateetiperature profile is just, since the nuclei do mave an
exact size. One can see that the bubbles undem@romore rebounds as they flow through the loveguree
zone. As already mentioned a single growth andips# would result in a rapid cooling and heatintheffluid.
On the other hand a number rebounds reveals a tatape profile which first drops below the freeatre

temperature and then gradually rises to a higmepéeature — a trend which was observed during é@xpets.

7 Conclusions

There is a great need for experimental data foluatian and further development of methods forghediction
of thermodynamic effects of cavitation. Due to twmplexity of the measurements the existing expemtad
data is extremely scarce — the most advanced ncahégichniques base on evaluation against the merasuts
made in the:1960’s and 1970’s.

In the present work we show high speed IR camemsorements of the temperature fields in cavitalimg of
hot water, which already exhibits measurable (ifsignificant) thermal delay. For the first timesttemperature
fields across the Venturi section were obtainedthademperature dynamics was observed.

Results show that the idea of the thermal delaybeaapplied to the present problem, but one needsrisider
the possibility (probability) that a bubble rebowuturs.

Further work will include measurements in a largenturi section, observations from the bottom siflgenturi

and other fluids than water.

17



International Journal of Heat and Fluid Flow (2013) xxx-xxx; DOI: http://dx.doi.org/10.1016/}.ijheatfl uidflow.2013.10.005

Acknowledgment
The authors would like to thank the European Spancy (ESA), for the financial support in the seay the

project “Cavitation in Thermosensible Fluids”.

References
Brennen, C. E. 1973 The Dynamic Behavior and Caanpk of a Stream of Cavitating bubbles. ASBMEIuids
Eng., 95 (4), 533-541.

Brennen, C.E 1995 Cavitation and Bubble Dynamicgof@ University Press.

Cervone, A., Testa, R. & d'Agostino, L. 2005 Therfatfiects on Cavitation Instabilities. in Helicaldacers.J.
Propul. Power, 21, 893-899.

Dular, M., Bachert, R. 2009 The issue of Strouhahher definition in cavitating flowd. mech. eng., 55, 11,
666-674.

Dular, M., Khlifa, I., Fuzier, S., Adama Maiga, MCoutier-Delgosha, O. 2010 Scale effect on unstedalyd
cavitation.Exp. fluids, 53 (5), 1233-1250

Dular, M., Coutier-Delgosha, O. 2012 Thermodynagffect at a single cavitation bubble growth andagse.
Proceedings of the 8th International Symposium awitation CAV2012 — Submission No. 53, August B-1
2012, Singapore.

Franc, J.-P. & Michel, J.-M 2004 Fundamentals oFi@#ion. Fluid Mechanics and Its Applicationg6,
Springer.

Franc, J.-P., Rebattet, C., & Coukon, A. 2004 Apdiknental Investigation of Thermal Effects in avifating
Inducer,”ASMEJ. Fluids Eng., 126 716—723.

Franc, J.-P., Boitel, G., Riondet, M., Janson,H&amina, P. & Rebattet, C. 2010 Thermodynamic Eftetta
Cavitating Inducer-Part II: On-Board Measuremerit$amperature Depression Within Leading Edge Cewiti
ASME J. Fluids Eng., 132(2), 021304.

Fruman, D.H., Reboud, J.L. & Stutz, B. 1999 Estiovatof thermal effects in cavitation of thermosébiesi
liquids. Int. Journal of Heat and Mass Transfer, 42, 3195-3204.

18



International Journal of Heat and Fluid Flow (2013) xxx-xxx; DOI: http://dx.doi.org/10.1016/}.ijheatfl uidflow.2013.10.005

Gaston, M.J., Reizes, J.A., Evans, G.M. 2001 Maudglbf Bubble Dynamics in a Venturi Flow with a Botial
Flow Method, Chemical Engineering Scient6, 6427-6435.

Goncalves, E., Fortes Patella R. 2010 Numericatlystaf cavitating flows with thermodynamic effect,
Computers & Fluids39, 99-113.

Goncalvés, E., Fortes Patella R. 2011 Constraimtsquation of state for cavitating flows with theaynamic
effects, Applied Mathematics and Computatidh?, 5095-5102.

Goncalves, E., Fortes Patella R., Rolland J., RoufB., Challier G. 2010 Thermodynamic Effect on a
Cavitating Inducer in Liquid Hydrogen, Journal ¢fils Engineeringl32 111305-1.

Hale G. M. & Querry M. R. 1973 Optical constantsafter in the 200 nm to 2Qfm wavelength regiorAppl.
Opt.. 12, 555-563.

Hauke, G. , Fuster, D. & Dopazo, C. 2007 Dynamica single cavitating and reacting bubliysical Review
E, 75, 066310.

Hord, J., Anderson L. M., Hall W. J. 1972 Cavitatia Liquid Cryogens | — VenturNASA CR-2054.

Hord, J. 1973a Cavitation in Liquid Cryogens |l ydfofoil. NASA CR-2156.

Hord, J. 1973b Cavitation in Liquid Cryogens 11D0gives.NASA CR-2242.

Hosangadi, A., Ahuja, V..2005 Numerical study ofitation in cryogenic fluids, Journal of Fluids Engering,
127(2), 267-281.

Kato, H. 1984, Thermodynamic Effect on IncipientdaDevelopment of Sheet CavitatioRroceedings of
International Symposium on Cavitation Inception, New Orleans, LA, 127-136.

Plesset, M. S. 1949 The dynamics of cavitation bagB. Appl. Mech., 16, 277-282.

Rimbert, N., Castanet, G.,, Funfschiling, D. 201Xpé&rimental Study by Two-Colors Laser-Induced-
Fluorescence of the Thermodynamic Effect in Mictwa@nel Cavitation. Proceedings of the 8th Inteomei

19



International Journal of Heat and Fluid Flow (2013) xxx-xxx; DOI: http://dx.doi.org/10.1016/}.ijheatfl uidflow.2013.10.005

Symposium on Cavitation CAV2012, August 14-16,208ingapore.

Ruggeri, R.S., & Moore, R.D. 1969 Method for Préidic of Pump Cavitation Performance for Variouslulids,
Liquid Temperature, and Rotation Spedd&SA TN, D-5292.

Sarosdy L. R & Acosta A. J. 1961 Note on observatiof cavitation in different fluid$ASME J. Basic Eng., 83,
399-400.

Sekita, R., Watanabel, A., Hirata, K. & Imoto, (A lessons learned from H-2 failure and enhanceofdan-
2a projectActa Astronautica, 48 (5-12), 431-438.

Stahl, H. A. & Stepanoff, A. J. 1956 ThermodynarAgpects of Cavitation in.Centrifugal Pum@gsSME J.
Basic Eng., 78, 1691-1693.

Stepanoff A. J. 1961 Cavitation in centrifugal pumyth liquids other than watel. Eng. Power, 83, 79-90

Utturkar, Y., Wu, J., Wang, G., Shyy, W. 2005 Régarogress in modelling of cryogenic cavitation figquid
rocket propulsion, Progress in Aerospace Scierdde$58-608.

Wang, VY., Yuan, X., Zhang, Y. 2012 Experimentaldstigation on the pressure characteristics of galitsure
region. Journal of Marine Science and Applicatitin(4), 462-468.

Watanabe, S., Hidaka, -T.; Horiguchi, H., Furukawa, & Tsujimoto, Y. 2007 Steady Analysis of the

Thermodynamic Effect of Partial Cavitation Using t8ingularity MethodASME J. Fluids Eng., 129 (2), 121-
127.

20



