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AN AMALYSIS OF-MULTIPLE BUBBLE BEHAVIORS
[N A BWR SUPPRESSION POOL

by

Motoaki Utamura
Energy Research Laboratory, Hitachi Ltd.
Hitachi, Ibaraki, 316 Japan

ABSTRACT

Dynamics of a multiple bubble system in a BWR
suppression pool have been studied considering
interactions between bubbles. Based on the potential
flow theory, these dynamic interactions have been
expressed assuming spherical bubbles. Extension to an
arbitrary pool configuration has been made by use of
the boundary element method. Numerical results for
air bubble oscillation have shown that the
interactions cause frequency and magnitude to decrease
provided the bubbles oscillate in phase. Experimental
verification has also been carried out using simulated
air bubbles.

NOMENCLATURE »
f : Frequency, s
F : Load vector, n/s?
: Coefficient matrix
¢ Coefficient matrix
: Number of boundary divisions
: Outward normal vector on the boundary
: Number of bubbles
: Pressure, Pa
: Distance from bubble center, m
: Distance between ith and jth bubbles, m
: Radius of ith bubble, m
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: Effective radius ( _;, =
: Time, s R
: Coefficient matrix
: Fluid velocity, m/s
: Fundamental solution to Laplace

equation, m™ . "
: Volumetric flow rate (=R R), m’/s
: Vector variable (= (x,, X3, «+...X,) , m /s
: Angle between vectors n and Lig » rad.
: Delta function
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Kronneker delta
: Density of water, kg/m?
: Image potential on £ th boundary segument,
n/s
Potential at the center of
to image of jth bubble, m*/s
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Y, : Potential field induced by ith bubble, m?/s
b : Dirichlet boundary (variable given)
r : Neumann boundary (flux given)
é : Angle between vectors n and r,, , rad.
Subscripts
B : Bubble
e : Outer range of integration
i, § : Bubble numbering
k, £ : Element numbering on the pool boundary
00 ¢ Equilibrium
Superscripts

Time derivative
Region ambient to bubble
Transpose

*

1. INTRODUCTION

Hydrodynamic 1load may be applied to a BWR
containment vessel due to oscillations of air bubbles
which are discharged during safety relief wvalve
actuation. Important aspects of this phenomenon
include pressure distribution on the pool boundary and
the corresponding time history.

Based on the potential flow theory, Lamb solved
the dynamics of a single spherical cavity in an
infinite pool (1), which was expanded by Antony-Spies
to a finite pool with simple geometry using Lagrangian
dynamics (2). Giencke also showed that the motion of
a single bubble was constrained by the existence of
the pool boundary (3).

In application of the previous theories to a
multiple bubble system, independent bubble behaviour
has been assumed so far. This assumption, however,
seems to be valid only if the bubbles are distributed

sufficiently far apart. Therefore, the present
analysis treats the behaviour of multiple bubble
system taking 1into account dynamic 1interactions

between them. The interaction is formulated in such a
way that pool pressure ambient to each bubble is
composed of dynamic pressures contributed by the other
bubbles. Hence, equations ‘of motion for individual
bubbles are expressed in a coupled form and require
simultaneous solutions.

The method can be directly extended to a finite



pool but in a different way from the previous
investigations.  For a simple geometry, by using an
image source or sink for each bubble, it is possible
to convert the original problem into an infinite one
where the actual and the 1image bubbles interact

together. Extension to an arbitrary pool
configuration 1is attained bv use of the boundary
element method. In this formulation, solution form

are assumed to be the sum of the fundamental solution
to the Laplace equation and an unknown image term.

Numerical results on frequency and magnitude of
pressure oscillation are compared with solutious of
independent bubble cases. Experimental verification
using a simulated air bubble with its submergence

changed is also done.
2. ANALYSIS

2.1 Single bubble behaviour in an infinite pool

Assuming incompressible ideal flow and spherical
bubble, we have the following conservation equations
for fluid :

> 2
Momentum : ’;‘% + LL—;-% = "jé; 5‘; 1)
Mass : }"ZM = RZR. (2)

Integration of eq. (1) in the range of REr<™
after substitution of eq. .(2) leads to a classical
Rayleigh equation :

pi + 2R =L (R-RY o

Dynamic pressure 4P induced in the pool apart
from the center of the bubble can be expressed by

sp-s3t @
where velocity potential ¢ is defined as
U =-7¢ (5)
Noting the relation
4 = % . X = R*R 6)

from eqs. (2) and (5), we have an alternative form for
eq. (4)

df.= "R X 7

If we assume each bubble behaves independently,
dynamic pressure for a multiple bubble system is given
by the method of superposition as follows

r:

Ap =P 2

where r; denotes a distance from the center of the ith
bubble to a given location in the pool.

-

X

(8)

2.2 Multiple bubble behaviours with 1interactions

considered

FIG.1 conceptualizes the interactions between
bubbles. The shaded region denotes the range of
integration for motion of the ith bubble where the
pressure distribution contributed from the other
bubbles is assumed to be homogeneous.
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FIG.1 MODELING OF MULTIPLE BUBBLE SYSTEM

With ambient pressure P%*, integration of eq. (@8]
for the ith bubble gives
! 1 i | r,Ri* -2 | *
N LRk
4
Assuming (R;/r.) <& 1 and rewriting pressure in terms

of dynamic component 4P (= P-Pn), we have an
approximation for eq. (9) given by
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Evaluating the ambient pressure 4AP* at the center
of the ith bubble, we have '

* N ><
AP = £ 2 ——J—-h (11)
PR iJ
Substitution of eq. (l1) into eq. (10) gives
kX =F (12)
" Where | | |
3 YlT:_ S
T Symmetry . EN
X -(Xl, .....Xi, .XN) ,2.
- 2
X: APQ! xN A"%N)
= _—y sttty + —_—
3 (2R,‘* TP 2R P

Off-diagonal terms in matrix K exhibit
interactions among bubbles. It 1is possible to
simplify R; by the following reason. For a situation
{n which each bubble behaves identically, eq. (12)
reduces to a single equation

/ A x? 4B,
B, , Lo =B a9)
(T m )N =2 7p
where —g- ",};‘T’ has a value independent of each
bubble. 'Pr“ovide the bubbles areﬁcrowded together,

——& -+ +% 4 holds.
e R o7 i
simply 'by R;. We assume this approximation in a

general case. Substituting the solution of eq. (12)
into eq. (8), ome obtains dynamnic pressure in pool.

Therefore, R; can be replaced

2.3 Extension to a finite pool
Solution for velocity potential in a finite pool
may be expressed by a combination of fundamental
solution and an unknown image term 75 given by
N ¢
>L = 2 y,‘ 4
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Then, ambient pressure APi* corresponding to eq. (11)
becomes

N
Hov g5 Al 0BT Y ‘.
4p, 'Oj#i ( Y <;S'J P EX as

and element K of the coefficient matrix K is given

i
J
by k /
T =S td (j#L)
J )’J o J
I .
k'- = — + Cj=¢ (16)
I 2 sé/'i Jd =t ) \
Procedures to obtain the image term are outlined
below. Mass conservation gives the following equation
2
VX +4mX; S$(F) = 0 (17
with boundary conditions ‘
SY ;
—,2—2:;— 0 on rigid wall,
1/[ = (0 on free surface,
Inserting eq. (l4) into eq. (17), we have an
alternative form with variable 45I
Vi = o as
28 2,1 2
il Ul i o O
an i (’,’.) on rigid wall (™
515,- = - - on free surface (7")
r
i
Eq. (18) was solved by the boundary element
method. Laplace equation (eq. (18)) can Dbe

transformed into a boundary integral equation composed
of the unknown variable @ on the boundary alone.

)
2wé + f¢;§‘{d7’=[§%wd1’ (19)
r r

Here, W is a fundamental solution to the Laplace
equation expressed by

1
W= o (20)
FIG.2 {llustrates the procedure. Dividing the

boundary into M pieces, we have a discretized form of
eq. (19) M

K a 2%
’(Z‘zl /—4_£¢( =ﬁ 7;{ (ﬁ)’( (k'—"/,M) (21)
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Heg =21 dpe - <224,
Vie
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with the boundary conditions for the ith bubbles as

1 / 29 o 3
Tem=T; (onT), (57 )= Tz (on 7Y@V

Applying eq. (22) to eq. (21), we can determine ?51 on J7?
and (ﬂ;) on 7' respectively for the ith bubble.
_REPEating this calculation for each bubble, we can
obtain N sets of image values and fluxes on the
boundary. The velocity potential at the center of the
{th bubble defined by the image source of the jth
bubble 951 can be evaluated by the following

4
%= 2ef [ GO, mdr -J# )

vhere (’;{ ). and ¢J are given by the previous
calculation.’ Thus, tHe image term ¢;. in eq. (16) is
obtained. For a simple geometry, the method of image
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1s available. For example, as is shown in FIG. 3,
setting up an image source or sink across the boundary
to satisfy respective boundary condition only, we can

treat the boundary value problem 1in an infinite
domain.
k
r?
r=rtyr?
M
= 4/

ith bubble

(a) Procedure to obtain ith image on the boundary

a¢ ,
(55, ,C image of jth bubble on ")
nij- ¢i i

jth bubble
i —
ith bubble

(b) Procedure to obtain potential at ith bubble from

the image of the jth bubble

FIG.2 PROCEDURES IN THE BOUNDARY ELEMENT METHOD
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FIG.3 IMAGES FOR SIMPLE GEOMETRY




3. RESULTS AND DISCUSSION

3.1 Effect of bubble interaction
Oscillation by submerged air bubbles was taken as

an example to evaluate the effect of interactions
between bubbles. Isentropic bubble behaviour was
assumed. Behaviours of two bubbles in an infinite
pool are shown in FIGs. 4 and 5 with and without

interactions between them. Distance between bubbles
was set at three times the equilibrium bubble radius
value. Identical bubble radius and initial condition
were assumed. Interactions are seen to lower the
frequency and decrease magnitude of dynamic pressure
induced in pool.

Interactions
Without
With

Bubble pressure, Pg,/ Pu

w

0 1 2 J 4
Time , _t
PRESSURE

FIG.4 TIME HISTORY OF BUBBLE

Interactions
Without
With

Dynamic pressure, JP/P. x10?
o

-5 L

FIG.s TIME HISTORY OF DYNAMIC PRESSURE IN POOL

FIGs. 6 and 7 show the effect of distance,
between two bubbles, with and without interactions for
frequency and amplitude of pressure oscillation in the
pool. The interactions are significant in the range
where the distance between bubbles 1is kept to less
than ten times the equilibrium bubble radius. Hence,
one can treat a multiple bubble system without
‘interactions provided they are separated from each
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other by distances greater than ten times the radius
value. One can also conclude that the existence of
wall scarcely restricts bubble motion and bubble
behavior can be described disregarding the wall effect
if distance~between wall surface and the center of the

bubble exceeds five times the equilibrium bubble
radius. -
0.3 b= Without interactions

o
~
T

With interactions

o
T

Frequency , fRew /—Pi

0 L I L 1 L IE 1 1 L 1 1 1
0 ! 2 3 4 H 8 1 L ] L] L | 12 13

Distance between two bubbles , ri2/ Ry

FIG.6 EFFECT OF DISTANCE ON BUBBLE FREQUENCY
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0 1 2 3 4 5 6 1 & % j0 11 12 s0 100
Distance between two bubbles , ryz /" Ry
FIG.7 EFFECT OF DISTANCE ON MAGNITUDE OF
DYNAMIC PRESSURE
3.2 Effect of the number of bubbles
FIGs. 8 and 9 show the effect of the number of

bubbles on frequency and amplitude of dynamic pressure
induced in the pool far away from the bubble location.
In this analysis, identical bubbles were distributed
in a plane in such a manner that distances between
adjacent bubbles were kept at three times the
equilibrium bubble radius.

Frequency decreases with increasing number of
bubbles and approaches an asymptotic value of about
seventy percent compared with that of a single bubble.
On the other hand, the amplitude of dynamic pressure
decreases mote rapidly as the number of bubbles
increases and reaches about a half that of an

independent bubble system if one chooses seven bubble’

system.
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FIG.8 EFFECT OF NUMBER OF BUBBLES
ON BUBBLE FREQUENCY
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FIG.9 EFFECT OF NUMBER OF BUBBLES
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3.3 Experimental verification

Pressurized air bubbles were discharged through a
pipe with its submergence varied as shown in FIG.10.
Diameter of the pipe was 53.5mm . Two types of the
plpe were used, i.e. straight Pipe with open end and a
perforated pipe with dead end.

A pressure sensor was located on the tank wall
and frequencies of pressure oscillation were measured.
In the analysis, the test tank was represented by a
rectangular prism whose horizontal cross sectional
area was the same as that of ‘the actual tank. Then,
boundary conditions for rigid wall and free surface
were approximated by the method of imaging.
Experiments showed that configuration of the pipe were
insensitive to the pressure oscillations. So, a
single bubble with equivalent diameter of 58.5cm at
atmospheric pressure was assumed 1in the analysis.

FIG. 11 compares the predictions with experiments
in terms .of frequency. Frequency increases with
decreasing bubble submergence due to reduction of
added mass. This tendency was well predicted by the
present model mainly due to thé existence of the image
sink for the free surface boundary conditions. On the
other hand, the Minaert formula based on a classical
Reyleigh equation was found applicable only if bubble
submergence was sufficiently deep.

In the actual suppression pool, guenchers are
located apart to each other and the interaction among
bubbles are supposed to be small, However, the wall
effect can not be ignored because the quenchers are
‘installed in the vicinity of the pool bottom. Hence,

the present method can be used to account for the wall
effect in the practical application.
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FIG.11 CHANGE OF FREQUENCY WITH BUBBLE
SUBMERGENCE VARIED

4. CONCLUSIONS

(1) A numerical method was presented to treat dynamic
interactions between multiple bubbles 1in an
infinite pool.

(2) The procedure was glven to extend the method to an
arbitrary shape of a finite pool.

(3) The interactions were found to restrict bubble
motion and reduce amplitude of dynamic pressure in
the pool when the bubbles oscillate 1in phase.

(4) The distances between two bubbles were evaluated
to determine when bubble behaviour can be assumed
to be independent.

(5) Growth in frequency with less bubble submergence
was well predicted by the present model.
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