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ABSTMCT

Dynarnlcs of a multlple bubble systera ln a BWR

suppresslon pool have been studied consldering
lnteractlons betseen bubbles. Based on the Potential
flow theory, these dynamlc lnteractlons have been
expressed assurolng spherlcal bubbles. ExtensLon to an

arbltrary pool conflguratlon has been made by use of
the boundary element method' Numerlcal results for
alr bubble osclllation have shown that the
lnteractlons cause frequency and magnltude to decrease
provlded the bubbles osc111ate ln phase. Experlmental
verlficatlon has also been carrled out uslng slmulated
alr bubbles.

NOMENCLATURE

f : Erequency, s-t.
F : Load vector, mJsl
Hft : Coefflclent matrlx
K : Coefflcient matrlx
11 : Number of boundary divlsions
n : outr.rard normal vector on the boundary
N : Number of bubbles
P : Pressure, Pa

r; : Distance from bubble center' m

rii : Dlstance between tth and Jth bubbles, rn

Ri' : Radtus of ith bubble, m

111
Effectlve radius ( -; - 

- 
- 

-\;i;;:-; R- R Ii"''
Coefficlent matrix
Fluld veloclty, n/s
Fundaaental solution to Laplace
equation, o-l
volunetrlc flow rate (=n'n), n3/s
Vector variable (= (xr , Xz, .....x*)' , m-/s
Angle between vectors n and r,, , rad.
Delta functlon
Kronneker delta
Density of water, kg/m'
Image potential on.{th boundary segnent'
m/s

: Potential at the center of lth bubble due
to image of jth bubble, ur:/s

!; : Potentlal fleld lnduced by lth bubble, m2/s
f' : Dirichlet boundary (varlable glven)
f2 : Neumann boundary (flux glven)
0 : Angle between vectors n and r5o, rad.

Subsc ri.p t s
B : Bubble
e : Outer range of lntegratlon
I,J :Bubblenumbering
k, / : ELement numberlng on the pool boundary
@ : Equlllbrlum .

Supe rsc rlp ts
, : Tlme derlvatlve
* 3 Reglon amblent to bubble
T : Transpose

1. INTRODUCTION

Hydrodynamlc load may be applied to a BWR

contalnment vessel due to osclllatlons of alr bubbles
whlch are dlscharged durlng safety rellef valve
actuatlon. IDportant aspects of thls phenomenon
include pressure dlstrtbutlon on the pool boundary and
the correspondlng time hlstory.
. Based on the potentlal flow theory, Lamb solved

the dynamlcs of a slngle spherlcal cavlty ln an
lnfinlte pool (1), whlch was expanded by Antony-Sples
to a flnite pool wlth slmple geometry uslng Lagranglan
dynanlcs (2). Glencke also showed that the motion of
a single bubble was constralned by the exlstence of
the pool boundary (3),

In appllcatlon of the prevlous theorles to a
multiple bubble system, independent bubble behavlour
has been assuroed so far. This assumption, houever'
seems to be valld only lf the bubbles are dlstributed
sufficlently far apart. Iherefore, the present
analysls treats the behavlour of multlple bubble
sys ts[ taklng lnto account dynamlc lnteractlons
betweeir them. The lnteractlon ls formulated ln such a

way that pool pressure amblent to each bubble ls
composed of dynamlc pressures contributed by the other
bubbles. Hence, equatlons of motLon for lndivldual
bubbles are expressed ln a coupled form,and requlre
simultaneous solutlons.

The method can be directly extended to a flnlte
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changed is alSO dOne.

2. ANALYSIS

iii:::i:liF:lilil[i[:i阜 lilil逮|]:]11111奮tii:i[:[::i:

for fluid :

together. Extensfgn    tO    al   arbitrary   pool

Momentum :

FIG. 1 i/ODEL ING OF MULTIPLE BUEBLE SYSTEM

With arnblent pressure P*' integratlon of eq'(1)
for the lth bubble glves

( ; - *) ;, . )[t*f ,)8,' : i'',, - ft* ) rst

.\ssumlng (R; /r. )*<<. I and rer'r-ritlng pressure ln terms

of dynamlc to*ponent lP (= P-P-)' se have an

approxi-mation for eq. (9) glven by

t .'. I ;2 I r,e4*, -ZB; --;(afa -aP,*) (10)
l<;

ttl
-=- :Bi Ri re

Evaluatlng the anbient pressure dPl at the center

of the ith bubble, we have

,tD, _ o# _Ia (rr)ori :, fi, Cj

Substitutlon of eq. (11) lnto eq' (10) Slves

ith

ith bubble
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Integratlon of eq. (l) in the -range 
of R 9r <@

after substitution of eq' (2) leads to a classlcal
Rayleigh equation:
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■here velocity potential φ iS defined as

u : _Vf
Notlng the relatlon

froln eqs.

eq。  (4)

(2)and (5), We

,X=R'マ   (6)

have an alternative forrn for
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If  we  aS Sunle  each  bubble  behaVes  independently,

:;n:1:Cm:[i::u:: [:leiP::l:::lea::::::° ittStem iS il:in

4P =′

:l::iertodin:i::hai::][1:lelir:letl:。 linter of the ith

2.2 MultiPle  bubb le   behaviours   With  interactions
c Ons ide red

FIC.l  Concep tualizes  the  interactions  betWeen

ilitlillionThλ rShad:lnr::i>hedillt'lubll[ 鮮  ti:

pressure  distributiOn  Contributed  from  the  other
bubbles is asSumed tO be hmogeneous.
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FT二 (孫十千, 一′孫 +千 )
in   matrix   K   exhibitOff― diagonal   termS

interactions  among  bubbles.   It  iS  pOSSible  tO
silnPllfy Ri by the f。 1loW翼

:rel::liicIIIy: 'ttド

ユ

li:;in tlliCh each bubble behi
reduces to a slngle equatlon

r N , \... YL , !& (13)( j{*fi,-r:,)xt - ,fi*-t
,h".. A '. i'+ has a value lndependent of each

iuuur".a Pro/'iid;'t the bubbles are-crowded together'"-+;Z;{ 
+ holds. rherefore, ?1 can be replaced

"ikpiy''uy''n;i. 
t.te assume thls approx{matLon ln a

general case. Substltutlng the soiutlon of eq' (12)

lnto eq. (8), one obtalns dynamlc Pressure ln pool'
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Then, amblent pressure /Pl correspondl-ng to eq. (11)
becomes | '

4ギ =ρ弄
:;d element lijoL

″々=

(15)

is given

(16)

outlined
equation

(17)

free surface.

(17)' te have an

(18)

ls avallable. For example, as is shown
set.tlng up an lmage source or slnk across
to satlsfv respectlve boundary condltion
treat the boundary value prob 1em ln
domaln.

in FIG. 3,
the bOundary
only, we can
an  infiniter―メ:+φサ)も十′4′受i

the coefficient Flatrix K

可ケ
十卜
嗜 (」
≠ι)

青
十夕

)′  
ζ」=ι )

Procedures to obtaln the lmage term are
be1ow. Mass conservatlon glves the followlng

_2./ r4wXiSCr;):ov r; 1

w-ith boundary condltlons
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(a) Procedure to obtain ith image on the boundary

{b} Procedure to Obtain potential at ith bubble from

the image of the ith bubble

FIG.2  PROCEDURES IN THE BOuNDARY ELEMENT METHoD

- 0 on rlgld ral1,

Insertlng eq. (14)
alternatlve form rrlth

Yz7 d.vt,

4

?9, 2 tt t 2+---t- 'on rlgld wal I (f)-7n -,ntn/'
4 , : - + on free surface (f ),l 

\
Eq. (18) lras solved by the boundary element

method. Laplace equatlon (eq. (18)) can be
transforned lnto a boundary lntegral equatlon conposed
of the unknorn varLable / on the boundary alone.

zlr+ " [*#rf=f*rrf (re)
'f rr

Here, W ls a fundamental solutlon to the Laplace
equatlon expressed by

I
W : -F (20)

FlG.2 lllustrates the procedure. Dlvldlng the
boundary lnto M pleces, we have a dlscretlzed form of
eq. (19) H

i, ,r,*, - * rr, (#), t*t.y) (zt)
Hkt :2rc f,q - "it e on- fit
_j_ Al-t
tk2 -

vlth the boundary """Orfii." for the lth bubbles as

' I 
-,\ ,zdt cosdPz-- ry (o"r'), (ffL=trftn1')(zz)

Apqlylle- eq. (22) .to eq. (21), we can determlne f, on 12
_"nd (rn4 ), on f ' respectlvely for the ith bubJle.
.xepeatlng thls calculatlon for each bubble, tle canobtaln N sets of lnage values and fluxes on theboundary. The veloclty potentlal at the center of thelth bubble deflned by the lmage source of the Jthbubble f.. can be evaluated by the followlng,,)

f, 
^: *{ L(#)i'''r -1,9'r#t,q}<nt

l:t". (;; ); and 6.; are glven by rhe prevtousc.aIculatlon.r' Ttrus, tfe hage- term pr; in eq. (16) lsobtalned. For a slnpl. g.o-r"try, the/method of lmage
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3. RESULTS fu\D DISCUSSION

3.1 Effect of bubble lnteractlon
0scl1latlon by submerged alr bubbles lras taken as

an exaople to evaluate the effect of Lnteractlons
berreen bubbles. Isentroplc bubble behavlour was
assuned. Behavlours of two bubbles ln an lnflnl-te
pool are shos'n ln FIGs. 4 and 5 wlth and L'Lthout
lnteractlons betreen them. Dlstance between bubbles
was set at three tijnes the equlllbrium bubble radius
value, Identlcal bubble radlus and lnltlal condltlon
were assumed. Interacti.ons are seen to lower the
frequency and decrease magnltude of d1'namlc pressure
lnduced 1n pool.

lnteractions
lvA7i t hou t

い/ith

other by dlstances greater than ten tlmes the radius
va1ue. One can also conclude that the exlstence of
wa11 scarcely restrlcts bubble motlon and bubble
behavlor can be descrlbed dlsregardlng the wal1 effect
lf dlstancrbetween wall surface and the center of the
bubble exceeds flve tlmes the equllibrltm bubble
radlus.

r2!.!5IMoil

Distance between two bubbles , r p./ R1

FIG.6  EFFECT OF DISTANCE ON 8U88LE FREQUENCY

」中い」＼、８∝・　、　ゝ
ＯＣＯっσＯ」」ｅ

Ｌ

ヽ
＼

∞
Ｌ
　
、
０
ヽ
コ
∽
い
０
」
α
　
Φ
一
〇
〇
３
∞

０
」
Ｄ
∽
い
０
」
α
　
Ｏ

，
こ
ｏ
Ｃ
、
０

OF

ヽ
０
一
Ｘ　
Ｏ
」
ヽ
ハ
」
「
　
、
ｏ
」
Ｄ
∽
∽
ｏ
」
α
　
Ｏ

，
こ
Ｏ
Ｃ
、
０

o      1      2
Time ′

FIG 4 TIME HISTORY

3      4      S

詩/仔
OF 8UBBLE PRESSURE
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With

-3

‐5

FIG 5  TIME HISTORY OF DYNAMiC PRESS∪ RE IN POOL

FIGs. 6 and 7 show the effect of dlstance,
between two bubbles, rlth and rrlthout lnteractions for
frequency and anplltude of pressure osclllatlon 1n the
pool. The lnteractlons are slgnlflcant ln the range
where the dlstance betr^reen bubbles ls kept to less
than ten tlnes the equillbrlum bubbl.e radlus. Hence,
one can treat a nultlpte bubble system w-lthout'lnteractLons provlded they are separated frco each

3.2 Effect of the nunber of bubbles
t of the number of

bubbles on frequency and arnplitude of dynarulc pressure
lnduced ln the pool far away from the bubble locatlon.
In thls analysls, ldentlcal bubbles r.rere dlstrlbuted
ln a ptane ln such a [anner that dlstances betueen
adJacent bubbles lrere kept at three tlaes the
equlllbrluo bubble radlus.

Frequency decreases trlth lncreaslng number of
bubbles and approaches an asymptotlc value of about
seventy percent coupared t{lth that of a elngle bubble.
On the other hand, the ampLltude of dynarolc pressure
decreases uote rapldly as the ntrmber of bubbles
lncreases and reaches about a half that of an
lndependeot bubble systeo lf one chooses seven bubble'
systen.

FIG.7  EFFECT OF

DYNAMiC
DISTANCE ON MAGNITUDE
PRESSURE

Without interactions

Without interact ions

Wi th interact ions

I 2 I a 5 6 I t !. t0 tr

Distance between two bubbles , r12,/ R1
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Without interactions

tr\ with interact ions
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the present method can be used to account for the walleffect 1n the practlcal appllcatlon.
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FIG.10 MoDELING OF TEST TANK
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3.3 Experlmental veriflcatlon
Pres su r 17ed-a ir-SGbfEl-rere

plpe r{th lts submergence varled
Dlameter of the pipe was 53.5mm
plpe were used, 1.e. stralght plpe
perforated pipe with dead end.

A pressure sensor was located oo the tank walland frequencles of pressure oscillatlon sere measured.In the analysis, the test tank sas represented by arectangular prlsm whose horlzontal 
"io"" sectlonalarea was the same as that of the actual tank. Then,boundary condltlons for rigld wall and free surfacewere approximated by the method of lmaging.Experlments showed that conflguratlon of the plpe-reie

lnsensltlve to the pressure osclllatlons. So, aslngle bubble with equivalent diameter of 5g.5cm atatmospherlc pressure rras assumed ln the analysls.FIG. ll compares the predlctlons wlth experlments
in terms of frequency. Frequency lncreases with
decreas lng bubb le submergence due to reductlon ofadded oass. Thls tendency was well predlcted by thepresent oodel malnly due to thti existence of the lmageslnk for the free surface boundary condltlons. On theother hand, the Minaert formula based on a classlcalReylelgh equatlon ras found appllcable only 1f bubble
submergence was sufflclently deep.

In the actual suppresslon pool, guenchers arelocated apart to each other and tire lnte"raction amongbubbles are supposed to be smal1. However, the r.ralleffect- can not be ignored because the quenchers arelnstalled in the vlclnlty of the pool botton. Hence,

4. CONCLUSIONS

(L) A numerlcal method was presented to treat dynanlcloteractlons betveen nultlple bubbles in anlnflnlte poo1.
(2) The procedure was glven to extend the method to an
_-. arbltrary shape of a flnlte pool.
(3) The lnteractlons were found to restrlct bubbleeotlon and reduce amplltude of dynamlc pressure ln
. the pool phen the bubbles o""11lrt" ln phase.(4) ftre dlstances between two bubbles were evaluatedto determlne when bubble behavlour can be assuoedto be lndependent.
(5) Growth ln frequency rrith less bubble submergence

was well predlcted by the present model.
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