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1 INTRODUCTION

.

1 This report is an assessment of the effect of condensation oscillation
'# resulting from steam discharge through the residual heat removal (RHR) heat.

~. exchanger relief valve discharge lines into the Mark III pressure suppres-

sion pool. This assessment was made at the request of the Mark III i

Containment Issues Owners' Group (CIOC)* in response to a concern raised by:.
.

[ Mr. John Humphrey, a former lead systems engineer at the General Electric
ICompany. Mr. Humphrey's concern related to whether or not all loads that

could be produced by steam discharge through these relief valves had been

adequately considered.

Ih' [
"

The assessment was completed by using a derivative of the acoustic chugging
1

model developed by Bechtel for the Mark II chugging program to estimate

the pressure field produced by'RHR condensation oscillation. The suppres-
sion pool boundary pressures and forces on a submerged structure produced
by RHR condensation oscillation were c.ompared with loads resulting f rom
safety relief valve (SRV) discharges. This comparison affirmed the CIOG's
initial assessment that the effects of condensation oscillation at the RHR
heat exchanger relief valve discharge line exit are bounded by other design
controlling loads.

h This report contains, first, a short description of Mr. Humphrey's concern
about RHR steam discharge induced condensation oscillation. This is

i followed by a technical description of the acoustic chugging model and its
verification. Next, RHR condensation oscillation source development is
given. Finally, an assessment is made of the effect of this phenomenon on
the CIOG members' Mark III containments and submerged structures.e

t

,1

1

1

The Mark III Containment Issues Owners Group (CIOG) consists of Grand*

Gulf Nuclear Station (GGNS), Perry Nuclear Power Plant (PNPP), River
Bend Station (RBS), and Clinton Power Station (CPS)-

|

T1002838-DIS 1-1
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3 2 HUMPHREY CONCERNS
]-

f[ Mr. John Humphrey was the containment lead systems engineer for General
li - Electric Company. Upon leaving General Electric, he identified a number of

- p., questions related . to the Mark III containment design. One of these

L. concerns related to potential condensation oscillation loads which could be

produced by steam discharges through the RHR heat exchanger relief valves., , ,

:,

During steady state operation of the RHR system in the steam condensing
-k mode, steam from the reactor pressure vessel is condensed in the RHR heat
-Il

exchanger. The pressure of the steam at the inlet to the heat exchanger is

[{r . regulated by a pressure control valve. Relief valves are provided on the
g*

heat exchanger to accommodate postulated failure of the pressure control
p valve.

,

t

If the pressure control valve fails open, the safety relief valves on the
! (j heat exchanger will be actuated. The mass flux which would be discharged

through the relief valve discharge line exit is sufficiently high that;e

condensation oscillation might be expected. Mr. Humphrey's concern related
I to the lack of a final load definition for these potential condensation

oscillation loads.,

.

!} The Mark III CIOG initially stated that any condensation loads produced by
I steam discharge through the RHR heat exchanger relief valves would be less

e

'y than the loads produced by other design controlling phenomena.4 Thee.

t

5* ll Nuclear Regulatory Commission (NRC) requested the CIOG to provide supple-
i

., mental, confirmatory analyses - which would ' quantify the potential RER

f} condensation oscillation loads in order to demonstrate that other load
definitions bound the RHR condensation oscillation loads.

r

..

T

..

1

4

Y

T1002838-DIS 2-1
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3 THE ACOUSTIC MODEL FOR UNSTABLE' STEAM CONDENSATIONr:

_ !?
-The unsteady condensation of steam discharging into a water-filled tank is,

j chugging and/or condensation oscillation. The
. . usually referred to as

.

. precise meaning of these terms varies, but.they are almost always used to
I describe the shape of the time-history of the,resulting pressure field. In

the domestic boiling water reactor industry, the term " chugging" has come
.

~, to mean a series of impulsive condensation events. Each event or " chug"
4-

!* generates a pressure field similar in appearance to that produced by the
; collapse . of an isolated steam bubble or void. The term " condensation
,t t

|t !J oscillation" refers to steam . condensation that gives a "sinusoidal"
,

pressure field. Often during unstable steam condensation, chugs may occurq,
,h randomly with condensation oscillation.
t

1>.

Chugging and condensation oscillation can each be viewed as a three-part i

r t ,

phenomenon composed of (1) a source, (2) a pressure field, and (3) a
,

4 .

fluid-structure interaction. The source is the result of an acceleration|0
1 - l'
- of the steam-water interf ace created by the condensation of the steam
I
i1 discharging into the water-filled tank. This acceleration can either be

j the result- of a catastrophic collapse of a detached steam bubble, the.

acvement of the interface in the vicinity of the vent discharging the; y

} steam, or a combination of the two. Ihis acceleration of the interface.

3

produces a pressure field that propagates the effects of the source to the'

,I
{ pool boundary. Finally, the interaction between the fluid and the tank,

l results in the acceleration of the fluid-tank boundary to create .an
i,
j additional pressure - field. This interaction has come, to be known as
-

r
I fluid-structure interaction (FSI). The total pressure field is the
a
I combination of.the field produced by direct action of the source plus the ''

I;

|* field produced by the subsequent motion of the tank boundary. ;

'

' It should be pointed out that the role played by steam condensation is to.

..
create an accelerating interface which could just as well be accomplished

;,, .by mechanical means such as the breaking of an evacuated glass sphere or by
,

the discharge of air into a tank,|
i

j _
,

,

| .T1002838-DIS 3-1
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3.1- EMPIRICAL CONDENSATION SOURCE,

The pressure excursions caused by chugging.or condensation oscillation are
the result of intermittent steam condensation occurring at the exit of'a
vent through.which steam discharges into a tank or suppression pool. This
condensation is cont' rolled principally by. the vent steam mass flux, air '

content in-that flux, impurities in the water, and the temperature differ- '
3

-

ence across the steam-water interface. When conditions are such that '

i

stable condensation is not possible, the sequence as shown in Fig. 14

begins:6
'

*

..

.y

(1) The water in the vent is isolated,.which allows a layer of saturated
,

water to form at the interface which, in turn, reduces the rate of

condensation.,

i

(2) The reduced condensation rate allows the drywell pressure to increase; 92

j the interface is thus pushed out of the vent back into the pool. The
layer of saturated water protects the interface while it is inside the,

!

r vent.
!

'-

j y

| (3) As.the steam-water interface emerges into the pool, local turbulence
:

; destroys the protactive boundary layer of saturated water and the
interface comes in contact with the colder pool. A " burst" of
condensation follows.

4

t
: . ['

1 (4) The steam flow through the vent is not sufficient to supply the rapid
-

condensation. The drywell is depressurized and water again reenters J
s

j the vent to repeat the cycle. i

! I

i 3

As shown in Fig.1, the steam-water interface motion undergoes a volume ;.

} -acceleration that is the source of the accompanying pressure field. This
I: source is dependent on several factors, some of which are highly random. j

j As a result, the nature of the source is also random. For example, if
;

;local conditions permit the steam-water interface to extend suf ficiently'

far'into the pool, and if the ensuing condensation in this steam bubble is
; rapid enough, a void will result which will impulsively collapse, exciting
:

;

i T1002838-DIS 3-2
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4

- y, - -- . - - , -n-, . - - - ~ , , , , - - -,.--,-s,,-n-n .,-nm-,., ,,..m -m,-,, -,-n-. , g.r,n, - -g-,ww.,,m -_..,-.---nm. m.v-..n ,,, e ,- -.-n,-



,

.

.

I

:.

STEAM
i

.

| h h O Y 9 V

lf.,

'

..
**g,- .

. . , . , .
,

* *
* . . ' *

~

-- -
-.

*r
- *.'a*

. -

, .

,

.
_ . ..

. .
- !:* ':

~

.

a -
'

.ot,:._ :

:

!'

{' WELL MIXED DRYWELL PRESSURE INCREASES
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CONDENSATION INTERFACE QUICKLY
- RATElsGREAT RECEDES BACK INTO VENT

(3) (4)

Figure 1 The Observed Sequence of Events During Unstable Condensation
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the pool -acoustic' modes (chugging) .as shown in Fig. 2. In addition, there ,

might be multiple smaller' condensation events which will cause the interface *

to execute sinusoidal motion (condensation oscillation).

.

| To develop a completely analytical descriptica of unstable condensation, it :

is obvious'that an analytical model of. interface collapse is required. A i'
"

| model'of steam-bubble collapse has been developed by Florscheutz and Chao.

This model treats the mechanics of the collapse under spherically symme-
:

trical conditions to ascertain the relative importance of-the dominant
# mechanisms controlling - the collapse: liquid inertia and heat transfer.

Florscheutz and Chao conclude that when the collapse is inertia controlled,
collapse rates are high and increase as the collapse proceeds. In con-

,

trast, when the collapse is-heat-transfer controlled, collapse rates are '

- low and decrease as the collapse proceeds. An integral component of the !

Florscheutz and Chao model is the use of a calculational result obtained by '

;

Plesset and Zwick. In their article on bubble dynamics and cavitation,
) Plesset and Prosperetti express doubts as to the applicability of this -

i result to collapsing steam bubbles. In their opinion, no entirely satis-
,

factory theoretical results are available for the modeling of steam bubble
.

.

t
.

collapse under conditions in which thermal effects play a significant role.2

I
'

f Because of the diaagreement between notable workere in this ficld and

because the conditions at the vent exit that affect condensation are
random, the condensation source is best obtained in an empirical manner

i from relevant test data. To extract an empirical source for either j
| chugging or condensation oscillation, a transfer function for the relevant 4
c

j test tank geometry is used to relate the measured pressure to the source.
,y

j This is expreased mathematically in the following manner: 1
'

-

p($|w)=H($|x|w)S(x|w). (1); o o -

The component of the pressure Fourier transform at a frequency w/2n
observed at a location in the test tank given by the vector $ is repre-

,,

'
;

! sentedbyp($|w). The similar component of the condensation source, which
-

.,, :' *

{ isatalccationx,,isgivenbyS(x,|w). ThetransferfunctionH($|+x|w) *

,

j depends on parameters such as bulk average fluid density, sonic speed, tank
i

,

T1002838-DIS 3-4 :
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(1) THE CONDENSATION PROCESS BEGINS. THE BUBBLE BEGINS TO COLLAPSE, AND THE
PRESSU AE DECREASES. j.,

l (2) THE WATER MASS FLOWING INTO THE SPACE PREVIOUSLY OCCUPIED BY THE BUGBLE IS |
1 DECELERATED SO THAT THE PRESSURE RISES AGAIN.

(3) THE BUBBLE VANISHES. IN SOME CASES. THIS COLLAPSE OCCURS OUTSIDE THE DISCHARGE
PIPE SO THAT A PRESSURE SPlKE IS PRODUCED.

(4) THE WATER ENTERS THE VENT;THE PRESSURE IN THE DRYWELL REACHES ITS MINIMUM.

AT THAT INSTANT.

(4)-(5) THE VESSEL EXECUTES A DAMPED OSCILLATION.
(6) THE NEW BUBBLE REACHES ITS MAXIMUM EXPANSION..,

Figure 2 Schematic Representation of a Chugging Sequence
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geometry, structural response frequency, and damping. Since, both p(x|w)
and H($|$ |w) are known, the source S($ |w) is obtained from Eq. (1) by the

_9

simple complex division

S(x|w)=p($|w)/H($|$,|w)- (2)
i

Note that the source function given by Eq. (2) is purely empirical: it is .,

the function that, when acted on by the transfer function for the test ,

tank, yields the measured pressure.

Although an empirically derived source may be unpalatable to the purist, it

offers several advantages. First, any theoretical source would, of a

necessity, be based on one of the several theoretical models of steam

bubble collapse. As good as these models may be, they all contain

assumptions and parameters such as heat transfer coefficients, the validity
of which are not well known beforehand, and thus would have to be obtained

from some prototypical test data. This is also true for the "semiempirical -

source" used by the Mark II Owners Group in their assessment of the impact
of chugging on containment design. Although nothing is wrong with using

either a theoretical or a semiempirical source, each would require a

confirmation by comparison with test data for validity. Second, a much

more exact source--one which yields a better reproduction of the measured'

pressure--can be obtained using the empirical approach than either the
theoretical or semiempirical source. Finally, the third advantage is that

a source obtained via Eq. (2) is quite easy to obtain at a minimum computer T

cost. 1
T

d3.2 TRANSFER FUNCTION

The transfer function H($|$ |w) is so called because of the special
mathematical relationship it bears with the pressure field p($|w) and the
source S($,|w) in Eq. (1) . Physically, however, the transfer function is

the pressure field due to an impulsive unit source, i.e., a delta function,
'

j located at $,. The total field is t' ten the summation of the fields from i.

| all'the elementary sources plus the fields generated by the motion of the
|

| boundary surface. This unit-source pressure field, which is often termed a

|
|

TIOO2838-DIS 3-6;

.

-

a

, _ . . .



.

P *

9

Green's function, is relatively easy to obtain from the equations governing
, ,

the motion of the fluid. If certain reasonable standard assumptions are
'

made, an analytical expression for this pressure field, or Green's
' function, can be derived as demonstrated below.
r;

'

3.2.1 Fluid Equations of Motion-

:

The state of a fluid is completely determined once va specify the fluid-

. velocity u and any two of the-thermodynamic properties pertaining to the

37 fluid as functions of space and time. Hence, the motions of a fluid medium
'

are governed by four equations.11 The first equation is a continuity

equation expressing the conservation of mass:
-

+ V-(pu) = 0 . (3)>

The second equation is a f orce equation expressing the conservation of

momentum,

; p =-p (u 7) u - V (P + p4 - (n + p) 7.E] - pv x v x $, (4)

k
II where y and n are the coefficients of shear and bulk viscosity, and $ is a
m potential energy caused by a force per unit mass. The third equation is a
b heat exchange equation expressing the conservation of energy written in

terms of specific entropy,

pT = - pT u Vs + 7 - (KVT)+I:Vu , (5)

a y

where T is the viscous-stress tensor and e the thermal conductivity. The
last equation is the equation of state for the fluid

P = P(p.s) , (6)
. . .

where we have chosen the fluid density p and specific entropy a as the.

independent variables.

, ._

T1002838-DIS 3-7
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The:above four equations form the governing set of equations for the fluid.
The implicit assumption has been made that the fluid properties (bulk

modulus, . viscosity, thermal conductivity) are everywhere constant. To

obtain a unique solution for a particular fluid geometry, we need to impose
..

some boundary conditions. Normally we require that the fluid pressure
'

. equal its equilibrium value P at a free surface and that the fluid cannot

penetrate a solid surface. Since these solid surfaces are formed by struc- '

tures that are seldom perfectly rigic, a fluid-structure interaction must -

be considered. This is accomplished by simply requiring the normal compon- ~

ent of fluid velocity to equal the structure velocity at the fluid-structure

interface. Thus, we must augment the governing set of fluid equations with

the equation of motion for the structure represented symbolically as

dY + L(N) ,p gM
dt

where y is the displacement of the boundary, L( } is a space operator of
order N describing the local structural restraining force at the boundary,
and M is the local mass of the boundary per unit area. .*

) Upon inspection, it is readily apparent that analytical solutions to che

i above set of coupled nonlinear partial differential equations would be such
a formidable task that such solutions would be rare. Therefore, in general

,

we rely on numerical techniques in the form of finite-difference or finite-

element computer programs. Numerical solutions are in principle quite

i adequate. However, in practice they do not contain all the physical

insight to which one is accustomed from analytical solutions. It will be 4
,>

1shown that if certain assumptions are made, this set of equations will;

collapse to a single equation of acoustic fluid motion that will have a -

straightforward analytic solution. If these assumptions can be justified. -

we will obtain the physical insight and at the same time maintain an'

I adequate representation of the pressure field.
,,

I'3.2.2 Assumptions and their Justifications

|

The theory of sound deals with systematic motions of a fluid relative to - '

an equilibrium state. Such perturbations of state can be described by
|

| T1002838-DIS 3-8
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. ' incremental or acoustic variables,'and approximate equations governing them
can be obtained'by linearizing the general equations of motion given above.
These results,'as well as higher order approximations, can be derived in an

' '

*orderly way by invoking a modified perturbation analysis. 'This consists

1 of replacing'the dependent' variables appearing in Eqs. (3) through (7) with
the sum of their equilibrium or zero-order values and their first- and

< rl second-order variational components and then forming the separate equations
J that must be satisfied by the variables of each order. The resulting

first-order equations, with the assumption of isentropic behavior of the7

[ fluid, yield the scalar wave equation of classical acoustics which has

analytic solutions. The second-order equations, however, have no general
,

solution but are useful for making approximations and investigating some
,
,.

j second-order phenomena that cannot be predicted by the first-order equa-
tions alone. If an, analytic solution is sought, some rationale must be

given to.show that the second-order effects can safely be neglected,e
i

i
<

i Thus, we proceed in the same spirit as the modified perturbation analysis
except we explicitly make three a_ priori assumptions: (1) the fluid motion

I is isentropic ($.) the change in the fluid pressure is proportional to t;.ei
.

; change in the fluid density, and (3) the velocity of the fluid particles is -

a m

'[ small compared with the velocity of sound. In addition, we also implicitly
'

assume average values for the fluid properties and that the fluid is at4
;

~ f rest. To justify.these assumptions, we first separate the fluid pressure
and density into an equilibrium value P ,o plus a small acoustic part P,6:

. ]
{1 P = P, + p p = 0 , + 6. (8)
4

'
and then proceed as follows:

1

: T (1) Isentropic Fluid Motion
i

! ..

We write the general equation of heat transfer expressing the conservation
of energy (Eq. (5)) in the foliceing form:...

;

!

$'Vs)=V*(xVT)+I:Vu . (9)j pT = pT ( +

.

f T1002838-DIS 3-9
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For reversible adiabatic or isentropic fit 'd motion, the above equation

vanishes. To be able to approximate the fluid as an isentropic fluid, we

must show that thermal conductivity and viscosity are unimportant, i.e.,

the fluid is ideal. The left-hand side of Eq. (9) is the quantity of heat
"

gaf ned per unit volume per unit time at the expense of the mechanical
'energy of a sound wave. Therefore, the sound wave is damped out in time.

This subject is treated extensively in the literature whereby one can 4
calculate the rate of acoustic energy loss to be so slight as to warrant >

the ne,;1ect of viscosity and thermal conduc' ion. Therefore, to a good [,

approximation, the fluid may be considered as ideal, i.e., the effects of [
viscosity and thermal conductivity can be neglected. Hence, ds/dt = 0 and
the fluid is said to be isentropic.

-(2) First-Order Equation of State

Since the fluid is isentropic, the equation of state is a function of the
,

fluid density only and can obviously be expanded in a Taylor series in the

term 6/p, (called the " condensation"):

P = P, + A (h) + +f( )( ) + (10) .
. . . ,

o o o
i

* 2
where A = p,c' since (dP/do), E c. By application of thermodynamic

g
formulae for the isentropie derivatives of the pressure with respect to J
density, the ratios B/A ard C/A can be computed. For water, the numeri- ,|
cal values for these ratios are B/A < 6 and C/A < 39 where P < 24.5 MPa j

(3553 psia) and T = 30*C (86*F). Keeping only the linear term in Eq. (11),
,-

we write .{
.

,

p=A( )=c 6. (11)
! o

.

If this first-order equation of state is used instead of the Taylor series 9! -

[ expansion, it can be quickly shown that an error in P of no.more than 1% is -

made when the condensation 6/p, is less than 0.0032'. A condensation this
,

large would produce an acoustic pressure p in excess of 73 atm (7.4 MPa or ,,

1073 psi) -- far larger th'an any condensat .on event possible in a Mark IIId

containment.
. ' ;

'

i
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- (3) Linear. Equation of, Motion'(u << c)

Since.the assumption of isentropic fluid motion is tantamount to neglecting

fluid viscosity and thermal conductivity, the equation of motion (Eq. (4))
'

reduces to Ehler's equation,.

n +

+ ($ 9) u = - f VP , (12);

.

. . .

I We now explore under what conditions it is justified to omit the nonlinear

term (+u V)u compared with the other two terms. We are interested in the
,

h relative order of magnitude of the terms of Eq. (12) in connection with the

propagation of sound waves. If we introduce for the characteristic time
"

r' and length over which the sound wave changes appreciably the period T and.,

the length A of the wave, B/at % 1/T and V N 1/A, then to obtain the

[ relative orders of magnitude of the different terms, we use the property of
U

plane waves that p = peu. The relative orders of magnitude of the terms in

Eq. (12) are thus: 1, u/c, 1. The condition, then, that the fluid

- equation of motion be linear is u << c.

3.2.3 Acoustic Wave Equation

I
| The above assumptions when applied to the mass, momentum, and energy3

conservation _ equations and to the equation of state yield two linear

i equations of motion for the fluid:

I C U+pVu=0 (13)
'

o at o{

p + vp = 0 . (14)

i
Eq. (13) is the equation of conservation of mass where Assumption 2 has

,

been used to eliminate the fluid density. Assumption 3 linearizes the

momentum conservation and, together with Assumption 1, gives Eq. (14) as
the expression for the conservation of momentum. Finally, Assumption 1

alone eliminates the energy censervation equation.
_
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The above two equations of motion can be combined by eliminating the
.

velocity between them, resulting in the linear acoustic wave equation:

p($.t) E (V 2} p($,t) = 0, (15)-

c at -' '

o

-

where EV -c 3 /3t is the d'Alembertian operator. Eq. (15) is a
o +

homogeneous linear wave equation describing regions of space not containing
i

any sources of acoustic energy. However, a source must be present to

generate any acoustic disturbance. If the source is external to the region I

I
of interest, it can be taken into account by introducing time dependent

boundary conditions. For a source internal to the region of interest, the 7,
hydrodynamic equations can be modified to include source terms. There are i

many possible types of sources, but only two will be considered here: ,

i

(1) If mass is being injected into the space at a rate per unit volume

Q(+r,t), the linearized equation of continuity becomes
.

c, + p,V*u = O(r,t) (13a).

This Q(.r,t) is generated by any closed surface that changes volume. -

(2) If there are body forces present in the fluid, then a body force per
Ilunit volume F(+r,t) must be included in Euler's equation. The linear- J

+

ized equation of motion then becomes

i
p + 7p = I(r,t) (14a).

o at g
!

l An example of this kind of force is that produced by a body that
oscillates back and forth without any change in volume.

,

If these two modifications are combined with the linearized equation of
| ..

! state, an inhomogeneous wave equation is obtained

i'
2.

2 2 3 +Vi. (15a)p,9p_ =-

! c at

I T1002838-DIS 3-12
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- Unsteady condensation has source terms of the first type. Defining a

source density q, Eq. (15a) in the absence of body forces, i.e., F=0,
P

becomes
.

O P($,t) = -4xq($,t) (16)~ .
.

For a single point source located at x,, the source density is given by
-.

q($,t) = p6($ - $ ) S(t) (17)e
,

where 6($ - $ ) is the Dirae delta function.

- 3.2.4 Solution of the Acoustic Wave Equation

l'. A Fourier transformation to the frequency domain yields a straightforward
solution of the linear acoustic equation. Thus, Eq. (16) becomes

. {V -(*)}p($|w)=-4nq($|w) (18),

where the Fourier transform of p($,t) is defined by

p($|w)= p($,t) e dt (19)
"E

,

,f

with a similar definition for the source density function.
[

The complete solution of Eq. (18) in terms of Green's function is

- p($|w)= dy G($|y|w)q(y|w)
'T

+ dy {G($|y|w) p(y|w)-p(y|w) G($\y|w)} , (20)

T

which is an equation for the spatial factor of the pressure field at
*

frequency tu/2n within and on the surface bounding the fluid in terms of a
volumeintegralofthesourcedensityq(y|w)overtheboundedvolumeanda...

surface integral of the boundary values of p(y|w) and its outward-pointed

._
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' normal gradient 3p/an over the boundary surface. The first integral on the,

right of Eq. (20), the volume integral, is-the contribution of the total

pressure field from the action of the source density while the second

integral, the surface integral, is the contribution from the motion of the

boundaries that is induced by the source density.
~~

i

For flexible containment boundaries, the condition satisfied by the "

pressure field is "

p($,|w)=1(*)S($,jw)p($,|w) (21)>
,

where 8(x,|w) is the specific acoustic admittance of the boundary surface y
at $, on the surface. Note that Eq. (21) is of the fom of a general i

homogeneous boundary condition and for 8 + 0 the pressure field is that for
y

a rigid boundary containment. .i

TheGreen'sfunctionG($|y|w)isdefinedasthatfunctionwhichsatisfies

2

{V + ({} ) G($|y|w) = -4n6($ - y) (22)
'

and is- subject to the same boundary condition as the pressure (Eq. (21)).
Thus, tha component of the pressure field with frequency w/2n at a location
$ (Eq. (20)) becomes

P(|w)= dy G($|y|w)q(y|w) (23).

Note that the surface integral in Eq. (20) vanishes because the Green's
function G($|y|w) satisfies the same boundary condition as the pressure 2

field (Eq. (21)) and hence is a flexible boundary Green's function. h,

.

3.2.4.1 Flexible-Boundsry Eigenfunction Expansion
"

.

TheflexibleboundaryGreen'sfunctionG(x|y|w)canbeexpandedinaseries
^

of flexible boundary eigenfunctions Y ( ")' '

; N

G($|y|w)=[ ANN (|w) (24),

N

.

T1002838-DlS 3-14
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where the eigenfunctions are solutions of'the eigenvalue equation

. (V .+Kh.Y "} " (25)N - ,

'. subject to the same ~ boundary condition as the pressure field (Eq. (21)):
,

,.

kY(s|")"1()O(*|") s "} * (.n N s N
i

This boundary condition will guarantee that Eq. (23) follows from Eq. (20)
andalsothatG($|y|w)satisfiesthesameconditionasthepressurefield.,

If any portion of the boundary has a real component of 8(x,|w), the

N " K (w) will be
~

acoustic conductance which is nonzero, the eigenvalue K
N

. complex with negative imaginary parts. The index N stands for a trio of
,

quantum numbers as required for a three-dimensional standing wave. At the

Nth resonance, the Nth mode of the pressure field predominates, having an

amplitude inversely proportional to the imaginary component of K (*) f #
N

that frequency. Suppose a root of the equation cK (w) = w is equal to
N

Positive quantities. Because of the symmetry of
N N'"* k "" N
w ~

8(x,|w)abouttheimaginarywaxis,therewillalsobearootat-w ~ iA 'N N
'

so that the two roots of the equation cK (") " * ***
N

, y - g = cr.yctw, - g )w = im (27).

$
Combining Eqs. (22), (24), and (25) yields

1

{(- + (") } aN N( |w) = -4n6($ - y) (28).

j N
, x

Since the flexible boundary eigenfunctions are orthonormal,
,,

'

.

<Y|Y> dx Y ($|w) Y(Ic|w) = 6 (29)g N MN ,

* 1

where Y (+x|w) is - the complex conjugate flexible boundary eigenfunction. l
"

N * ,

MultiplicationofEq.(28)ontheleftbyY(|w)andusingEq.(29) yields
]g
'

a f Eq. (24) and thus
N

!

|

|
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Y$(7!"}Y '

2 NG($|y|w)=4ne (30).

((cK )2 ~"}2
N

N

Hence, the flexible boundary pressure field given by Eq. (23) due to the
-

source density given by Eq. (17), i.e., a point source, is

$(o|") N( "}2 '

p($|w)=4noc S(o|w) (31),

((cK )2 ~"}2
N

N
-

where$,_isthesourcelocation. NotethatS($,|w) is in fact independent
of the location x,; this notation is understood to differentiate between
different sources at different locations. .

The form of Eq. (31) suggests that the pressure field can be expressed in '}
terms of a transfer function operating on the source:

p($|w)=H($|$|w)S($|w) (32),

where the transfer function is given by Eq. (31)

$(l")N(|") '

2H($|$|w)=4noc (33).
* N ( - (w + iAN

Note that the denominator in Eq. (33) is the same as Eq. (31) since the i

roots of the equation w = cK (") "#* *" ~ IA . By inspection, bothN N
Eqs. (31) and (33) have poles at u = w ~ iA * 1N N

For multiple sources, each with a specific location x and start time t
y y, ,

the source density becomes

q($,t)={p6($-$)S(t+t) (34).y y

v

Using the properties of Fourier transforms, the pressure field for multiple '

point sources can be expressed as (Eq. (32))
)

p($|w) = { H($ $y|w) e-iwtyg(;g,) (33)
"

,

v
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3.2.4.2 Rigid Boundary Eigenfunction Expansion

Although Eqs. (31), (32), and (33) determine the pressure field inside a
'

.

containment with flexible boundaries for a specified point source, it is
,

necessary to' know the flexible boundary eigenfunctions Y($|w' and the'

-

" eigenvalue K (c) t evaluate these equations. An alternative would be to
N

F- expand the Green's function in terms of rigid boundary eigenfunctions
C $ ( ), which are defined as solutions of

N

(V }& )=0 (30+
N

subject to the boundary condition

h$6,)-0, (37)3

For simple geometrics, i.e., cylindrical and annuler solutions to Eq. (36)

subject to the boundary condition expressed by Eq. (37) are readily obtain-
able. Thus, expansion of the Green's function in terms of these eigenfunc-
tions yields

. .

# (.Y} # (2 N NG($|y|w)=41rc (38)4 N (cK )2
2

~*
N

Hence, the pressure field is given by the combination of Eqs. (20), (21),
'

(37) , and ('38)

P($|w) = dy G($|y|w)q(y|w)+i dy,G($|y,|w)S(y,|w). (39)
#

4 4

Note that in this form the pressure field exhibits the nature of a super-
position of a field due to a source density in a rigid boundar; ::ontainment
plus a field due to the acceleration of the boundary. This then is the

mathematical expression for the fluid-structure interaction.

7

~ Although Eqs. (23) and (39) describe the same pressure field in.a contain-
ment with flexible boundaries, each form has its own advantages: the rigid |

- boundary eigenfunctions $ ( ) are generally easier to obtain than the |N

|
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flexible boundary eigenfunctions Y(x|w), but Eq. (39) is an integral *

N
equation which is more difficult to solve-than is Eq. (23).

'

.

V'

3.2.4.3 First Order Perturbation Expansion
i

The flexible boundary eigenfunctions Y ( |w) can be expressed in terms of 4
N

rigid boundary eigenfunctions $ ( ) by noting that the pressure field given *
N

by Eq.-(31) can be written as

p($|w)= b "} (*NN
N

,}
L

In the absence of sources, the combination of Eqs. (39) and (40) yields an
integral equation for Y I ")N

Y ( |w) = 1 dy G($|y,|w)S(y,|w)YN 4 N s "} }'

'

where again N represents a tric of quantum numbers and the subscript
.

s

indicates that.the integral is to be evaluated at the containment boundary.
If the rigid boundary eigenfunction expansion of the Green's function
(Eq. (22)) is substituted into the above, the result is

Y(|")"I"" dy, $g(y,) S(y,|w) Y (7 |w) , (42)1( ) (w )2N 2 N s ,

-wg g

which is an expression of the form '

Y(|")" 1 1( ) (43) }#
N

1 *

and where w E ek . i
'

g
..

Since Eqs. (25), (36), and (42) are all homogeneous in the functions '

Y( "" # # (x), a convenient normalization of the flexible boundary -
'

N N

eigenfunction YN( w) can be chosen. Therefore, we choose :< ,

<$ ( ') N( |w)> dx $ ($) Y ( |w) = 1 , (44)N N

!
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where N denotes some specified eigenfunction of Eq. (36). Comparison with -
, ,

Eq.'(42)' yields the equivalent condition cN"Ifr ne Particular N. This
choice of normalization requires that

( ) .w = iuc dy $(y,)S(y,|w)Y(7|") (45); *N s
,

,

_

The series given by Eq. (42) then becomes
.

Y ") " # + "" 7 * *
N N

("i)2
2 s s N s

i i+n ~*

[ It is obvious now that when 6 + 0 (rigid boundaries), then Y ' nnd
N N

w+e. Note the sum in Eq. (46) runs over all i except for the value
N

g. 1 = N.
I

,

The relations given by Eqs. (45) and (46) are exact, for they involve no
approximationsspartfromtheassumptionthatY(|w)eneainssomenonzero

N
component of the particular eigenfunction $ ( ) in t e expansion Eq. (43),

Nf .otherwise, it is not possible to impose the normalization condition

Eq. (44). The expression for the flexible boundary eigenfunctions given by,

Eq. (46) shows that the effect of the flexible boundary is to "cix" or
couple the rigid boundary eigenfunctions.

T

For relatively stiff boundaries, i.e., a small acoustic admittance 8,

Eqs. (46) and (45) can be solved via a perturbation expansion. To first

order in 6:

Y ($|w) a $ ($) + iwc { $g($)((w ) w} dy $g(y,)S(y,|w)$(I}
~

N s

(47)
'I

and

dy,$(y,)S(y,|w)$(7)* (40)W 5 (WN) - iwc N s
...
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Hence, to a first approximation the-change in the eigenfrequency w = cK (")
N

. caused by the fact that 8 x 0 is proportional to the average value of iS
2

over chi boundaries, weighted by $ . so that the boundary areas, where the
N

Nth standing wave or field component is large, is emphasized.

- When S(y,|w) is nearly uniform or constant, because of the orthoganality of
'

the $g(x), it-follows that
~

Y * *# *N N
i
.

and, remembering Eq. (27),
7
.t

(w ~ IA ) *( ) ~ i("N ~ i\ ) cS(w N} Y (s #(s~ *N N N N N

Note that for simplicity [where S(y,|w) a S(w) and w = cK(w) = tw ~

N N.
only the complex eigenfrequency +w ~ iA is used in Eq. (48), but the

N N
iA yields a result similar to Eq. (50), leading toeigenfrequency -wN' N

identical conclusions.

3.2.4.4 Locally Reactive Boundary

Suppose the containment walls are locally reacting * so that to a good
approximation we can assign a specific acoustic admittance

e

*The acoustic pressure acts on the surface of the structure and tends

to make it move. If any fluid motion normal to the surface is

possible, there will be wave motion in the material forming the
r

surface. The motion of the surface at one point will be related to }
motion at another point of the surface by the wave motion inside

the material as well as by the incident and reflected pressure waves.
"

If the various parts of the surface are not strongly coupled together

i and tu c2n consider that the motion, normal to the surface, of one

portion of the surface is dependent only on the acoust.ic pressure >

incident on that portion and independent of the motion of any other ,;,

part of the area, then we say that surface is one of local reaction. .

-

d
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" +

8(w,x,) = pc u /p, where u, is the normal velocity magnitude at the

boundary, to each point on the wall surface for each frequency w'2w.

~

-If the containment boundary can be approximated by a simple harmonic

J. oscillator, then the specific acoustic adnittance is given by

2
e

8.(y,|w)2 8(w) = pc(R + iM( s , g))-1 (51)

where

5
;* M E p,h, = effective mass per unit area

RE 2CMw, = mechanical resistance
|~ 2

Mw, = effective wall stiffness
*

and M, R, and w, are considered to be constant. Thus, 8(w) is a couplex

quantity, the inverse of which is the specific impedance of the boundary

surface. The real part of 8 is called the conductance ( and the imaginary

part the susceptance s:

8(w) E ((w) - io(w) . (52)

In general, both ( and o are also functions of location on the boundary

surface y,. However, by taking advantage of the symmetry of the contain-
ment, 8 can be taken to be independent of location over large regions of

. the boundary surface.

!

. Eq. (21) giver the impression that ( << c; thus, making the assumption that

22
2 ("2 ~ "N)2

2y Rw (53)N s

{ yields for the specific Ocoustic admittance

,.

2 2e w

,,;,(2cw,(4-9-2_1< _ g -1) , <3ya82

.
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. Substitution of Eq. (54) into Eq. -(50) eventually will yield -

'-((f) + w (1 + pc 6)) w . (,o)2 ,2's 0 (55)
2

. ,

and-

3 2 2
^

2 6( 2 2) } .(56)A s C pc 6 1+ pc -
,

N
(w, - w )2 "s ~ "NN 7

where - i

(p,h,w )4 N(I ) dy,2
26E (57)

7
.

s

.The surface integral of Eq.- (57) has units of m and is to within a
7

numerical factor equal to 2/L where L is the water depth. Experience -|
'

suggests that the value of the fluid damping f actor C for a welded''

steel structure of 0.045 is reasonable. For the Mark III containment, the S

.value of C-that will be used is set by regulatory guide.
1

~

The volume flexibility is defined as the increase in the containment volume
'

per unit of applied pressure and is thus simply given by V6. Two special
cases are worth discussion: first, a right circular cylinderical tank with

- separate specific acoustic admittance functions for the circular wall and
,

; baseplace and, second, an annular tank with a single average specific j
} acoustic admittance function. For the cylindrical tank, we cssume that

,n (f) . Starting with Eq. .(48) and taking into account different
,

w

j flexibilities for the base plate and the cylindrical walls we obtain

.
,

0 !
- gaf{1+2," ( 2+hw2) }

(58),

h "b; s
b yy . ,r

i u
where h '"b 18 t* 888 plate tMckness and eigenfrequency and h ,w,is theb y

'~ wall thickness and eigeafrequency. For an annular tank assuming e n J

(f) Eq. (55) reduces to "

;

!w z (1 + pc 6) (59).
N

This provides a simple way in which te estimate the consequence of FSI for s'

Mark II and Mark III containments via the volume distensibility 6. '

.

.
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Note that the rigid wall eigenfrequencies e area to first order shifted by

a constant amount independent of frequency. The rigid wall fundamental

frequency (N = 0) is given by w = nc/2L. Eq. (59) is thus tantamount to
.

- an apparent reduction in the sonic speed. That such reduction exists for
~

acoustic signals traveling in flexible wall enclosures is well known.~,

,

We have thus succeeded in obtaining a solution to the acoustic wave
,

equation with flexible boundaries in terms of the specific acoustic

admittanceB(x,|w). If the functional dependence of S($,|w) on frequency

[. w/2n and wall location $, is known, we can completely determine the total
pressure field which includes the effects of the fluid-structure inter-

action. The structural response would then be calculated using a struc-
'

U tural model without the fluid (" dry containment") and applying the ' total

r. pressure field to the boundary. All that is required is that (x,|w)be
k small to permit a perturbation series expansion of Eq. (46) . This is not

an unreasonable expectation for containments with fairly stiff boundaries.

'In summary, we see that the fluid' structure interaction ef fects are

threefold:

1
(1) ReductionintherigidwalleigenfrequenciesfshownbyEq.(45).

(2) Mixing of the rigid wall normal modes as shown by Eq. (46).
y

)1

E (3) Damping of the free vibrations of the standing waves as given in
'

Eq. (50).

.

Two computer programs, IWEGS and IWEGS/ MARS, have been written to evaluate

{ the solution of Eq. (16) via Eqs. (33) through (35). IWEGS (Inhomogeneous

Wave Equation Green's Function Solution) is used in cylinderical contain-

ments for source evaluation while IWEGS/ MARS (Multivent Annular Solution)
is used in annular geometries.

..
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It is noteworthy.to mention that this method of describing the response of
. a fluid in a cavity with flexible walls to a source-or sources is that

- which'has been used successfully by physicists and engineers active in the ''

field of acoustics for over three decades.
.

$
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4 VALIDATION OF THE ACOUSTIC CHUGGING MODEL

- To verify that the acoustic fluid-structure interaction methodology cor-.

a rectly gives the flexible wall eigenfrequency w , we shall compare the w
N N

as computed -from Eq. (48) with that computed by other methods and with-)
; experimental rasults:

'

: 4.1 EICENFREQUENCY COMPARISON

't

(1) Consider a right circular cylindrical tank with rigid walls and a

flexible base plate filled with water to a depth L as shown in Fig.'3.

I For low frequencies, the acoustic motion is in one dimension only and
the fluid-structure problem is-exactly soluble yielding the following

,

expression for the coupled eigenfrequencies:

2

.

tan ( N ) = o*h*( w) (60)
wL w

-
,

p N

where p is the density of the base plate, h, the thickness, and w, ,
I the eigenfrequency with no fluid present. Table 1 compares the

eigenfrequencies from Eqs. (55) and (60).
'

.

!

(2) In order to determine the coupled fluid-structure eigenfrequency of.y

the test tank used in the Mark Il Owners Group chugging program, the

General Electric Company commissioned the Anamet 4T bell jar and
t - 1 34

impact tests. The average coupled fundamental eigenfrequency

(N = 0) for these tests was w /2w = 33.4 2 1.6 Hz. The average water
,

f depth was L = 6.25 m (20.5 ft). Using the observed base plate
11

-
-

eigenfrequency w = 1185.6 s and assuming a water temperature of
b

! : 18.3'c (65'F) for which the acoustic speed in air-free water at one

atmosphere is e = 1478 m/s (4849 fps), Eq. (58) gives w /2n = 34.0 Hz.44

,

:

(3)-The fundamental eigenfrequency in the 4T was calculated using the. ..

| NASTRAN computer program to be 23.8 2 0.1 Hz. Since the 4T*

NASTRAN model had a " simply supported" base plate, w, = 674.1 s and

Eq. (58) gives w /2w = 23.2 Hz (see Table 2).,
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Table 1

COMPARISON OF COUPLED AND FIRST ORDER PERTURBATION,

,

; SOLUTION EIGENFREQUENCIES FOR A CYLINDRICAL CONTAINMENT
,

WITH VARIOUS BASE FLEXIBILITIES
.,

< s

.

''
Eigenfrequency

Flexibility Coupled PerturbationRepresentation Percent
Containment pe 6 "N/2n uj/2r Error

2

GKM II-M 0.345 46.3 46.7 0.9I
SSES/ LGS (MK II)- 0.673 40.7 41.6 2.2,

{1

RIVER BEND 0.705 40.3 41.2 2.2

| [- PERRY 0.756 39.( 40.6 2.5
| {{

GKM I 1.12 35.4 36.7 3.7

JAERI 1.216 34.5 35.8 3.8

4T/4TCO 2.196 27.9 29.5 5.7

GRAND GULF 2.635 26.0 27.6 6.2'

I
iT CLINTON 2.863 25.1 26.9 6.4
1 i

'

|(.
1 .

| t.

.

I'

!!

| ~

,

i

i

, |
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.

i

_ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ . __ _______|



.

h

(4) To verify the . first order perturbation solution for the fluid-

structure interaction eigenfrequency for a Mark II type suppression
pool, use of the NASTRAN computer program was again made. The NASTRAN

'

[,

l' .model of the Limerick-Susquehanna containment used is shown in Fig. 4. !

The volume flexibility V6 of the containment was determined to be -
,

~3 3 3V6 = 1.061 x 10 m /kPa (0.252 f t / psi). It was computed from the ;

Mark II boundary pressures resulting-from an actuation of the safety 7

relief valves (SRV).. This boundary pressure has its principal [,
1

frequency in the range 7 through 12.Hz. This value for V6 is the sus
,

~ of separate volume flexibilities for the basemat, wall, and pedestal.
;

i 3The volume of water is V = 3504.8 m . Thus, 6 = 302.7 x 10 2 ,2/N I

-6 "I(2.09 x 10 / psi) . The water density a and sonic speed e used in.the;

NASTRAN model as 1000 kg/m and 1036 m/s. The computed rigid wall
'

'

j fundamental frequency for a triangular impulse was w /2 = 37 Hz,
while for flexibic walls it was w /2n = 32 Hz. Using Eq. (55) w /2n =

, ,

. 32.1 Hz, which compares quite well with 32 Hz.
,

! ,

I T

! Thus, we conclude from these comparisons that the flexible wall solution of

the acoustic wave equation is capable of predicting the eigenfrequency w,
to within 6.5%.

| 4.2 MODE SHAPE COMPARISON '

0.
j The verification of the assumption that 8(w r,) is suf f!.ciently uniform i
j such that $g(r) is a good approximation to Y (w,r) f r the Nth vibrational ;fN

j mode is accomplished by comparing the mode shape of the pressure response I'
- obtained during the Anamet tests with that computed by the flexible-wall ]Ii acoustic theory. This comparison can easily be affected using the acoustic 1

*

tranIfer function H($|x,w) in which Y (w.r) a $ I )8g N
j r. ,

! H(x|x,|w)=4scp b$(x,)(N(*)II"N*A
* l i ( l}~"} ~ 4" A I *

'

; N

i with
t,,

=tanN2wX(" *A ~ " )" I * (02)j g N 'i, !
o

;

<.
,

{
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Table 2 ;.-

[i
NOMINAL 4T STRUCTURE AND FLUID PROPERTIES USED IN THE VERIFICATION OF

THE ACOUSTIC FLUID-STRUCTURE INTERACTION METHODOLOGY
.

' ' . . *

a = 1.0668 m (3.5 ft) = tank radius'

..

L = 7.0104 m (23 ft) = nominal water depth
e

= 6.2484 m (20.5 ft) = water depth for Anamet test

h = 101.6 mm (4 in) = base plate thickness
b

. h, = 15.875 mm (5/8 in) = wall thickness
' ' -I

w = 1185.6 S = base p1ste vibrational frequency *
b

~

= 1373.6 S **

~

= 674.1 S ***

~

w = 4913.8 S = wall vibration frequency,

p, = 7700 kgm'3 (470.7 lbm ft~3) = steel density
'

Y = 195 GPa (28.3 Mpsi) = steel e1eastic modulus

u - 0.28 = Poisson's ratio for steel

= 1000 kgm"3 (62.4 lbm ft" ) = water densityo
y

O. e = 1036 m/s (3400 fps) = acoustic speed

Observed in Anamet 4T FSI study*

'r

b" [ (1-4 ) }! (Clamped plate)** w
<s

I
+

.,=(....)g,(1,2)-1,1,2(..1,.... ort.d,1.t.>...

9
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|
|

The solution of Eq. (36), subject to the boundary condition of Eq. (37),,

yields for the rigid boundary cylindrical containment eigenfunctions

$ ( ) ! *1mn(r, z) = Almn m("# ) (m ) c s ((1+ )fz), (63)N mn

where the normalization constant A _ is determined f rom the conditiong,

,

<$|N = 1 and is given by)
N

om) (l ~ ( )]J (""mn( # ( '}A lmn " 4
*

mn

The eigenvalue a is defined by the boundary condition Jy(na_) = 0, where
the prime indicates the derivative of J ,with respect to its argument.

!

Upon inspection of Eq. (33), it is immediately obvious that H($l$,|w)a,

[ 00,($| c,|w) for the case where YN'#'N

To demonstrate the effect of fluid-structure interaction, we compare

H($|Yc,|w) in Fig. 5 for both a rigid wall and flexible wall 4T. The

flexible wall case corresponds to a sonic speed c = 701 m/s and a fluid

|
'

damping factor C = 0.045. Note that an effect of wall flexibility is to

p increase the spectral density of the pressure in some frequency ranges. We
I also see that the 4T responds (" rings out") primarily in the fundamental

| mode N = 0 for an impulsive source. Thus, under our assumption that
,f 8(w.r,) is uniform, the fundamental mode is described by Y,($) $,(r) and

depends on z as cos(wz/2L) as is seen f rom Eq. (63) . The comparison
! between the mode shape obtained from the Anamet test results and cos(wz/2L)

| |.L
'

is shown in Fig. 6.

i'

'

We have thus been able to solve the acoustic wave equation in geometries
f with flexible walls. It is significant that these solutions are no more

complex than the rigid wall solutions provided certain assumptions hold.-,

These assumptions circumscribe the fluid-structure interaction which is

describedbythespecificacousticadmittance8($,|w)or, equivalently,by..

6 and C. Specifica11yt

(1) 8(x,|w)mustbesufficientlysmallthatEqs.(47)and(48)arevalid;

T1002838-DIS 4-7
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(2) S(x,|w) must be sufficiently uniform that the surface integral of
Eq. (47) may be neglected so that f(x|w) a $ (#)I

N

(3) the boundary must be locally reactive with an acoustic admittance

given by Eq. (51) . *

4

4.3 PRESSURE RESPONSE COMPARISON -

Essentially, we have reduced the description of the fluid-structure inter-
7

action to specification of the parameters 6 and C which control the shif t !
in eigenfrequency and the amount of damping. To provide further verifica-

,

tion of this method of treating fluid-structure interaction, we compare the
predictions of flexible wall acoustic theory with the results of a flexible

wall NASTRAN calculation for our 4T model. Both IWEGS and NASTRAN used the I
same chug source shown in Table 3. For use in the NASTRAN computer ~

program, however, the source had to be converted from a volume acceleration

to a linear acceleration. This conversion was accomplished by a multipli-
cation constant which was obtained by requiring the peak pressures calcu-
laced by IWEGS and NASTRAN to agree in a rigid wall 4T. The speed of sound 3

was chosen to be c = 1036 m/s (3400 fps). Values for the various constants
1for the 4T geometry are found in Table 2. Since the NASTRAN model treats j

the base plate as simply supported, we set w = 647.1" * NASTRAN used ab
structural damping of 0.045 which was manifest as a fluid damping factor of
C = 0.03. The comparison of the IWECS and NASTRAN results is shown in
Fig. 7. !]

b

To conclude this section, we show in Figs. 8 through 12 some examples of ;
.tthe ability of the acoustic methodolcgy to adequately represent both '

-

chugging and condensation oscillation events by comparison with 4T chugging .

test data.
,

.

' '
.
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Table 3
,

, .

CHUGGING SOURCE PARAMETERS (GE125) USED IN COMPARISON
.- 0F IWECS AND NASTRAN IN 4T

. :.

S(t) = - A,A(h - 1) + A sin (w t).. g i,

7.-

Ag (m /s )* m /2w (H,)g

}. 0 5.2 (T = 36 as)
J. 1 0.73 5.0

2 0.43 12.6
Q 3 'O.13 20.9
g 4 0.10 28.7

5 0.23 39.1
. 6 0.48 45.6
- 7 1.30 56.1 *

8 0.29 63.9

*

I
* To convert the source strengths A which are in terms ofg

(m 7,2)3volume accelerations to linear accelerations (in/s ) !

suitable for NASTRAN A + (16760)Ag g

-
,

as

i
'

i

.

I

,.

A
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5- MARK III ASSESSMENT FOR R11R CGNDENSATION OSCILLATION"

.

In the previous section the acoustic methodology for unstable condensation
- (chugging and/or condensation oscillation) in containments with~ flexible

boundaries was described in some detail. Also, it was demonstrated that

this methodology is capable of generating pressure responses that compare,

.quite well with experimental data. In this section the CIOG Mark III
n

containments will-be assessed for the effects of RHR induced condensation
. e

oscillation. This assessment will be made as follows. First, a pressure

trace will be selected from some relevant test data and an RHR condensation'

oscillation source will be extracted. This source will then be used to

compute pressures at the containment boundary as well as forces on the
'

'

submerged structure closest to the RER discharge point. These boundary

_ pressures and submerged structurc forces will be compared with those

resulting from safety relief valve discharge (SRV).,

The Mark III design was used for the_ containments of the Grand Gulf Nuclear

Station (GGNS), Perry Nuclear Power Plant (PNPP), River Bend Station (RBS),
and the Clinton Power Station.(CPS). A typical Mark III containment (GGNS),

is shown in Fig. 13.

;- In Table 4 a comparison is made among the CIOG member containment geome-
tries, RHR mass fluxes, and boundary flexibilities. Although the contain-

'

R ment geometries and mass fluxes are similar, the boundary flexibilities are

dissimilar. Hence we shall conduct a unique assessment for each CIOG,
,

, . member containments. From the results, conclusions will be drawn for the

CIOG as a whole. In addition, a submerged structure load on a cylindrical

object will be computed for each CIOG member containment.

I I' 5.1 RHR CONDENSATION OSCILLATION SOURCE
i a

| *; As explained above, the generation of a source function S(t) due to

unstable condensation resulting from RHR steam discharge into the Mark IIIL'

suppression pool is best done empirically. Therefore, it is necessary to

. have some pressure response data in a known geometry that is believed to be
representative of the actual RHR source expected to occur in a Mark III

T1002838-DIS 5-1
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Table 4 ,
,

COMPARISON OF CIOG MARK III PARAMETERS
FOR RHR CONDENSATION OSCILLATION

.

'.
Distance

Suppression Pool sest
RHR Mass ContainmentCe metry Submergedr. py FledMlity

Structure
a (ft) b (f t) L (f t) (lbm/ft -s) (in.) oc wt

r Grand Gulf 62 41.5 18.833 140 39.6 2.635
,

i.
Perry 60 41.5 18.500 190 12 0.756

River Bend 60 39.5 20.000 92 60 0.705

Clinton 62 39.500 19.417 198 43.4 2.863
,
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suppression pool. To this end, the General Electric Company. examined test
data from some < team condensation experiments conducted by their overseas
licensee. These experiments were performed in a cylindrical tank shown

schematically in Fig. 14. From the resulting pressure responses from these

experiments, General Electric selected one that was considered to be
'

' ''

. representative of an actual RHR source. This determination was primarily
4

based on the value of the RHR steam mass flux. . The ' selected pressure "

time-history was measured by sensor P/TS which' is located at the bottom a

center of the tiest tank x = (0,0,0). M s pressure trace was normalized
5 a

fto a maximum positive pressure of 413.7 kPa (60 psid). This ' maximum

positive pressure was the ~ largest value' observed in the tests for a bulk
.

'

pool temperature corresponding to that expected in Mark III. Information

concerning the source pressure' trace was transmitted to the Bechtel Power

fCorporation for Mark III assessment and is contained in Appendix A. This
a

pressure time-history and its power spectral density (PSD) is shown in

; Fig. 15.

Given the selected pressure trace p(.x ,t) and the test tank geometry, the,

5

source function S(t) is extracted. First it is necessary to create a

transfer function H(x o|w) f r the test tank. From Fig. 14, it is seen5

that the tank geometry is almost right circular cylindrical. Approximating
,

the tank geometry by a right circular cylinder will not only facilitate the !

] computations but will yield a conservative source strength (magnitude).
That'such is the case can be seen as follows. The volume of a right

circular cylindrical tank with the same radius a and maximum water depth L !,

l.will be greater than the actual test tank. Since the transfer function is

proportional to the inverse of the' volume, the approximation of the test
]

tank by a right circular cylinder will yield a greater source strength. I

1

Although the hemispherical bottom of the test tank will contribute dif- -

4

ferent eigenfrequencies than that for a right circular cylinder, the values
of these eigenfrequencies are in excess of 100 Hz. Thus, this difference

e

in geometry will not have a noticeable effect on the frequency content of
,

the source generated using a right circular cylinder. Hence, the transfer
1

function H(x l lm) will be constructed assuming a right circular cylinder.j 5 *o ;
''

The flexibility oc 6 was estimated to be 1.12 for the test tank.
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.Next, the source pressure time-history p( 5** * *' E' ' '# *~

formed to the frequency domain, becoming p(.,

x|w). The corresponding source5

function S(x,,w), which is at location $ , results from the complex
.

:. . division

'
P(N ")5

- S($ |w) -= (65),

H($ o ")5
I,

1 This source function could be transformed to the time domain, but this is
not a necessary step.-

i-

d.

During steam condensation experiments conducted by the overseas licensee,
the pressure field in the test tank was not measured directly. Rather, the,

pressure in a small volume connected by an orifice to the test tank was
measured (Fig. 14). The drawback of this type of pressure sensor is that
the acoustic coupling between the sensor volume and the test tank obscures
the high frequency content of the source pressure time-history. The funda-
mental acoustic eigenfrequency of these pressure sensors is approximately
100 Hz. Even though the true condensation source that produced the

;

selected pressure time-history may not have contained any high frequencies,
the impulsive nature of the true source would have acoustically excited thet

pressure sensor cavity and some response would be observed. Because the
exact nature of this masking is not known, it cannot be removed. As aT +

f result, the source function S(x |w) generated from Eq. (65) will containo
some admixture of high frequency signal which will result in an unknown

I
amount of conservatism. The source should be free of this contamination atL

'

frequencies below about 60 Hz.
7
i
"

To obtain a more realistic source, the pressure. trace selected by General
r Electric (Fig. 15) was filtered at 100 Hz, and the frequency content

greater than 100 Hz discarded. However, the total mean-square-power wasa

held constant by increasing the strength of the frequency content below.

100 Hz. The pressure response calculated from this source at the P/T 5 l
_.

sensor location in the test tank is shown in Fig. 16.

.
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'5.2 MARK III EVALUATION
_

10nce a representative source for RHR induced condensation oscillation has,

- ui been determined, it can be used in the assessment of the Mark III contain-

ments for this phenomenon. In order to be able to use a source in a

facility other than the one in which it was generated, it must be assumed

that all the conditions that determine the nature of the condensation
source are the same. Such, of course, will never be exactly true because

of the random nature of the condensation process. However, if care is

I. exercised in selection of the pressure time-history used for source genera-
tion such that conditions at the vent exits are reasonably similar, then

- the source from the test facility should be an adequate representation of
the true Mark III RHR condensation oscillation source. This "transporta-

'

bility ansatz" will be invoked in the Mark III assessment for RER induced

condensation oscillation.

^

To assess the Mark III CIOG member containments for RHR condensation
oscillation, each containment geometry will be evaluated individually.
This is probably the most straightforward' approach since, although each
containment is geometrically similar, the boundary flexibilities appear to

- full into two groups: the relatively stiff containment (Perry and River
Bend), and the relatively flexible containment, Grand Gulf and Clinton. In

? order to evaluate each containment geometry, it will be necessary to
a
& construct unique Mark III transfer functions. This is easily done using,

the equations for H($|x,|m) for annular geometry along with the uniqueg
|t geometries for each containment given in Table 4.

In crder to construct these transfer functions, the sonic speed C in the
Mark III containments must be specified. The sonic speed which, together

T
t with the density is a measure of the fluid compressibility, is a weak1

|

x. -

function of pressure and temperature. For pure water at 37.78 C (100*F)

I and one atmosphere, the sonic speed is 1524 m/s (5000 fps). However,
# with the addition of air, the sonic speed will change drmatically as can be

seen in Fig. 17. The precise amount of air is difficult to estimate

- without a test, but for large suppression pools the void fraction of air
{'

should be in excess of the equilibrium value obtained from Henry's Law.39
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, m ,

-6
-For' a suppression pool at 10b'C (212*F) the void' fraction a 9.34 x 10~

corresponding 7 to a sonic speed c = 1383 m/s. _(4537 fps) while for a pool at.'' --

-5- '

20*C - (68'F), - a = 1.50 x 10 and c = 1314 m/s (4311 fps). The. reason the*

air void fraction will be greater than the equlibrium value is that the' ~

'

structural boundaries of the suppression. pool are not smooth. 'This non-
.-

~ Thesmooth nature provides myriad locations where air can accumulate.'

value of the void fraction probably depends upon a multitude of
7

. exact

- i
factors, but a typical value would yield a sonic speed of 1067 m/s

'

(3500. fps) . Hence, the range of possible sonic speeds .for Mark III varies

i between.1067 m/s and 1383 m/s. We will evaluate the CIOG member contain-
ment at two values for the sonic speed: (1) a typical realistic value of

|
..

-1067 m/s and (2) the maximum possible value of 1524 m/s. We choose to use
,

~ as the maximum value 1524 m/s instead of the equilibrium value for a
boiling pool 1383 m/s. in order to forego any discussion of the rate of,

which dissolved air can form bubbles and increase the compressibility 'of
,

the water.
,

Once the Mark III transfer functions have been constructed, the pressure

7 .

field.p($|w)canbegeneratedat.anydesiredlocation$viaEq.(66):
i

p( |w) = H($|$ |w) S($ |w), (66) ;

o

Thiswhere $, is th'e location of the RHR condensation oscillation source.y

location is taken to be the exit plane of the RER discharge. In cylin-
jL

drical coordinates $ = (r,, 0, z ). The source location for each
!

,

;h geometry was obtained from information supplied by-each CIOG member and is

i given in Table 5.
1 ,

I;
,

> ,-

Table 5~

1

SOURCE LOCATION N = (r , 0 , z )
g 9

; -

0
i-

.
r, z,

GGNS 18.3642m (60'-3") 28' 4.2164m (13'-10")i <

.-

PPNP 17.526m (57'-6") 28' 4.2367m (13'-10")
4

RBS 17.526m (57'-6") 28' 4.2672m (14'-0")
,
:

CPS 17.907m (58'-9") 23' 4.5467m (14'-11")
,

!-
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'

.

r 4 *-r **+-w--,e,.-e-.-, - - , , = re w--- ,,r --e----e ee-v- w,-rw-,e+.*--%++ +- r-,--e g v % e v,w m y e e r-+ v se-e+c . .e - -r w w m-e g -- w itr + e-t- e -e r v m = *--- a e*m



4 . _

l

:
For example, the pressure response for GGNS at the containment wall

'

.

directly opposte the RHR source is shown in Fig. 18. The location of the

. pressure response is given in cylindrical coordinates x = (r, 0, z) . In

this example (r, 0, z) = (18.90 m, 28* , 4.09 m) = (62 f t, 28*, 13.42 ft).
Pressure responses at other locations for each CIOG containment are given *

in Appendix B.

y
.,

To determine the significance of these results, a comparison will be made a

between the maximum positive pressures due to RHR induced condensation
oscillation and SRV actuation at the containment boundaries in the azimuth

plane of the RHR discharge. The comparison of RHR and SRV peak pressures
,,

for each CIOG member containment is shown in Figs 19, 20, 21, 22. It can
n

be seen that the maximum positive pressure due to a single SRV actuation

exceeds that due to RHR condensation oscillation except in a small region {
on the containment wall adjacent to the RHR discharge, and that the '"

actuation of all 20 SRVs produces a peak positive pressure that exceeds the
maximum positive pressure generated by RHR condensation oscillation.

:

5.3 SUBMERGED STRUCTURE FORCES

In addition to the containment pressures, the magnitudes of the forces

produced on submerged structures by both SRV actuation and RHR condensation

oscillation were compared. The force exerted on a submerged stracture by a
,

fluid in motion is given by
~

,

"
+

: F= pdS (67) , j[

where p is the fluid pressure acting on an area increment d5 = A S, A being 'I
a
*

j the inward-pointing normal unit vector at dS. If static pressures are

| excluded from p, then F is the dynamic load due to fluid motion.* ;
o
'

l

|
.

| *This treatment of the force on submerged structures neglects contributions
due 'to tangential shear stresses since they are significant only for ': '
Reynolds numbers less than unity.40 .
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For large Reynolds numbers (10 - 10 ), the flow field can be divided into

an external region and a thin boundary-layer near the structure together
_

with a wake behind it. In the external region potential flow theory (com-

pressible or incompressible) can be used to evaluate the flow field or the
*

pressure field, while in the boundary-layer and wake, the Navier-Stokes
* 'equation must be used. Therefore, the surface integral in Eq. (67)

can be divided into an integral over the surface outside the wake region

where the pressure is given by the solution to the linear acoustic wave a

equation, P , and an integral given the surface inside the wake where the
4 r

pressure is given by P . These two integrals can be modified such that {y

the force is given by
,

F p d$ + (p Ip )d$ . (68)-

9 4
8 Iw

1
The second integral in Eq. (68) is performed over the surface adjacent to

the wake region, and S is all but impossible to evaluate, so we sety

(P -P)d$=hCA|$,|$, (69)y 4 A
S

where $, = $,(t) is the uniform flow velocity. This is a defining equation
for the unsteady drag coefficient C which reduces to the stondy drag

coefficient C # = c nstant in time. Values for C are obtained fromD A
experiment. -

3,

A somewhat limited conclusion drawn from the comparison of the unsteady b
drag force

,t

1 ' !.+

FD"YAA h, N+, (70)
:

^

with experimental data is that for cylinders in unidirectional flow accelera-
5

tion C where 10 < Re < 3 x 10 . In this Reynolds number range,A D

C I *
D

i
The expression for the force given by Eq. (68) thus becomes -

p,d$+hCA|$,|$,F= (71)A

.T1002838-DIS 5-18 ,
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9

where the pressure field, p,, is determined from the acoustic wave equation

in conjunction with'a set of suitable boundary conditions.

,.

. :. For an inviscid fluid described by potential flow. Euler's equation can be
transformed .into an expression reld i ag the pressure p,, the time

.,,

derivative of the velocity potential I), and the gradient of the velocity,.

''

potential:46
a

p, - 04> + h(V4) = f(t). (72)

e.

h
#' Here f(t) is an arbitrary function of time which can be set equal to zero

], without loss of generality. Taking into account d'Alemberts paradox, the
'

C- integral in Eq. (71) can be written

p,dS = p ddS=KpV0,. (73)g

The acceleration volume V *V is equal to the sum of the structure,

A S

volume V , plus the classical hydrodynamic mass , M , divided by the fluidg H
density. Hence

K =1+M/oV (74)g g.
,

,

Under certain conditions the force acting on the submerged structure given4

j by the integral term in Eq. (71) (which is also'known as the acceleration
* drag force) can be significantly larger than the unsteady drag force given

.J by Eq. (70). Since 6, is parallel to $,, it thus becomes convenient to
:
.t express the submerged structure force given by Eq. (71) in the following

form,,7
>

, .f.

CfAD f .+

F=(2+2VSI)fpdS, (75)t
4g

where D is a characteristic dimension of the structure and Sr E E,D/U, is
' ' the Strouhal number.49 The parameter K is equal to 2 in Eq. (75) in order-

to account for the hydrodynamic mass in Eq. (74). Hence Eq. (75) under-

.

T1002838-DIS 5-19
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.

estimates the true submerged structure force. It.is obvious that when

- Sr.>> C AD/2V , the submerged structure force is essentially given by the.A 3

integral of the pressure field p over the structure surface.S. A cylin-
4

drical structure at the closest distance to the RHR source given in Table 4
was used for the comparison. ~

!

In order to. estimate the load on submerged structures resulting from RHR y

CO, the tangential and radial forces were computed for a cylindrical [
' structure in each CIOG containment. 'This structure was oriented such that

-

its axis was parallel with the containment axis and located a distance f rom

j the RHR C0 source given in Table 4. Table 6 gives the resulting peak

forces.
O.

!4
,

T
I

Table 6 *

,

RADIAL, TANGENTIAL OR AZIMUTHAL FORCE
,

ON A SUBMERGED CYLINDRICAL OBJECT -

<

! Force
i

i

Radial Tangential Azimuthal

*

CGNS 9.0 LBf 160.0 LBf .

b
,

i PPNP 230.0 LBf 180.0 LBf
'

! RBS 98.4 LBf 103.2 LBf p
i .H

*

CPS 160.0 LBf 112.0 LBf,

'I
i t

i

.

; -_

|

i
i

..

i'

1

I
.
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6 CONCLUSIONS

_

In May 1982, the NRC raised the concern that condensation oscillation
:

loads that, might be produced by steam discharges from the RHR heat
" ~

been completely defined. The Mark IIIexchanger relief valves had not-

' Containment Issues Owners Group has maintained that the potential RHR
'

; condensation oscillation loads can be accommodated by conservatisms in an
. existing load definition, or that they are bounded by existing load defini-'

tions. In response to an NRC request to submit additional supporting,

[ information, the Mark III CIOG commited to complete a detailed evaluation'

of the impa'et of potential condensation oscillation loads produced by steam
discharges from the RHR heat exchanger relief valve.

To carry out this task. Bechtel utilized a derivative of the acoustic
'

| chugging model used in the Mark II chugging program that had been reviewed
:

| by both the NRC and the Advisory Committee on Reactor Safeguards. This

report describes in technical detail both the theoretical model and the

verification that the model has the capability of producing boundary
i

-

pressures that include the effects of the fluid-structure interaction. The.

,

paper also shows results that agree well with experimental data and calcu-
.

lations of more elaborate computer programs (NASTRAN).

Using test data supplied Bechtel by the General Electric Company that are
representative of the condensation source expected to occur in Mark III
from RHR steam discharge, a source function was empirically erected. This

"

source was argued to be conservative with respect to the true RHR conden-
sation oscillation source and was used to generate boundary pressures andi

submerged structure forces in a typical Mark III containment: Grand Gulf
. Nuclear Station. These were compared with pressures and forces from SRV7_

a actuation with the result that the SRV loads adequately bound the RHR
condensation oscillation loads. This study has shown that the potential
condensation oscillation loads which could be produced by steam discharge
from the RHR heat exchanger relief valves are bounded by the loads which
are produced by main steam SRV actuations. Therefore, the RHR condensation

^

oscillation loads can be concluded to have no design significance.

T1002838-DIS 6-1 !
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f. GLOSSARY OF SYMBOLS

to
a Radius of 4T tank or outer radius of Mark III,

; suppression pool (m)

2A Cross section area (m )
.

'

b Inner radius of Mark III suppression pool (m)
..

c Acoustic speed (m/s)

D Diameter of 4T cylindrical tank (m)

f G($|y|w) Flexible-boundary general Green's function
G(x|y|w)

{ G,($|y|w) Rigid-boundary Green's function

h Boundary thickness (m)

, H($|$|w) Transfer function

J (x) Bessel function of order m
-m

T.

1 J;(x) Derivative of Bessel function of order m

k = w/c Wave number
'

K (w) Flexible-boundary eigenvalue

i Axial quantum number

L Water depth (m)

1 m Azimuthal quantum number

2
| M = p,h Effective mass per unit area (kg/m )

i
n Radial quantum number

N = n,m.i Quantum number trio

p Acoustic pressure (Pt -Ag/r c),

t

P.
o Equilibrium pressure

t

. P Total pressure
.

q($,t) Source density function

,
'q($|w) Fourier transform of source density function

|

T2838-DIS G-1 I
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,

R = 2cMw Boundary resistance factor
,

s Entropy per unit mass
,

S Surface area

S(t) Chug source strength -

t Time
,,

T . Temperature
.

u Acoustic fluid velocity (m/s)

T
u Acoustic fluid velocity magnitude normal to the [" boundary surface (m/s)

-

V Water volume
,

+
x = (r,0,z) Location of pressure measurement (m) ,

.
*+ *

x (r ,0,,z,) Location of point source (m) ^

y Position vector (m)

Y Young's (elastic) modulus (Pa)

z Elevation from origin (m)

z ' Axial position of source (m)

z(w) = p/u Acoustic impe'2nce

"mn Characteristic numbers for Bessel functions in 7

cylindrical geometry a

8(x,|w) Specific acoustic admittance
J
Ia6 Acoustic density change (kg/m )

6 Boundary distensibility (Pa~)

6(x) Dirac delta function

6 Kronecker delta symbol

c, Norm lization constant

'~

C Structural damping factor

n Bulk viscosity

_

T2838-DIS G-2
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.

O Rigid wall wave number
N

0 Azimuth angle

O Azimuth angle of source.

K Thermal conductivity
,

A Fluid damping constant
N

-.

p Coefficient of shear viscosity

p Poisson's ratio
,,

[ C($|W) Specific acoustic conductances

i G(w) Spatial average specific acoustic conductance
!.
' 3p Mean fluid density (kg/m )

8p, Mean boundary density (kg/m )

c($,|u) Specific acoustic susceptance
I
1 o (w)' Spatial average specific acoustic susceptance

.

T Viscous-stress tensor

T Source start time (s)

4() Rigid wall eigenfunction
N

4 Potential energy per unit mass

I Y(|w) Flexible-boundary eigenfunction
N

w Flexible-boundary eigenfrequency7 N
L o

w ek Rigid-boundary eigenfrequency
N

w 4T base plate vibrational frequency
b

w Structure vibrational frequency, ,

4T shell vibrational frequencyw,.

,

V Gradient operator

~

V2 Laplacian operator

C2 d'Alembertian operator

3/Bn Normal derivative
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March 16, 1983

-

Dr. Gordon K. Ashley' ''

Bechtel Power Corporation
,

P. O. Box 3965
San Francisco, CA 94119 >

Dear Gordon:
J

Enclosed is the information which General Electric agreed to supply to
you during the March I meeting of the Mark III Containment Issues Owners qGroup. The information includes a description of the test facility, the

apeak pressure en the bottom of the test facility and GE's normalized .

pressure time history for a sensor on the bottom of the test facility. ,

IThis information should be sufficient to allow you to complete development a

of the condensation oscillation source for steam discharges from the RHR
heat exchanger relief valve to the Grand Gulf Nuclear Station suppression ]pool.- You may reference this transmittal letter in your source definition A
report.

Please note that the information encloseri with this letter is nroprietary
tc General Electric Company and should be handled in accordance with
the proprietary information agreement which is in effect between
Nississippi Power & Light and Bechtel Power Corporation.

If you require any additional information to couplete the developi.ient of
the condensation oscillation source, please let me know as soon as ,i
possible. .

. 4

Yours very truly, [0 h/m.. /^
''

t.2-8
.-

. D. Richt.rdson .!
3Hanager Safety and Licensing

hississippi Power & Light Company
.

JDR:kb
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RHR SRV CO LOAD DEFINITION

Test data which may be used to develop a representative RHR SRV C0 load
may be found in Reference 1. A specific normalized pressure time history

- is given in Table 1. The test configuration is similar to that shown in
Figure 4.2-20 of Reference 1, included here as Figure 1. This facilitys
may be modeled as a 10 ft. diameter cylindrical tank. For this application'

.

the steam was vented into the water through a straight pipe 8.2 inches in
diancter located in the center of the test tank. The pipe exit was'

.
located 7.5 ft. above the tank bottom and the submergence was 6.6 ft.

For load definition the maximum positive pressure at the tank bottom
center should be set at 60 psid. Radial attenuation from the projection
of the pipe centerline on the tank bottom is well represented by 1/(1+r)'

1, where r is the radial distance. On the tank wall at the elevation of the
vent pipe exit, the peak pressure was 13% of the maximum bottom center

-

.

pressure.

Reference: Fukushima, T. et. a. , " Test Results Employed by GE for BWR
Containment and Vertical Vent Loads," NEDE-21028, October 1975.

I'

I

I

.

I
T
L

m

9

4

..

.

WMD: cal /K031416*
| 3/14/83

!
- - _ ._. . _ _ _ . . . . - _ . . _ , ~ -_ - -. _ _ __..._-_-- - -..__. _.



( I Lv f,.,: )L C . '
.,

NEDE 21078
.

GENERAL ELECTRIC CC.Y.PANY
PROPRIETARY INSCRMATION

.

'

WATER INJECTION WATER REMOVAL ~

a <ro
f- cr /'Fa

1, Ret IFF VALVEo
. ..:- -

t=cthPULSE UNEp9
e-

.
FLOW

.*= -cc uvlTER m.,

d Pg C 5 #"MrD- y ,,' .c,

-1 ,

49er9,
_

+ b VENTILATION -

kTA d$uuuh AIR HOOKUP hC' i l **

LINE A I
3 4"d.M'" /

s W R
{ ATE ,/_ a. %Z Il

',

'

VAL
.{ra n:nemater

' #iK;;
-

,o.-
1 .

4J5*lD *-

.

4

,

|

| ?. ;*
. .,

jg i
- '

3 i -

'

-47- --~& (A
'

n1

! 'w-

dei U-O- <-
!

i ~

I D D

E< 2,h KC i
.

,

7e1.. |. dn'
.

i c::z a:'gg # _

L.Jw w-

.,g
//e%,, tidM

-* 0.CL > ,

y in ''a ,

5_,
_;b*I _

e
9 o -o o

dbg 3
..

-

'ge .

PIT P/T P/T

Ff.gura 4.2-20. P&ID for Large-Scale Test Stand

4-44 *|

1
_. . . ... - - . ..- - . - . . . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ' ~ --^ ' ' ~ '



-- -

.

-.
; .

. .

.

O
..

..
4

- ,
**

.
.

.-i: . .
.

-

. . ,

s .

.

.

-; .

4

3. .
.

i n
[. w

.

C R
-

5
. g
. -

.
s,E .

- .

4
-

E El
..

:
.

[ i,
.
-

.

I
I,

=.i -

.
1

.
.

db

,

t
.

...

y>
-

.

-

--
>

.a.
.. .. ,.-_....~__. ..... ~-- .. ..~.. . .-: nan.=: seczenam =:sts ::::::::e c====:s m'j'r *i*i*i*i5ffiffiiii*iff*iffii'idfdi*iii*i*idi

-

.. .

3_3:3g33|8E|gIII~:s 3:: = g 33 E 8 :: :::::: ::: s : g :: ::::s :s :::s :s ::3 33 3 r'
1

::. s:s.22.a====ss: :::::::::: E. ::::::::eea
. s: - --~ ~ ---

;; assassaaaaaaaaaaaasassassasaaaaaaaaaaaaaesee.
i

;
* .

| e .

. - _ _ - - - - . . . . . _ . _ _ _ _ _ . - - . . . _ _ - . _ -



_ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _. . .- __ _. __ ._ _ _ _ _ _. _ .

* *.*
* 9.135999 9.725

' '

-
i

9.114999 -0.694 I,

9.11e999 -0.194 0.115000 0,725 *

9.129999 -9.543-

9.124999 9 399
9.125999 -0.945 .-

9 127000 9.434 ,

9.129999 0.149* '

- 9.139999 9.734
0.132999 -0.329
0.135999 9.795 .

'9.139999 -0.475
9.143999 9.395 * *

-

9 145999 -0.219
, 9 147099 9.143

: 9.159999 -0.391
; ; 0,153999 9.249
| 9'159999 -9.499.

i 9.141099 -0.257
| 9.163099 .-9.491*

I 9.165999 9.321
| 9.149999 -0.379

* *

9.171999 9.395
,

|
- 9.176099 -0.499

i 9.l??t99 9 234*
9.t99999 -0.320;

' 9.192999 9.419 ,

0.194999 -9.297
9.196999 9.283.

9.190999 -0.945
i 9.199999 Seite
i 9.196994 -9.434 ,

! 9.199999 9.449
| 9.299999 -0.091
! 9.293099 -9.979
| 9.295999 -0.494 ..

j 9.297999 9.234 -
.

| 9.219999 -0.499 -

i 9.213999 9.594
!

-

9.2 5999 -0.52.
~ ~ '

O.217999 9 245 ,.

'9.229999 -0.442
9.225999 -0.994
9.220000 -1.957- .

'

. 9.232999 -0.239
*

9.233999 -0.994 * '

.

9.237944 -0.125
! 6.242e99 -9.494 sr 0.252000 -0.181
i

1 .

*'

- -
, . e-- s - * - '

p. a. - -m m m s4 t- w._d. ~



, 7 .; p---- , . . ,. y p;s;g rum m ,i .;,

; - -

9.2 9999 -0.9,2 x . .
-

.

. . . , , , , ..,0.
9.243999 -0.957!

-

i 9.245099 -0.943
*

4 9.269999 9.587 I

9.279999 -0.434;
, .

'

9.271999 -9.293 # .*
*

9.274999 -0.744
. 9 276999 -0.949
"

.
,

9.279999 -0.913
'9.292999 9.499;

9 294000 -0.504
9.297999 9.529

4 0.299999 -0.449
9.291999 9.999
9.292999 -0.743 *

I 9.295099 . 0.949 .

9.297999 -9.732
9.399994 9. , ,

9.391999 -0.544 .
' 9.395099 -0.919

G.345000 -9.994'

j 9.300000 9. -

| 9.319999 -0.549
: 9.385999 9.245

9.314999 -0.349
9.319999 9.239
9.329999 -9,299
9.323999 9 843
9.325999 -0.395 -

d 9.327999 9.415
9.339999 -0 170

' 9.332999 9.747
,

9 335999 9.930
| 9.339999 9.377
' 9.349999 -0.395
| 9.341999 9.129 -

| 9.344999 -0.349 - ~

, , . , , ,..

9.347099 9.513i

9.349999 9. |

9.359999 9.223 '

I 9.351999 -0.945
|

-9.353999 9.n.
! 9.354099 9.27.'
! 9.355000 1 999

9.362099 0.045
e.363099 c.469 0.369000 0.426
9.35!O99 9.177

iTi?^05 9.A34
1

. - - - _ _ - - - _ _________________-_-__-___.



- _ _ _ _ _ . _ _ _ _ _ _-.___ _____ _ _ _ __ . _ _ _ . _ . _- _ _ _ _ _ . . _ . _ _ _ _. -_ _ __-

i
.

.o.4,4 eve o. car 'P ...

e.373094 e.224 0.370000 0.675 ,

e.377ees -e.418
e.379ese e.ese.

e.3eeees -e.774 ' ~

,- e.3seeee e.104
'

! e.3e5eee -e.577
.

: e.3ettes e.424 *
'

; e.39teet -e.e3e
i e.395eet -0.8s5
| e.397000 -0.92s
; e.4eeeee e.125
! e.4eaeee , -e.934

e.4eSese -e.e75
e.4eeese -e. set-

.

) e.4 sees -e.43e.

! e.414ees -e.4ee'

1 8 e.es7ees -e.20e
! : . 42.e.e -e..ee.

e.424ees e.4ee .

i s.429ees -e.es7
j e.43eeee e.162
| e.432ees -e.es3
1 e.435ees e.t5e,

e.434eee -e.257
e.439eet e.717
e.44eese e. ,'
e.443ece e.721 -

e.444ees -e.347
e.447ees e.5e2 ~

e.44eece -e.6s?
e.4520ee e.5e4
e.453ese -e.4e4
e.457eee e.472
e.44eees -e.449
e.463000 -e.2s?
e.445ees -e.747- '

e.44eees -e.257
'

.
,

e.47eees -e.2e7 4*6 <

e.473ees -e.I?e
e.475ece -e.442
e.479ece -e.e19
e.494ees -e.411 *

e.4080ee e.223
e.49eees -e.681
e.492eee -e.162
0.4??see -e.226 - 0.500000 0.762e.4* sees e.2e4

, , r .. , >~< m-* - tc d -4 " '' ' '', ..
~

. -



_
_.--

,

, . ..
.

i= ;
.

I
1

p.

.

.

..
.

..

k

I'

.. .

4

'
9.

APPENDIX B

g:

} PLANT PRESSURE TIME-HISTORIES AND PLANT

- . SUBMERGED STRUCTURES FORCE TIME-HISTORIES
..

WITH C = 1067 m/s

t
.

?
'!
,

,

i

r

f..

,

.

1

he

L
t

I

I

T1002838-DIS B-2

- . - . .. -. , - . _ , . . - - . - . . . ~ . . . . - . . . - _ - . - - . - _ - , .



a
r a
-

\

|

l
1

I,

r

GGNS RHR CO (C=1067)
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NAME - LEONC. TAI SENG CHECKED
DATE - FE8 22,1984 OATE T

PROJECT NO. - 15026004 CALC NO. - AP-84-
1&l88 i

, , ,70.oo , : i.
.

.

.-
*.

r: j-
~

: : :
,

! ! ! } .i +
8475<---*---i- i***- h - * ** -.

33.oo
! : : 1 :. .

,

h ! i $ i 1
I I! i!

' :
! : : a-

2

; U
-- - - ~ - - \~ saac- . a-:- - -+~ -

|-o.oo ---

V j:

u, ,
j .

.

4415
36.Co ......'J--** + i* . 4 - . - . . .Y - - .-

. .

\ :
!

.

: . : J
;

J d.
.

: :.

i : i .

L . . . , .. ,,,g,,,
.,, a. - ,2 ,.

o.co n.se e.se o.Jo o.eo ase

Time. sec

POP = 54.09 kPo PUP = -60.67 kPa MSP = 385.95 kPo'
.__ t.ose ,., ,a

so i.,_,_,m .. _, .,. ,. ,

9.
....,. .,-

:
.

; i-

: . . . . . - :.

: 4 .
: -: :

.......;.........
.

sus :.es

-. :
.'

--
: ..-

... .. ...$. .. . .. .,..,.),.h. a;;;.:.:::: :::::.1."~."...'..'.. . ....i. . . . .. .............
'

n. .. . . .
.

: : s ;.
: i 4 : : : N.

a. . -

I : .- : .

.
s : : :.s - : : : . .
,
a. Jo. ..................&....:4........1..................i.................i............._ Eo.Es: m..

-

as : i : :'
- .

I ; ;
'

[. '. *

I ! .I
=

'

g'
.

e'

: i
B

-
- * *

g __...............g../.........i...............;..............i............. o.ut ,.mo.:.

20
- -i

/ :
. **

,/ f - g'

'

.
: ,

- - A
MIo.

.................i............. i..1% . . .. /. 4. . . . ..
. . . . . . . . . . .. .' ..

.

I g : '
. .

.

.-.

: : .

[/
'

+ .

* i .8 0. coo ;,0
t. eow

o. So. 4o. to. so. too.

Frequency. Hz
..

.

.

-- . - - - _ . . . . . . . _ . . , - - - - - - - - _ _



''I 3

.

.i '

,

'l

|. GGNS RHR CO (C=1067)
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Output at point (12.65,28.00,0.00)'
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GGNS RHR CO (C=1067)
Output at point (12.65,28.00,0.46)
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Output at point (12.65,28.00,1.55):
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GGNS RHR CO (C=1067)
Output at point (12.65,28.00,2.18),
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"
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CLINTON RHR CO (C=1067)
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Output at point (18.90,28.0.0,2.82) <
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CLINTON RHR CO (C=1067) -

Output at point (18.90,28.00,2.18)
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CLINTON RHR CO (C=1067)
)utput at point (18.90,28.00,1.55)
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CLINTON RHR CO' (C=1067)
-

Output at point (18.90,28.00,0.91)
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i. CLINTON RHR CO (C=1067)
:

Output at point (18.90,28.00,0.46)
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CLINTON RHR CO (C=1067)
-

Output at point (18.90,28.00,0.00)
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CLINTON RHR CO (C=1067)
Output at point (17.34,28.00,0.00)
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CLINTON RHR CO (C=1067) -

Output at point (15.77,28.00,0.00)
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RIVER RHR CO (C=1067)
-

Output at point (18.90,28.00,0.46)
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RIVER RHR CO (C=1067)
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RIVER RHR CO (C=1067)
Output at point (14.21,28.00,0.00)
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RIVER RHR CO (C=1067)
Output at point (12.65,28.00,0.00) '
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RIVER RHR CO (C=1067)~-

. Output at point (12.65,28.00,0.46)
.
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RIVER RHR CO (C=1067)
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Output at point (12.65,28.00,0.91)
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RIVER RHR~ CO (C=1067)
Output at point .(12.65,28.00,2.18) |.
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RIVER RHR CO (C=1067)
Output at point (12.65,28.00,3.45) *
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Output at point (12.65,28.00,0.91).
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CLINTON RHR CO
Output at point (12.65,28.00,1.55)
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CLINTON RHR CO
Output at point (12.65,28.00,2.82)
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Output at point (12.65,28.00,4.09)
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Output at point (18.90,28.00,4.91)
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Output at point (18.90,28.00,4.09),-
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! Output at point (18.90,28.00,3.45)
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RIVER RHR COa
Output at point (18.90,28.00,0.46)
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Output at point (18.90,28.00,0.00)
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RIVER RHR COn
Output at point (17.34,28.00,0.00)
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RIVER RHR CO
Output at point (15.77,28.00,0.00)

NAME - LEONC, TAl SENG CHECKED
DATE - FEB 21, 1984 DATE _
PROJECT NO. - 1S026004 CALC NO. - AP-84-

| t | t
' :
: - -.

.

: *
* '

.

: : : <

h -- --- i- ~ ~ ~ - ~ * *- -i -* " - - -~-4****-- 2.1M15.00 - - - - - - - - -

o i ! ! !
! : : f ; 5.3r -

I.
- - ; -

! f : : M i

-
.

I 0.00
--- --- 4 - ' i <

1-<8 -- - -- ----6-- < - -- - * -- - ' - 4 000
I

/ u; p- )j ; ,
,

-1s.00 -~~--~~-....+n... ~.|..~ ~ .. ~ ~ - ~ . ~ ~...~.4 =S.1 N.- ..~...~.--

J. | | :-

(
.*

:.'

'
: : '.

.

! :
i.

''
.. . .

. .

: :
d ' ~ ''

'.20
M00 ^ ' ' 'q

0.00 %.10 0 0.JO 0.40 0.40
. Time, sec

POP = 26.32. kPa PUP = -22.12 kPa MSP = 49.51 kPos
S. *. 0.105... 9- - , I08.t y .. 9- , ,. i

! : : | .!
.

.

. . . . . . .3 .
, ,

-
,

.

: ....:......-.
.

.

4 . . . . . . . . . . . . .q. .. ... . . : !,. . .. . . . . .. . . .. .q, . '.l....i.................' O 00*

j '! ' *
4 : :

.

. ,, u qI
.N.

. -* *

: g
s : <

JJ
-o - - -

c. 1 -

_.............J..............i........(..........i... .........i..
-

0.083 2 ag,
-v

as . .. . ...._ E: :
. . .- --

* . - -

t : / - e
;*

: / : |0 : .- :
-

. < -o ..V o .
L*

L 2. ,.................#......,m.[..i..... .........j..................j.......... -

0.0*2 4- ;,An
*

. . _

a r
**.

i
. .:-

,? )
. <

n.

:.

/: : :
.

. -/ : :
|.

t : :
-

1.
a. 4. . . . .. . . . . . . j .......j...................)... O.att [,30. -

'

, . . .
. . ...

. . . ..
. .,.

y
=w

i : -
Ji .

:*
,

mJ _ .! $
- | !

OL 20. 40. 80. 00. t 00.

Frequency, Hz

:

s

.

.

5

~
- - _ . . . . .-__.a



e

P. .

6

RIVER RHR CO, :.

Output at point (14.21,28.00,0.00) '

.

NAnsE - LEONC. TAI SENG CHECKED

DATE - FES 21, 1964 OATE;
-

PROJECT NO. - 15026004 CALC NO. - AP-84-
Wr

30 00 , g g g

: :
: .- : .

.
-

i i ; .

.

! : : .

. . . . . . + . . . . . . . . . . . . . . . . .2., m-y-
igoo _ . . . . . . . . ........j............................ + . . . ..4 :

S . ! | ! l : .f,. : :
c o

'

..... . . . .. l .. omas
gao . .. . . . . . . . . ..J. . . .

$hL
.

i. ( l
..

'
.

l
.

_........1......+.
. , =

.. . . . . . . . . . . . . . . . . . . . . . .... .........._q..... . . . . . . . . . . . . .

.. 00
:
: -

. ,,
.

; :
.J ! , :
a . t . _ - .s .m a e q

_ g- _.
04 %.90 9.30 0.30 0.40 SJO

me. _
g

POP = 27.39 kPa PUP = -23.81 kPo MSP = St.63 kPo'
c.10s , agg

s. , , - _ , . . . . - , ... ,_ .. ,

.,. - . .

: :
,. :

- > :.
.. ' -

i |-
-

s -

e 3
: : . . . < ..

.............q.........,,.p..............p..................}........4:....... 0.0** :.an
J, *. -

.

: ; ; .

: ; ....-r.... . : u.
.

. . -A = ,

"4,( j j ..;......... : . ,

*

............j..........4..'....4.,..............f.............'
,I * * *

0.083 *g 'ag*
F 0 ** .

3.g . . . . . . . . . . . . .

:-

- .

a : .
. .. .:-

. : . -

: : .

.a
. .

._...............i............i....:' ,.........i..............;...... ... 0.osx a- in.. .
'
.

*- 2.
| :'

: 2 ,/
! f .

2 . . . . . . . ' . " '. ,
. .

-.

! a ! :.

*1..*,-.1 : :
.: .

.

. . . . ., W1 %.

I. *h...............[ ......j.,... ...........h....
.

..

,j i ; : J :.. . ... *
.

,

. . : - [
4 .

.

.
*

* *I
: .

0.M " 0.
.

: .
.g .j..e a 1 a i i.

* 0. 30. 40. 40. 30. t00.

Frequency, Hz

.

__. _ _ _ . , - - - . _ . . _ ,. ,



1
1

1

RIVER RHR Cd
Output at point (12.65,28.00,0.00)

NAME - t.EONG TAl SENG CHECKED
DATE - FE8 21.1984 DATE -

PROJECT NO. - 15026004 CALC NO. - AP-84-

,WM.00 g , ,i

. . . . .

-
.

: : -:
* : : .

: i.... .j... . .. . .. ....; .. ... 4................ 3,373,gg ..............v. ... ..

: : : :
2 :

,

: I *a
2 i j ! | i : E

. .

0.0g . . . ... , . . . . .. ,. . . . . . . . . . m

_. .. d.....I....... ,i . q...!.
r.

lif :_,.m _,. , ,0. ..... . . . .

j !
.

. . . . . . . . . . . . .

1-
.

|.
- : : -

. .

|
* : ..

: i i
-30.00 ' '' ' ' q

! 0.00 s.m e.2e 0.30 0.40 0.e0

| Time, sec
;

sPOP = 27.91 kPO PUP = -24.65 kPO MSP = $3.71 kPo u

3,
. .

. 0.15 '"
OE.,. . . , _ .c

. . .
. ,. ,. , ., ,

( : :
.' : -

: : : " Y
,

g
| ! : i L'

..........._,.j........y,..............p...............p..........,,.J.,4. 0.00* at

1 :
.

- *:.d .

,[
- I - - Mr . - -g .. : ; .. *

h.

.\,
a : **g . . a.

s.
. . . . . j . . . . . . . . . . . . . . 4. . . . . .. . . . . .. . . e p : .:: . . . . .t . . . . . . . .. .. 1Om .ag _. . .

. .. .

h
" *

fj i k'
I'

;,
I- : - -. .

: O s.

4 2. ,............i._._.......j...... ........j................i............... . 0.042 Q. h
! i

*

;
. . .

.

: t
i ....'*1*- ,

-
,. . .*

: : : - ~.

...h*.*.~........ .. f . . . . . . .i . . . .... . 0.021 h1. " * *
.

.-: i : -. u. .

| i : :
.

.

I .- -

:
-

. -
,

. . . .

/ i . |
.

!

|
0, . ./ . i- '- i i i 0.000 _0.

j 0. 20. 40. 90. 80. t 00.

Frequency, Hz .

,

.

.

.

I

i

- - - -- ._ _



&

r
..

.

RIVER RHR CO
2
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. .

NAME - LEONG. TAl SENG CHECMED

DATE - FE8 21,1984 OATE

PROJECT NO. - 15026004 CALC NO. - AP-84-
4.anae .. ,as.co

i i ! i
',

''

i.
j' *

: :-
.

: j : : ,

: : : :.
.

...........g..........< .......y................ 3,:73r

Igg ....................g......... .. ... ..t....... . .
. .

g g *E. .

: : :. a.

.

: ' ::
i:-

, , .
. . ... . . . . . . . . . -use .i

o.oo .. . . . . . . . . . . . .

.;..........-.......i........-..-.....-
-a. ps

.is.co - . . . . . . . - . . . . . . . . . - . . . . . . - . . . . . . . - . . . .

: : i <

- -
:.

: .*
: ::

n 4- . i i 'q' -
'

, ,,,
. J .- .

040 ' t.4 0.M . OJO 0.40 &At

Time, sec

POP = 20.77 kPo PUP = -18.08 kPa MSP = 29.80 kPo'
aans ,,a(- -

2.s .

e e n- s- s ,- ,
e g |'

: :
t .

-<

1 : . -

.; f : |.

4 : : ..

.,............,.].....,..c...,y.............f..............i.........,.::**[ 0.04 ',g.

7 . 2.0
L

; ; * >

4
. . . * * * * | g

.
.

, .

: : .

. * * , , . . -i .' se .

(
.

: : ....f.*'******** : ..

1.S ............j...................j....... . . ,i:: ... .. i. . . .. .......i....... 0.03 ;as,...y. *
i :* *.

: :
' : ! : : k. '.' ** .

3% : . . -.

: : . 9a
.............4...........j...f..' .........|'..............;.............. .' atti G. N*. ,

,. 6 *

JQ. t.0) 1' | |
'

* . . . . . , . . . . -
,* -

i ..

.i
.**

!an.
,

:. .;.....................I. ..........i..............;............ wi
,

'

.
._

as '

~ *_. .. ..

e' T i
.

i
, .

[.o ,

: :-
: y. ,

; '. ,,
.

g,$ .1. t
. t .f .1 - t i e &W *p.-

* .
. ,

a 3o. 40. so. so. too.
"

Frequency, Hz

.

e

.

_ --. - ,.-., ..--r-... - , , , , c.- ,-...-~.-.._.--m,--. .._-~,%.-,-.,,, _-n,,-m, , , - , --



.

l

i

,

I

|

l'

i

:

! RIVER RHR CO
! Output at point (12.65,28.00,3.45)
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