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Analysis of a Cavitation for the ESS Target Model
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Abgract - In the present work some aspects of cavitation
influence on the European Spallation Source (ESS)qiuid metal
target are investigated. The analysis is based oncalculation of
the bubbles’ radius change for bubbles moving along changing
pressure field.

The shape of pressure field is obtained from numera
investigation of fluid flow in the ESS model. A simfified
pressure model is used to find how a bubble’s radaudepends on
pressure and temperature. The main goal of this wdr is to
determine conditions (such as bubble initial radiustemperature,
pressure) leading to bubble’s growth or collapse.nl all cases
“stability” curves (curves dividing area of bubble growth from
area of bubble collapse in dependence of some paratars) are
constructed.
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|. EQUATIONS

The dynamics of a radius of bubbles was analysed) ulse
Rayleight-Plesset equation in case of so callecertial
controlled” behaviour of vapour bubble (no any otgases
inside bubbles) in viscous fluid [1]:

d°R  3(dR)
R—+—-|—| +
dt®* 2{ dt
whereR(t) is the radius of a bubble,is the surface tensiop,
is the dynamic viscosity angd is the density of a fluidps is
the saturated vapour pressure a) is the pressure in fluid
outside a bubbld¢,denominates time.
In this case the temperature in the fluid and & bubble

considered equal, no mass transition between al®uailolol the
outer fluid exists. The surface tension, dynamiscosity,

20 4udR_p, plt),
pR pRdt p p

1)

The equation (1) was solved numerically using Wuotfr
MATHEMATICA 5.2 package. The provided command
NDSolve was used to calculate the radius of a lmulaiid
velocity of the bubble wall. As solution method thetomatic
method was used. The NDSolve command also provides
possibility to use some other methods such as aihmind
explicit Runge-Kutta and Adams methods, but congoariof
solutions shows that difference between obtaineuli® is
about 10* m, so the Automatic method was used.

Il. THE ESSTARGET MODEL

The model of ESS target is shown on Fig. 1. Theutated
pressure distribution is shown on Fig. 2.

To model the pressure field in the target the feifg ideas
was used. First, according to the calculations méate
proposed target configuration the pressure in thet foart of
the model in some regions changes from value ofcapd @

Pa to -2.5-1D0 Pa very fast, so pressure profile can be
approximated by the curve like shown on Fig. 3.sTéurve
can represent as a pressure in a region of a ffow @essure
along whole model depending on time scale. Thiveuwvas
constructed in the following way. The basic valge the
pressure at the inlet (point 1 on curve). In ousecé was
taken 16 Pa. The pressure value at point 2 (termed in this
analysis “1st turn-point”) is equal to 95% of theegsure at
inlet (9.5-10 Pa). At the 3rd point (termed “middle point”) the
pressure is 25% of the inlet pressure (2.5A#). At the 4th
point (“2nd turn-point”) pressure is 55% of theenpressure
(5.5-1¢ Pa), and at the 5th point (“half of end-path”)2%%
(5.25-10 Pa). The pressure at the outlet is equal to 50%eof
pressure at inlet and its value is 5-Fa. To construct the

density and saturated vapour pressure are deperatentcurve shown on figure an interpolation had beerd uaking

temperature but are constant at fixed temperatataev For
this approximation the temperature is considerafbm. It is

applicable because — as results show — in caseulobld®
collapsing the lifetime of bubbles is about milisads so the
temperature does not change significantly. In askubble
growth the temperature along the path of a bubblalso
growing, and these obstacles cause bubble growth.

The initial conditions for (1) are conditions oftihile stable
state: the initial radius iRy, and velocity of bubble wadR/dt
is zero.

The 3 sizes of bubbles were analysed: with theusadi
mkm (10° m), 10 mkm (16 m) and 100 mkm (I&m). The
values for physical parameters of fluid and vapang taken
according to working temperature values for differéuids
used in ESS target.

into account pressure values at points and lstatares, and
also assuming that pressure changes almost linbatlyeen
points.

Fig. 1. The ESS target
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I1l. PHYSICAL PARAMETERS FORHG DEPENDING ON
The time scale for this pressure distribution iswated for TEMPERATURE INSI UNITS
the whole model. The average fluid velocity 1.5 m/s pere the graphs for used physical parameters ofatéy
(corresponds to the flux 15-3@n’s and the area of the Cross-presented.
section of 100 cA). The length of model is 1 m. Full path is 2
m. So, maximum time is approximately 1.3 sec. Tommts

Surface tension

of a flow are taken at 0.9 and 1.1 m far from thieti 0. 415¢
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Fig. 2. The pressure distribution in the ESS target
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Fig. 3. The distribution of pressure in fluid uséa calculation Piq).
Pressure is depending on time in seconds. Pointsinlet, 2- 1st turn-point, 123900
3 — middle-point, 4 — 2nd turn-point, 5 — half oidepath
12850
This pressure profile can be easy modified. Alse th
additional pressure (positive or negative) can pplied to 250 200 220
this profile, moving the curve up or down as neaggsbut \w\
not changing the shape of profile. According to &hd [2], Dynamic viscosity
the cavitation is possible in case of fluid presslass than 0. 98}

saturated vapour pressure at the concrete temperdthis
means, that the pressure in fluid can be calculatethe

following way (t represents time): 0- %61
Prua (t) = Pmt)+ Py 5 0.94r
: 2)
wherep, is the model pressure profile apglis the additional 0.92
pressure. Taking appropriate pressyg we can obtain
necessary pressure distribution relation to theratgd vapour ‘ ‘ ‘ ‘
pressure to check cases when cavitation is possible 280 300 320 %\
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IV. THE RESULTS OF CALCULATIONS
The following results are obtained for mercury Hgtlee
temperatures 250, 300 and 350 C. The additionasprepg
in (2) is taken to satisfy the condition at theeinlp,,, < p
at 250 C. So the relation between the pressurkioh dnd the

saturated vapour pressure at different temperatgrebown
on Fig. 4.

p, 16 Pa

075 [ ps at 356C

ps at 306C

ps at 256C

Puia

Fig. 4. The pressure in fluid and the saturatecduapressure at 250, 300 and

350
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Bubbles are growing at temp= 300 C

Fig. 4.1. Dependence of bubble radius on time at itliet for different
temperatures. a) for a collapsing bubble, b) fgrawing bubble

As an example the two figures (4.1a and 4.1b)
characterizing behaviour of bubbles are shown: kasbbf the
equal initial radius 16 m at the inlet at temperatures 250 C
and 300 C. For all other cases the depending afisafbr
growing and collapsing bubbles is similar. On théigeres
the R(t) represents the dependence of the bubble radius on
time. For growing bubbles the scale is not showeabsee (as
calculations show) the radius reaches values oblnieters
that is not possible in a model with cross-sectbrl00 cnf.
Such results just show that the type of cavitatbanges or
there are too many bubbles appears in fluid.

The dashed line represents the pressure in fluid from
the moment of bubble born to the bubble collaps¢oathe
moment of bubble leaving a model.

The solid lineps represents the saturated vapour pressure at
the corresponding temperature.

In case of bubble collapse the calculated timeutte life
is shown under the figure.

5. ANALYSIS AND CONCLUSIONS

As the figures above show, the small bubbles oiigad0®
m collapse at all temperatures, bubbles of radi0§
collapse at low temperatures and grow at high teatpees,
and bubbles of radius T0Om grow at all temperatures. This
can be explained by following.

The equation of vapour bubble equilibrium state is

pfluid = ps —ZO-/R, (3)
wherepy.q is the pressure in fluigy is the saturated vapour
pressureg is the surface tension and R is the radius of the
bubble. In this formula saturated vapour pressuck surface
tension are depending on temperature and with ¢rooft
temperature the first is growing, but the secondce versa.
For large bubbles the saturated pressure at lowdgatures is
approximately equal to the pressure caused by tinface
tension force, and the exterior pressure in fl@dses collapse
of a bubble. At high temperatures the situationngles and
the saturated vapour pressure is sufficiently gretttan the
surface tension. In this situation vapour presqushes on
bubble wall from inside and cause growth of a bakblthe
exterior pressure is less than the vapour pressurease of
small bubbles for all temperatures the saturatedowa
pressure is weaker than the surface tension, s@xterior
pressure in fluid causes bubble collapsing. In cddsubbles
of a medium size at low temperatures the surfansida is
greater than the saturated vapour pressure, soldsulzive
collapsing, but at high temperatures — vice vefdanedium
temperatures in some cases the 1st situation qQcbutsin
other cases — the 2nd, so results for this sizeubbles may
be different.

The equilibrium state equation also shows the ofl¢he
pressure in fluid. If this pressure is less thamrséed vapour
pressure, the bubbles may grow. The larger is ifierehce
then the larger is possibility of cavitation.
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The tables below illustrate the results achievednéans At t=300 C the pressure difference overtakes thfase
collapsing of a bubble, G — growing of a bubble. tension for large bubbles and at the middle poifar-medium
TABLE | size bubbles.
RESULTS FORHG And at t=350 C the pressure difference cause grawémy
point not only for large size bubbles, but alsorf@dium size
At t=250 C. iy
radivs m | et T 1strorm | widdie o o Bialt of bubbles. And only for small bubbles surface tenssoenough
' point point point end-path to coIIaps.e bubbles. . .
0° c c G G G According _to the results obtained, the following
o7 = = = = = reco_mmenda}tlon can be made. _
If it's possible, it's necessary to control theesiaf bubbles
10° c c c c c in a fluid, allowing only bubbles of sizes whichllepsing at
the chosen pressure in fluid.
At t=300 C. Apply to the system the pressure that is greaten ttne
Radius, m Inlet Lstturn-| Middle 2nd Half of saturated vapour pressure at temperature in théersys
point | point - end-path | Aqditional calculations, which results doesn't imbéd in this
e S S S rzln S report, show that if the fluid pressure in the em;tis_greater
than the saturated vapour pressure (the presstine atlet of
10° c c G c c the system was taken ’Pa, but saturated vapour pressure of
10° C C C C c mercury at t=350 C is 89684.6 Pa), bubbles of @k s

observed are collapsing.

At t=350 C.
Radius, m Inlet st turn- | Middle 2nd Half of VI. ON CAVITATION IN PB AND PBBI EUTECTIC
point point urn- end-path The same analysis as above was made for lead Pleaohd
point A ) i A A
" bismuth PbBi eutectic. The results obtained aravshim the
10 G G G G G . )
tables. In case ob bubble collapse the time ofapsk in
10° G G G G G

- milliseconds is written in the appropriate cells.
10 c c c c c The temperatures observed are 350, 365 and 380aa. D

for physical parameters are taken from [3]. Thesguee
The same results graphically are shown on Fig.ubbBes profile is the same, but the pressure at inletggaé to the

with radius above corresponding line will grow, de&l — saturated vapour pressure at the lowest temper&iureach
collapse. fluid.
TABLE I
RO 300 C 250 C RESULTS FORLEAD PB
4 At =350 C.
10 Radius | Inlet 1st turn- Middle 2nd turn- Half of
m point point point end-path
10* c c G G G
10° 350 C — 0.095317 | 0.137002
10° c c c c c
0.003028 | 0.0031099 | 0.006504 | 0.0041417 | 0.0042343
— N | —] 82 9 81 1 3
10° 10° c c c c c
t,s 0.000097 | 0.0000975 | 0.000101 | 0.0000996 | 0.0000997
292 467 336 588 801
0 0.€ 0.6¢ 0.73¢ 1
Fig. 5. Approximate curves of bubble stability At t=365 C.
Radius | Inlet 1st turn- Middle 2nd turn- Half of
From these tables the role of the difference betwibe | ™ point point point end-path
. . 4
saturated vapour pressure and the pressure in daid be | 10 c c G G G
derived 0.095409 | 0.137412
; : 2
At t=250 C the pressure difference causes bublbevttr -
only for large bubbles starting at the middle paht model. 10 5003031 (():003112 5006556 (():0041417 (():0042451
From this point surface tension for large bubblesinot 5 74 55 17 ‘
compensate pressure difference, so bubbles ardrgowor 0° c c c c c
medium size and small bubbles the pressure differerot 0.000097 | 0.000097 | 6.000101 | 0.0000996 | 0.0000998
enough to enlarge bubbles. 3105 566 369 854 072
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At t=380 C. At t=380 C.
Radius | Inlet 1stturn- | Middle 2nd turn- | Half of Radius | Inlet 1st turn- Middle 2nd turn- | Half of
m point point point end-path m point point point end-path
10* C C G G G 10* c c G G G
0.095502 | 0.137829 0.099757 | 0.155489
6
. 10° C C C C C
10 c C C c C 0.003164 | 0.0032618| 0.0102722 | 0.0046148 | 0.0047504
0.003033 | 0.003115 | 0.006610 | 0.0041616 | 0.0042561 85 1 5 2
66 58 15 9 2 5
- 10° C C C C C
10 c c c c C 0.000101 | 0.0001014| 0.0001059 | 0.0001039| 0.0001040
0.000097 | 0.000097 | 0.000101 | 0.0000997 | 0.0000998 133 32 33 32 76
3367 5931 41 201 424
Ro
Ro
! 10"
10"
10—5 10-5
: 6
10° 10
t,s t,s
0 0.€ 0.6¢ 0.7¢ 1 0 0.€ 0.6¢€ 0.73: 1

Fig. 6. Approximate curves of bubble stability (&t temperatures)

TABLE |
RESULTS FORLEAD-BISMUTH EUTECTIC PBBI
At t=350 C.
Radius, Inlet 1st turn- Middle 2nd turn- Half of
m point point point end-path
10* C C G G G
0.0997 | 0.154856
08
10° C C C C C
0.0031 | 0.0032602| 0.0099804 | 0.0046006| 0.0047343
6384 9 5 6 1
10° C C C C C
0.0001 | 0.0001014| 0.0001059| 0.0001039| 0.0001040
01157 56 36 44 88
At t=365 C.
Radius | Inlet 1st turn- Middle 2nd turn- Half of
m point point point end-path
10* C C G G G
0.099732 | 0.15517
3
10° C C C C C
0.003164 | 0.0032610 | 0.010122 0.0046076 | 0.004742
32 3 9 29
10° C C C C C
0.000101 | 0.0001014 | 0.0001059 | 0.0001039 | 0.000104
143 42 32 32 08

Fig. 7. Approximate curves of bubble stability (&t temperatures)

These results can be described in the same waycasé of
mercury. Recommendations also are the same.

VII. ON BEHAVIOUR OF A VAPOUR BUBBLE
CLOSE TO THE POINT OF EQUILIBRIUM STATE

To test behaviour of a bubble in case of high pness
gradients the 2 modifications of pressure profilsswnade.

The first modification does not affect the shapepuadfile
shown on Fig. 3, but the additional presguye (2) is chosen
in the following way: the pressure at the inletsisch that
pressure at the middle of the profile part betwgeimt 3 and
4 is equal to theP~29/RwhereR, is an initial radius of
bubble. In this case a bubble is in an equilibratate. For the
different temperatures and the different radiupubbles the
pPo also will be different. The graphs of these pesfilare
shown on Fig. 8.

Bubbles of desired radius are starting at thedefss-point
of pressure profile and linePs ~20/R As calculations show
bubbles of all sizes and at all temperatures are/igg.

The second modification changes the shape of prdfile
pressure at the middle point 3 will be now equatht® -25%
(-0.25-16 Pa) of the pressure at the inlet. In addition fits
modification will be used. The pressure profile Babbles of
radius 10 m and temperature 350 C is shown on Fig. 9.
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. t=350 C, R=10* m.

t=250 C, R=10"m.
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Fig. 8. Pressure in fluid for different temperatuand radius of a bubbles.
Pressure in T0Pa (vertical axis), time in seconds (horizontasptorizontal

od lines shows a level oPs =29/ Ro
t=300 C, R=10* m.

I

pI—

0.2 0.4 o6 0.8 1 1.2

" t=300 C, R=10° m.

B 0.6

| \/\ .

-’ Fig. 9. Modified pressure profile at 350 C. Pressinr1G Pa (vertical axis),
time in seconds (horizontal axis). Horizontal linseow the level of

7 P.—20/Ry

=300 C, R=10°m.
Bubbles start at the same point as above. Obtaiemdts

. show that bubbles of small (20m and 10 m) grow, but

g /\ bubbles of large radius (fOm) collapse. But this doesn’t

X \/ mean that if small or medium size bubbles reachsthe of
T R Y ¥ S large bubble, a growing changes to a collapsinghis case

the initial conditions are different — the initi@elocity of
bubble wall in case of growing small or medium blekis not
zero as in case of large bubbles for which théainielocity is
equal to zero (equilibrium state). In case of graybubbles
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the inertia of a growing bubble wall prevents codla of
bubble. p
In both cases if a bubble appears in the zone pritssure 0.8
above the line P==29/R it will collapse. So to avoid
cavitation it is necessary to hold minimal pressimrefluid
greater than theP-~29/Ry The dependences of minimal 0
pressure in fluid to dump a cavitation on a tempeeaand on
a radius of bubbles are shown on Fig. 10. Belowlities the 0.4
cavitation exists, above — cavitation is dumped.
1 0.2
p
i
0.5f 350C
25;0 360 320 34‘0 t, C

0.00006 0. 00008 0. 0001 Fig. 11. The dependence of the minimal pressurituid on a temperature.

Ry, M Pressure in ToPa
-0.5r
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and numerical experiments, the minimal requiredguee in a
fluid to dump cavitation must be greater than theumsted
vapour pressure at desired temperature. The depesdsf
this on temperature for mercury Hg is shown on Eig.

J. E. Freibergs, V. Kremapeckis. Kavitacijas analize ESS narka modeif

Saji darta tiek petiti daZi kaviticijas ietekmes aspekti uz ESS (European Spall&mnce) idro metilu mérki. Analize ir balstta uz burbiu radiusa izmaias
aprkinaSanu, burbliem parvietojoties maifgaja spiediena lauk Galvenie fiziklie parametri, kas ietekénuz burbdi, ir Skidruma tvaika spiediens burlul
virsmas spraigumskg&ruma viskoziite un spiedienskfdruma. Tiek (Etita tikai tvaika kavicija (burbut ir tikai &idruma tvaiki). Fiziklo parametru &tibas
izveléti trim Skidra metla veidiem, kurus aho izmanto rarki: davsudrabam, svinam un svina — bismuta saijaosam. Katram §drumam ir rakstugs savs
darba temperatu diapazons, kas ir no.... gan ar pag&id@®mu fizikalam ipasbam, gan ar siltumu, kas izdal nerki dalipu apstarojuma &. Katram
Skidrumam iz\&letas tis temperatras \Ertibas: darba diapazona robezas un viduspunkts. Speeduka veids ir i2lets saskaa ar &idruma ptismu model
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kas ir iedits plismas hidrodinamikas skaitlisko akinu rezultita. VienkarSots spiediena modelis tiek izmantots, lai nogkdidburbua radiusa atkaibu no
spiediena un temperags. Tiek ptitas sitdcijas, kas atbilst buriju raSanai daidos mod& punktos, un to kuiita pa Eidruma ptismu modal Galvenais 8
darba nerkis ir noteikt nosaumus (&dus K burbua sikotrgjais radiuss, temperata, spiediens), kas ieteknuz burbla augSanu vai sabrukumu. Visos
gadjumos ir konstrétas ,stabiliites” liknes (tknes, kas atdala burfzuaugSanas apgabalu no bugbsabrukuma apgabalu atarno dazdiem parametriem).
Ka ilustracijas uzzmétas rakstuigas tknes, kas rada burkaiadiusa augSanu vai dilSanu. Taimilvisiem gagumiem uzra@ti burbuu davibas laiki tdz
sabrukSanai. Dafbaf noradti kavitacijas vadSanas iesgas.

51. D. ®peiidepre, B. Kpemenenxnii. AHaIM3 KaBUTAOUH B MoJeJ i Mumenn ESS

B naHHO# cTaThe paccMaTPHBAIOTCS HEKOTOPHIC aCIEKTHI BIMSHHE KaBUTAILIMK Ha JKHIKOMETaUIHYecKylo Mozeis MutueHn ESS (European Spallation Source).
AHanu3 OCHOBaH Ha pacueTe M3MEHEHHMs pajuyca ITy3bIpbKa MPH €ro ABIKEHHH B MEHSIOMIEMCs Tone aaBieHus. OCHOBHBIMH (DM3MYECKHMH TapamMeTpaMH,
BJIMSIOIMUMYI Ha Iy3BIPEK, SBITIOTCS JABICHUE IApOB JKUAKOCTH BHYTPHU ITy3bIPbKAa, CHJIA ITOBEPXHOCTHOTO HATSDKCHHS JKHIKOCTH, BS3KOCTH JKHIKOCTH U
JIaBJICHHE B JKMAKOCTH. M3ydyaercst TONBKO MapoBasi KaBUTAlKs (Ily3bIpb HAIIONHEH TOJBKO MapaMu XKHAKOCTH). 3HaueHHs (GU3MYSCKUX apaMeTpoB BbIOpaHbI
JUISL TPEX THIOB >KHIKHX METaUIOB, HCIOJb30BAHNE KOTOPHIX IUIAHUPYETCS B MHIICHH: PTYTH, CBHMHIA M CIUIaBa CBHHEI| - BUCMYT. [l KakIOH M3 3THX
XKHAKOCTEH XapaKTepeH CBOH IHala3oH pabodnx TeMIeparyp, 00yCIOBICHHBIH Kak (pU3HIECKHIMH CBOMCTBAMH CAMHX XKXUAKOCTEH, TaK M TEIIOM, BBIICISICMBIM
IpH 00JIy4eHUH MOJIENH YacTHIaMH. JIIs KaXIoM KUAKOCTH BBEIOPaHBI 3 3HAUYCHHS TEMIIEPATyphl: IPAHMIIBI paboYero quanasoHa u ero cepeauHa. dGopma noms
JIaBJICHHS BHIOpaHa B COOTBETCTBHH C IIOTOKOM KHJKOCTU B MHILICHH, IIOJy4YE€HHOTO IyTEM YHCICHHOTO PacyeTa IMAPOANHAMUKH MOJICIHN. YTIPOIIEHHAs MOEIb
IOJS JABJICHUS HCIONB3yeTCsl OIS ONpEAeNiCHHs paguyca ITy3bIpbka B 3aBHCHMOCTH OT JaBICHHS M TeMIIepaTypbl. PaccMaTpuBalOTCs CHTYyallWH,
COOTBETCTBYIOLINE MOSBICHHIO ITy3bIPHKOB B Pa3HBIX YacTAX MOAEIHM, M UX ABMKEHHE BJIOJb ITOTOKA KUJIKOCTH B Mojend. OCHOBHOM LIeNbI0 JaHHON paboThI
SIBJISICTCS BBISIBJICHHE YCIIOBHI (HarpuMep, HauaibHbIN pajiuyc My3bIpsi, TEMIIEPATypa, JaBJIeHHE), BIMSIOIMX HA POCT Iy3bIPs WM €ro cxJonbiBanue. Bo Beex
Cllydasix CTpOSITCsI KpHBbIC "ycToiuMBOCTH" (KpHBas pa3zieisiionias 001acTs pocTa My3bIpsi OT 007IaCTH CXJIOMBIBAHKS ITy3bIPsi, B 3aBHCHMOCTH OT Pa3inYHBIX
napamerpoB). B kadecTBe miumocTpaluii NpUBEaCHbI XapaKTepHbIe KPUBbIE, MOKa3bIBAIONINE POCT HIIH YObIBAHHE pajuyca Iy3bpbKa. B TaGiuiax s Bcex
paccMaTpUBAEMBIX CITydaeB MPUBEACHO BPeMs XKH3HHM ITy3bIPbKOB 10 MX CXJIONBIBaHMS. B paboTe yka3aHbl BO3SMOKHOCTH YIIPaBJICHHs KaBUTALHCH.
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