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Abstract

The propagation of pump-induced pressure pulsation in a reactor is important because of the
potential for vibration and resultant damage of reactor internals. A hydrodynamic model has been
developed to obtain the pressure fluctuation due to the operation of pumps in the annulus(between
the core support barrel and reactor vessel of a pressurized water reactor) including the coolant inlet
pipe. The mathematical analysis is formulated in accordance with the linearized Navier-Stokes equa-
tion by assuming a compressible, inviscid flow. Two regions are considered separately and by coup-
ling the solutions of the inlet pipe and the annulus, the inlet nozzde pressure(pressure at pipe and
annulus interface) is to be calculated without assumptions. The geometric parameter effect on the
pump-induced pressure pulsation is evaluated. Comparison of predicted and measured inlet nozze
pressure values for each forcing frequency shows good order of magnitude agreement.
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1. Introduction

Fluid-structure interaction problems have received
considerable attention in recent years within the nu-
clear industry. A total understanding of some char-
acteristics of fluid-structure interaction problems has
not been attained. The reactor internals related to saf-
ety are designed to accommodate both static and dy-
namic design loads. These design loads include both
static and dynamic flow induced loads related to nor-
mal operating and anticipated transients and mech-
anical excitation due to the operating base earth-
quake. Dynamic response of the reactor intemals is a
function of the magnitude, frequency, and spatial dis-
tribution of the flow induced loads and the modal
frequencies and the mode shapes of the assembilies.

Flow induced vibrations, which have led to many
problems in reactor operation, are of major concemn
in the structural integrity view of the reactor intemals.
For example, the original designed control element
assembly shroud of Palo Verde unit 1 was cracked
during the precore hot functional test. This failure
was primarily caused by low frequency response of
the assembly to excitations induced by adjacent struc-
tures (CEA tube bank) with secondary contributing
stresses from shell mode responses due to pump
pressure pulsation. To awoid fatigue failure of reactor
internal components due to flow-induced loads, it is
necessary to predict flow-induced hydraulic forces
loaded on the surface of the structure.

Hydraulic exciting forces can be deterministic, ran-
dom ,or a combination of both. Fig. 1 is a idealized
spectral density representation of combined random
and periodic response. They may result from the
pressure fluctuations generated by the pumps, vortex
shedding, other flow instabilities, turbulence, etc. The
forced vibration of a structure depends on the mag-
nitude and frequency of the exciting forces and on
the dynamic characteristics of the structure. The vi-
bration can become larger if the frequency of an im-
portant force component is coincident with a main

natural frequency of the structure. Because of the
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Fig. 1. Idealized Response PSDs

general complexity of this problem, the pressure fluc-
tuations of the reactor coolant induced by pump pul-
sation is considered in this study.

Pump pulsation loads are due to harmonic vari-
ation in fluid pressure caused by the reactor coolant
pump. These pulsations propagate throughout the
system as acoustic waves, independent of fluid vel-
ocity. These pulsations occur at multiples of the
pump rotor and blade passing frequencies. The mag-
nitude and spatial distribution of these pressures are
dependent on the pump, geometry of the flow path,
and the temperature in the liquid.

Fig. 2 is a schematic drawing of a pressurized wat-
er reactor(PWR). The region between the core sup-
port barrel and the reactor vessel is the annulus.

Coolant water, supplied by the pump, enters this an-
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Fig. 2. Schematic Drawing of Pressurized Water Reac-
tor

nulus through the pipe line. The core support struc-
tures have the important function of supporting and
restraining the core. Therefore, the determination of
their structural integrity during operation and acci-
dent conditions is of great interest. The major mem-

ber of the core support structures for ali ABB-CE des-

igns is the core support barrel assembly which includ-
es the core support barrel, and the lower support
structure. The lower support structure provides sup-
port for the core as well as the orientation for the
lower ends of the fuel assemblies. The core support
barrel is a right circular cylinder and is supported
from a ledge on the reactor vessel.

Pressure pulsations in a PWR annulus resulting
from the pump excitation were first studied by Pen-
zes[1], and later Bowers and Horvay{2]. The math-
ematical analysis is formulated in accordance with a
three dimensional Navier-Stokes equation by as-
suming a compressible, inviscid liquid. This formu-

lation of the problem determines a time dependent,
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mixed boundary value problem. For this case, the
separation of variables technique cannot be applied
and a solution of this problem would require a len-
gthy procedure utilizing numerical analysis technig-
ues. Therefore, they obtained an approximate sol-
ution by introducing the concept of time dependent
body force in the governing differential equations.
With this body force concept, mixed boundary value
problem can be represented as a forced vibration
problem with homogeneous boundary conditions.
MK. Au-Yang[3] solved the three dimensional wave
equation using Green’s function method, and he
treated the forcing region as a point source. But in
these studies, the excitation at the inlet nozzle is as-
sumed to be known prior.

Fisher et al. [4] demonstrated an improved tech-
nique in solving one-dimensional wave propagation
problems with time dependent boundary conditions.
This technique introduces a transformation equation
in terms of a new variable and auxiliary functions.
The mathematical description is recast in the form of
a non-homogeneous differential equation. The boun-
dary conditions become homogeneous by restricting
the auxiliary functions at the boundaries. Due to the
homogeneity of the resulting boundary conditions,
the transformed system of equations is amenable to
solution by separation of varibles. Lee and Chandra
[5] analyzed the pump induced pulsating pressure in
a reactor coolant pipe using this technique. But, they
missed the constraints on the auxiliary functions to
make the boundary conditions homogeneous. Lee et
al. [6] developed an improved analytical model whic-
h satisfies all boundary conditions. Actually, the boun
dary condition at the end of pipe (inlet pipe/annulus
interface) lies between open and closed condition.
Thus, the piston-spring supported condition was
adopted. Analytical values of inlet nozzle pressure at
different forcing frequencies were calculated for an
empirically determined non-dimensional spring con-
stant.

From the literature survey, the following restriction-

s or assumptions are included in the previous theor-
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etical analysis. The pressure at the inlet nozle is as-
sumed to be known prior in the prediction of the
three dimensional wave propagation in the annulus
and the spring constant is assumed empirically in the
one dimensional wave propagation of the inlet pipe.
To predict the pump-induced pressure pulsations
within a PWR, the coupling effect between the inlet
pipe and the annulus must be considered. Thus, a
hydrodynamic model has been developed to obtain

the pressure fluctuation due to the operation of pum-

ps in the annulus including the inlet pipe. Two sep-
arate regions(inlet pipe and annulus) are considered
in this study, and by coupling the solutions of the in-
let pipe and annulus, the inlet nozze pressure, which
was assumed in the previous study, is calculated.

The objectives of this study are to develop an
improved analytical method of estimating the coolant
pump induced pressure distribution in the annulus of
PWR including the inlet pipe line and to verify the
analytical method by comparing with the measure-

ments in the Precritical Vibration Monitoring Program-

s (PVMP). Finally, the geometric parameter effect on
the coupling effect between the inlet pipe and the
annulus is evaluated. Numerical results for typical re-
actor steady state pressure pulsations are presented
for both the inlet pipe and the annulus.

2. Theoretical Analysis

The georretric representation of the inlet pipe and
annulus is shown in Fig 3. It has been assumed that
the inlet pipe of length L| can be represented as be-
ing straight, rigid and having wave propagation in the
x direction with speed of sound C;. The pressure
pulsations are plane waves so that their propagations
in the pipe may be assumed one dimensional. The
annulus with length Ly and speed of sound Ci is
bounded by the core support barrel and reactor ves-
sel. The radii @i, @» correspond to the outer radius of
the core support barrel and inner radius of the reac-
tor vessel, respectively. The area bounded by z and
2 in the vertical direction and 6 and 6 in the cir-
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Fig. 3. The Geometry of the Inlet Pipe and Annulus

cumferential direction corresponds to the area of the
inlet pipe, and is located at the interface of an inlet
pipe/annulus. The core support barrel and the reac-
tor vessel are assumed rigid wall except at the inlet
pipe/annulus interface.

In deriving the governing hydrodynamic differential
equations, the fluid is taken to be compressible and
inviscid. Linearized versions of the equations of mo-
tion and continuity are used. The governing equa-
tions are homogeneous acoustical wave equations
for pressure with non-homogeneous time dependent

boundary conditions.
2.1. Analysis in the Inlet Pipe (region 1)

The mathematical description of the inlet pipe re-

gion is a one dimensional acoustic wave equation.
( 82 _1 _a°
ax? ci at?

Py =0 (1)

The excitation for the system occurs at the pump

discharge (x=0). The boundary condition is;
Pi1(x=0) = Pp cosupt 2)
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where Pp, can be obtained through analytical
means[7], is the pressure wave at the pump dis-
charge and we is the associated pump forcing fre-
quency.

The boundary condition at the inlet pipe/annulus
interface is assumed to be piston-spring supported.
Fig. 4 represents this condition. The equilibrium of

forces at the piston leads to the following condition;

aP1 _pA 3P B
( ax K o Jer, 0 0 @

where A is the pipe cross-sectional area, p is the
fluid density, and K is the spring constant.

Egns. (1)—(3) describe the boundary value prob-
lem with the time dependent non-homogeneous
boundary condition.

An analytical method was developed for predicting
a one dimensional pump-induced fluctuating pressur-
es using a boundary operator method which reduces
a homogeneous differential equation with non-hom-
ogeneous boundary condition into a non-homo-
geneous differential equation with homogeneous
boundary condition[6].

To render the boundary condition homogeneous,
the following equation is used;

Pi(xt) = Quixt) + g1(xAt) + gox)fe(8)

(4)
where gi(x) and g.(x) are auxiliary functions and

Q: is the transform function. Substitution of Eq.(4)
into Eqgs.(2) and (3) vields the following homo-
geneous boundary condition for Q1 {x t);

Q:(0,t) = 0 (5)
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Q1 pA 2’Q _
(o el BRI
If we set
g0 =1, gL} =20

and fi(£) = Ppcosent, f{t) = dcosept (7)

then, g=(x) and f2(t) should satisfy

g200) = 0, golLy) =1

2
and ga(L1)f(t) + "—A‘)ng(l,[)ﬁ(t)
K

+ gi(L1)fie) = 0 (8)

These are the only constraints placed upon the aux-
iliary function g (x), g.(x) and they are arbitrary 0<x
<L.

Eqn.(1) is transformed to a non-homogeneous dif-
ferential equation ;

Q1 _’Q
ax? ot at*
2
- _ RZZ _1_ F
Het- Zred) 0O

Natural frequencies of the water can be obtained
from the homogeneous expression of Eqn.(9), using
the separation of variables;

%X, 0l
+

ax® ey *r =0 1o
Xn Aol
Xa(x=0) = 0, {52 x,) =0
(11

Solving Eqn.(10) with the boundary conditions of
Eqn.(11), we obtain the frequency equation and nor-

mal modes;
[y K )
tan ( Ci L) + pACTo. = 0 (12)
Xa = sin(—2x)
n = Sin C, x (13)
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Because of the boundary condition (Eqn. (11)),

where,
the following orthogonality relations are obtained. L X c: . %, . 22)
Forn#m: In = =5 40, sm( Ci I)
L
o [T XaXndx - XL XML 1) = 0 . .
i
(14) i 1 [ 1
I?n = LZIszx+C2] 2164( @, )(1
L dXn dXm
— ——dx =0 (15) 0
fo dx dx - cos( C";LI 1) -L 1 sin( m(r}L[ )
1 1
L g*X, dXn(L1) S 5 S 5 Sl £ B
Ji Gt e - S Xnl L) = 0 o - Ty (g
(16) _ Ci0,
Solution of the non-homogeneous Eqn.(9) is soug- (0} - 0d) (23)
ht in the form;
) 2 2
L@
Q1(xt) = D Xa(0)Talt) (17) i Ch [ 19
l =1 Tsn L3002+ Ch c; U
Substituting Eqn.(17) into Eqn.(9), multiplying _ ('9‘2‘)2)005( 0L ) - Ci (1
both sides by X,(x), integrating from 0 to L; and util- Yn o On
izing the orthogonality realtions of the eigenfunction, ~ cos( Onl (2841 + 2164 pAmzpl:[ )]
we can yield the pressure solution of region 1. Cr ) ) K
P nLI
7 TR T ol R 1 : C1@ncos (— ) 2
Tos oiTa = - [ (@ —orablXodx U L (9
(18) (@5 - on) O
where
L
I 2 [ e - S xiao 09 » Imcos (255
i > oI (0} - o})
Neglecting the natural vibration modes by as- a = Pp @il 1 (25)
suming the existence of damping, the solution of i I3acos ( Ci ) (02 - @?)
Egn.(18) from zero initial condition is obtained as fol- nel 11nC 10, ?
lows :
12 : : =1 - 7=
, t
- g,-Xn]o'fo[ﬁ(‘c)sinwn(t-‘t)]d‘i .
o L ga(x) = Ble - 1) - 1 eL_|
S50 [ eXndx > 20 (e - 1
Using Eqns. (4), (13), (17) and (20), the following _ _Ble - e : e’ e I
expression for Pix, t} is obtained as follows: le = D
L BU - eh) + (e® + 1) (27)
- ’ 2 3 n - 2
Pilxt)- ,;S_‘:—]n]“'i,“l+—m"cosfﬂpfsin( 21 x) (e - 1)
+g i) A8+ ga(x) () Z
g1 h go(x) f2 (21) po- pAvRL,  Pp (28)
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2.2. Analysis in the Annulus{region II)

Annulus region can be described by a three dim-
ensional wave equation in cylindrical coordinate as

follows ;
(v?- +—i)Pu(7t) =90 (29)
Ch ot '
where
2 2 2
2 _ a 1 1 _a a
Vs ar? Y rTar YT et o
and with radial boundary conditions
9Pn - .
( ar )r=a| N O' <30 a)
(ZE2) = wm@n()cos0 (306)

and axial boundary conditions
open end: Pn(_;‘,t)| 20 = 0, (30-¢),

aPn(rt)
9z

closed end: ( )Fh = 0 (30d)

The radial boundary conditions at the reactor ves-
sel have been described by the use of Heaviside step
function, by defining h(z)=H(z—z)—H(z—z,) and

h(8)=H(6—0:)— H(6—02). Eqns.(3) and (30-b) coup-

le the two regions by requiring continuity of the pres-
sure gradient at the interface of regionl and
region II..

T () @

The solution of the Eqn.(29) is difficult in its pres-
ent form. This description is transformed to obtain a
non-homogeneous differential equation with homo-
geneous boundary conditions.

Assume a solution of the form;

Pu(ro) = Qu(ro) + h(2)h(8)g(r)Ycoswt
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Boundary conditions (30-a)— (30-d) become,

(=955,

= —h(z)h(e)Ycosmpt( __d_gd(TrL) e (34-a)

( aQu(T,t) )

or s T h(2)h(8)vcosw it

- h(z)h(B)Ycosmpt(—d‘i(TrL) (@)

open end: Qn(_;,t)l =0 = 0 (34-c),

3Qu (0

closed end: ( Py

), = o0@aa

All boundary conditions are now homogeneous
except Eqns.(34-a) and (34-b). However, these boun-
dary conditions can be made homogeneous by plac-
ing the following restrictions on the auxiliary function
glr);

( dd(rr) )r=a. = 0 (35-a), ( ddrr) )r=az =1
(35-b)

Using the separation of variables, the pressure dis-
tribution of region II can be calculated. The detailed
procedure is in Cepkauskas[8].

Pu(Tt)
= "Zi =OS:Z;YCnmsQn(2)Qm(e)Qs(r)COS(x)pt (36)
__ ChaQs(a)l, (37)
where, Crms = (0% - D)3
Py Z2
L= Qn(®)d® | Qa(2)dz (38)

Ly 2n v . o
62 L= [ 7 [ 0l Q48 Qi) rdreBdz (39)
Eqn.(29) becomes, “
(v? - ] —i) (rt) = —(v? - 1 & MA(2)R(B)g(r) ]
ol Qulrt) = o z g(r)rcoswpt]  (33)
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- _ nn
Qn(z) = cosbnz , Bn = La
n=135 - (40)
Qm(B8) = cosmb , m=0,1,23 - (41)
Qs(r) = jm(Tmmr) + nn.mst(Tmzsr) (42)

J. and Y,, and are Bessel functions of the first and
second kind.

1, are given by;

d[ !m(Tnmsr)]

- dr (43)
flnms = d[Y (T omsr)]
dr r=a
w2 |
where - T2, = e 4 (44)

Ch
The natural frequencies, w__, are obtained from the

transcendental equation ;

( dlJm(Tamsr)] )mz B nm(

dr dr

{45)
The unknown constant, K, can now be obtained

by requiring pressure continuity at the inlet pipe/an-

nulus interface;

Pi(L1,0)
8,+6
= Palr=a,8= ( 12+ 2) = (212+22) ) (a6)
Substitution Eqns.(21) and (36) into (46) results in
S _Pplen + adan @nl 1 _
(47)
= Z1+ 22 0,+06,
2 20 227Crms@al YQm( )Qs(ar)
ATlm 051 2 2
where,
_ [ _Poply + aly 9 9
Y = /ZT,[ Iy C, cos ( C )]
_PAE  (4g)

dlY (T rmst)] )

The solution of region I and regionll is given by
Eqgns.(21) and (36) with the unknown constant K
obtained by Eqn.(47).

3. Numerical Results and Discussion

Analytical results for typical reactor pressure pulsa-
tions are presented for both the inlet pipe and the
annulus. Test data obtained from the ABB-CE’s Prec-
ritical Vibration Monitoring Programs(9, 10, 11) are
compared with predictions based on the present anal-
ysis.

The dimensions of the inlet pipe and annulus con-

sidered are determined by the following quantities;

¢ Maine Yankee reactor
a; =1.943(m), a,=2.184(m), Ly =8.242(m)
21 =5978(m), z.=6969(m), 6, =77.22°, 6,=102.
78°
L =8174(m), D=0.991(m)

¢ Palo Verde reactor
a =2.070(m), a, =2.315(m), Ly =10.439(m)
2, =6.415(m), 2 =7.309(m), 4, =80.65", §,=99.
35°
L =7.395(m), D =0.762(m)

* YGN 3&4 reactor
a; =1.786(m), a; =2.057(m), Ly =10.439(m)
2, =6.424(m), z,=7.320(m), 6:=79.51°, .=100.
49°
L; =7.374(m), D =0.762(m)

The sonic velocities of the coolant are Ci=Cr1
=10305(m/s) at T=2778°C, Ci=Cn=15161
(m/s) at T=1267°C and Ci=Cr=9881 (m/s) at
T=296.1°C.

The calculated pressure pulsations in the inlet noz-
Ze and the corresponding Precritical bration Moni-
toring Programs data are represented in Table 1. As

can be seen from the table, comparison of predicted
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Table 1. Predicted Pressure Versus PVUMP Pressure at the Inlet Nozzle

Plant & Test condition

Forcing Frequency

20 Hz 40 Hz 100 Hz 200 Hz
PWP
data(kPa) 0393 0.151 0903 1371
2778
°C) Predicted
Maine value(kPa) 0289 0103 0455 0.648
Yankee PUMP 0496 0510 1.771 0868
reactor data(kPa)
126.7
°C) Predicted
value(kPa) 0214 0296 0.606 0544
PWMP
2778 data(kPa) 0530 0227 0413 0641
(OC') Predicted 0214 0100 0620 1991
ha value(kPa)
reactor PVMP 0517 0151 0662 0827
data(kPa)
126.7
°C) Predicted
value(kPa) 0145 0145 1309 2246
20Hz 40Hz 120Hz 240Hz 360Hz 480H:z
Palo PUWMP
data(kPa) 0903 0296 1105 6902 0.689 1372
Verde 296.1 :
reactor (°C) Predicted
value(kPa) 0910 0303 4999 13934 1793 2654
PVMP
data(kPa) not measured
YON 3&4 2881 o~
reactor (°C) edicted
value(kPa) 0883 0131 9.198 4247 0862 1.641

and measured values for each forcing frequency
shows good order of magnitude agreement, con-
sidering the design safety factor. The prediction res-
ults for the inlet nozzle pressure show the same tren-
d(peak pressure) as the measured data. For each for-
cing frequency and the geometry parameters, the
spring constant, K, is determined by coupling of re-
gion I and regionIl from the pressure continuity at
the interface.

The Palo Verde and YGN 3&4 reactors note an
adverse trend for inlet pressure at 120 and 240 Hz
respectively. The inlet pipe lengths of both Palo Ver-
de and YGN 3&4 reactor are approximately equal.

Thus, it is evident that the radial gap size to the reac-
tor vessel radius is important parameter. Figs. 5 and
6 show the computed acoustic pressure distribution
in the annulus(inner wall, z=Lg)} for each forcing
frequency. The pressures were normalized to a maxi-
mum of unity. The YGN 3&4 pressure in phase lags
compared with the Palo Verde pressure. From this
numerical result, it is known that the coupling of the
inlet pipe and the annulus is essential in predicting
acoustic pressure pulsation in the reactor internals.
To perform the parametric study on the coupling ef-
fect, more experimental data should be accumulated.
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4. Conclusions

Numerical results for typical reactor pressure pul-
sations caused by the pump are presented for both

the inlet pipe and the annulus region. A transform-
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ation technique is utilized to reduce each region to a
non-homogeneous differential equations with homo-
geneous boundary conditions. By coupling the sol-
ution of the inlet pipe and annulus, the present sol-
ution permits determination of the inlet nozzle press-
ure.

The analytical results, using the present method-
ology, are shown to be in good order of magnitude
agreement with reactor test data from the Precritical
Vibration Monitoring Program. They illustrate the im-
portant effect of the coupling between the inlet pipe
and annulus region on the inlet nozzle pressure. This
analytical method can be applied to predict the de-
sign value for the pump-induced pulsating pressure
of the reactor internals.

Nomenclature
A area of inlet pipe
a inner radius of annulus (outer radius of

core support barrel)
az outer radius of annulus (inner radius of

reactor vessel)

C sound velocity

Coms Fourier coefficient

D diameter of inlet pipe

L, I

Lo, I, I, constants

K spring constant

Lt length of inlet pipe

Ly length of annulus

P pressure

Q eigenfunction

¥ {r,0,2) location vector

t time

T, time function

x axial coordinate in the inlet pipe

r,z radial and axial coordinates in the an-
nulus

z, 2 axial coordinates of inlet nozze

a B,7 arbitrary constants
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P density

o, natural frequency of liquid in the inlet
pipe

. natural frequency of liquid in the annu-
lus

w, forcing frequency

] circumferential coordinate

Subscripts

I region [

Jif region Il
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