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Dynamic Interactions between the Reactor Vessel and the
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ABSTRACT

The dynamic interactions between the reactor vessel and the control element drive
mechanisms (CEDMs) of a pressurized water reactor are studied with the simplified
mathematical model. The CEDMs are modeled as multiple substructures having different
masses and the reactor vessel as a single degree of freedom system. The explicit equation
for the frequency responses of the multiple substructure system are presented for the case
of harmonic base excitations. The optimum dynamic characteristics of the CEDMs are
presented to reduce the dynamic responses of the reactor vessel. The mathematical model
and its response equations are verified by finite element analysis for the detailed model of
the reactor vessel and the CEDMs for the harmonic base excitations. It is finally shown that
the optimal dynamic characteristics of the CEDM presented can be applicable for the
aseismic design.
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1. Instroduction

The control element drive mechanisms (CEDMs) of
a pressurized water reactor are electro- mechanical
devices for moving the control element
A, dxAY IeFAIA, ARA2ZAANED

o AAdea FAAE 7 AlEE st

assemblies in the reactor vessel. The pressure
housings for these mechanisms are threaded
onto the nozzles on the reactor vessel closure
head and seal welded. The reactor vessel is,
in turn, supported by four vertical columns
located under the vessel inlet nozzles.

Fig.1 shows a descriptive view of the CEDMs

BRAZXNSSEHYX /A 7T A A5 B, 19973/ 837



Choon-Eon Jin -

P

Chon-Wook Kim

and the reactor vessel. Since the CEDM is a
slender structure, the supports may be required
if the loads on the CEDMs are increased.
Various support concepts can be investigated to
produce optimum dynamic parameters of the
CEDMs'Y. Since the dynamic behavior of the
CEDM, however, is coupled with the reactor
vessel movement, the change of the CEDM
design will affect the dynamic motion of the
reactor vessel. It is known that the second
mode frequencies of the CEDMs are very close
to the first mode frequency of the reactor vessel.
Therefore, it is desired to know a dynamic
interaction effect between the CEDMs and the
reactor vessel to develop design requirements
for an optimum support configuration. Jin and
et.al.®? investigated the dynamic interactions
between the reactor vesse! and the CEDMs with
a simplified two degree of freedom model which
lumped all the CEDMs as a single mass. It is
possible to change the dynamic characteristics
of the CEDMs to tune the natural frequencies of
the CEDMs to the natural frequency of the
Since the CEDMs have
different dynamic characteristics because of the

reactor vessel®.

different lengths as can be expected from Fig.1,
dynamic interactions can be more precisely
the CEDMs as
multiple substructures. In this paper the

investigated by considering

multiple substructures system model is
developed to represent the CEDMs with the
reactor vessel modeled as a single mass as
shown in Fig.2.

Recently, there have been studies on the
dynamic characteristics of these multiple
substructures system especially in the field of
civil engineering to find the optimal design of
the multiple tuned mass damper (MTMD).
lgusa and Xu'*® proposed a design concept for
the MTMD to suppress vibration of the primary
structure. The basic configuration of the MTMD
is a large number of small oscillators whose
natural frequencies are distributed around the
natural frequency of a primary structure. Abe
and Fujino(ﬁ) derived modal properties of the
MTMD system using purturbation technique
and presented effectiveness of the multiplicity
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for the harmonic force excitations and self-
excited force excitations. However, because the
studies so far have focused on the effectiveness
of the TMD to reduce the responses of the
primary structure, the substructures were
assumed to be same masses. And no explicit
form of the solution for the responses was
presented for the case of base excitation.

CEDM

Reactor
Vessel

Fig.1 Descriptive view of the reactor vessel
and the CEDMs of a pressurized water

reactor
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Fig. 2 Simplified mathematical model represen-
ting the reactor vessel and the CEDMs
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In this paper the frequency response equations
of the primary and the multiple substructures
which have different masses are developed to
apply to the system of the reactor vessel and
the CEDMs. The
presented to

optimal parameters are

reduce the responses of the

primary system while not increasing the
responses of the substructures. The mathema-
tical model representing the reactor vessel and
the CEDM is verified by harmonic analyses for
the detailed FEM model using ANSYS code'”.
To show that the optimal design parameters
presented in this paper are applicable to the
seismic disturbances, the time history analyses
with typical seismic input are performed for the
present design and the optimal design and the

response spectra are compared.

2. Equation of Motion and
Steady State Responses

The equation of motion of the system shown
in Fig.2 for the case of base excitation is

ME() + CRU) + Bx(£) = M % ,(£) (D)

where x(f) is a displacement vector,

7
x® - x ©® (2)
J n

x(t) = Xp(f) Xl(l) xz(t)
X, is a relative displacement of the primary
mass to the ground and x (j=1,2,..,n) is a
relative displacement of the j~th substructure to
the primary mass. M, C, and A are mass,
damping, and stiffness matrices of the system,
respectively, as presented in the appendix of
this paper. xgz(f) is a ground displacement and

M, is as follow;

If the base excitation is harmonic with its
displacement amplitude fixed and independent
of exciting frequencies, i.e.,

x, (0 =X e 4)
then the steady state response of the system will
be of the following form

x(t)= X(w)e'! (5)

where X is the amplitude vector of the system,
X={X, X, X, - x)}

n

(6)
Substituting the equation (5) into the equation
(1) gives

AXe™ = o'M X e <

where

A=[—co"M+iwC+K] @)

G L L L,
£
= gg

(99

L B 9

n P
_ 2 . 2
G = {m,, +y mj)a) + 2im¢,0,0 + m,,

i=1

L = —mja)?

_ 2 . 2
g; = ~mo° + 2im¢;0,0 + m;a;

(10), (11, (12)

where w, and ; are the uncoupled natural
frequencies of the primary and the
subtructures and ¢, and ¢ are the damping
factors of the primary and the j-th
substructures, respectively.

The displacement transmissibility, Xw), of the

system is expressed as

R R

where j=1,2,...,1.

(13)
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m

The inverse of the A matrix can be obtained as
presented in the appendix of this paper. We
introduce the following notations

m.
H; = —L
mp
Z_;mf (14, (15)
Moot = =
mp
®
r =
®
P 16), a7
@ J

where g is the ratio of the jth substructure
mass to the primary mass, uwt is the ratio of the
total mass of the substructures to the mass of
the primary system, r is the ratio of the
excitation frequency to the natural frequency of
the primary system, and £ is the natural
frequency ratio of the jth substructure to the
primary system. Then the Xw) is written as

4 E
D(a)) _ r _ {Ep} (18)
Gr - 1.4 Z ._L, i
=l g,
where
E,= (1+ ,u,o,) + 122—”—", (19)
k=1 gk
1 1 My
E =—1@ +12(1+,u,0,)+12 wy—- Z-—,
gj k#j gk k=i gk
(20)
G =1- rz(] + pm,) + 2ig,r (21)
£ :[kz -r? + 2ig, 1t (22)

where j, k=1, 2,..., n

The equation (18) is rewritten to show more
explicitly,
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D, =

] [ i S
() 41 Z[fk - +21gkrfk)
1- (1+um)r +2ig,r—r Z(——l——]

fk —r° +2ig, rfy,

’ n n
r? 1+21<;pr+r Hj Lall
k=1 8k k=1 8k
n
I-(1+ 2+ 2ic, r-rt ( -1 +2ig rf.
\: ( pm) S ; g +2tgkrfk !

where j=1, 2,..., n

(18a,b)

D; =

'E

]

Fig.3 and Fig.4 show the responses obtained
from equation (18) for the current design of the
reactor vessel and the CEDMs whose design
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Fig. 3 Displacement transmissibility of the
reactor vessel for uwe=20.0425,5,=¢s=0.02.
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Fig. 4 Displacement transmissibility of the
CEDMs for uw:=10.0425, ¢,= ¢=0.02.



Dynamic Interactions between the Reactor Vessel and the CEDM of the Pressurized Water Reactor

Table 1 Typical dynamic characteristics of the
and the CEDMs of a
pressurized water reactor.

reactor vessel

CEDM group Mass ratio Frequency
No. (up) (x107) ratio (£)
1 0.582 1.392
2 2.328 1.370
3 4.656 1.289
4 2.328 1.232
5 2.328 1.214
6 4.656 1.197
7 4.656 1.146
8 2.328 1.098
9 4.656 1.083
10 2.328 1.068
11 4.656 1.039
12 6.984 0.971

parameter values are presented in Table 1. It
can be seen from Fig.3 and Fig.4 that the only a
few CEDMs are
vessel which means that the responses can be

interacting with the reactor

reduced by optimizing the design parameters.
For the parametric study of the response
characteristics of the system for various design
parameters, the followings are assumed:
(a) all the substructures have same masses
and same damping factors
(b) the natural frequencies of the substruc-
tures are equally spaced and the central
frequency is tuned to the frequency of
the primary system.
Then the equation (18) become simplified as

follows

(“”totV +

Tors
|

D =

D

1—(1+/1t0t)12 +2igpr—,ur >

k
D,-=
12(1+ng1')
Irl—(1+,u )r2+?jg r—,ur4 g {———1—~———~—]1f.2—12+?jg1f.1
L 1ot )% kzltsz"z“”%’fkﬂj s"J )

(23a,b)

where j=1, 2, ..., n.

The equations (23a and b) are same as the
equations developed by Abe and Fujino except
If the
natural frequencies of the substructures are

the terms from the base excitations.

equally spaced and the natural frequency of
central substructure is tuned to the natural
frequency of the primary system, the equation
can be expressed as a function of the number
of the substructures, n, and the frequency
bandwidth, B defined as follows.

B=(n-1)p (24)
where = (o+1~@y)/ o, is frequency spacing and
@ 1s the central frequency.

The natural frequency ratio f; can be written as

fj=&=1+_€(.?i’;n;1)
® 2(n—1)

[

(25)

We can investigate the response characteristics
of the system for the number of substructures
and the frequency bandwidth.

Fig.5 shows the variations of the maximum
displacement transmissibility of the primary
mass with the variation of the value of B for
n=12, uet =0.0425 and ¢ = 4=0.02. As can be
there optimum Z

seen from Fig.h exists

minimizing the responses of the primary system

Maximum
displacement transmissibility
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Fig. 5 Variation of the maximum responses of
the primary system for variation of the
frequency bandwidth of the subsiructures
when n=12, pux=0.0425 and g, = ¢=0.02.
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Fig. 6 Relationship between the number of sub-
structures and the optimum frequency
bandwidth when ¢ =0.0425 and ¢, =g
=0.02.
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Fig. 7 Variation of the responses of the primary
system for various optimal pair of n and B.
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Fig. 8 Relationship between the number of
substructures and the maximum responses
of the system with optimum frequency
bandwidth.
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for the given n. Fig.6 presents the relationship
between the optimal B and n for that case and
Fig.7 shows the responses of the primary system
for various optimal pair of n and B.

Fig.8 shows that one can reduce the response

of the primary mass by increasing the number
of substructures. However it can be seen that
there is a limit value of n which would not
reduce the responses much with further
increaing of n.
For the reactor vessel and the CEDM system, we
can suggest that the number of substructures
of 12 is adequate. By applying the optimum B of
0.314 for n=12 to the design with equal mass
distributions of the CEDMs, the responses can
be reduced as presented in Fig.9. Fig.10 shows
that the response reduction by applying
optimum B but keeping mass distributions of
the CEDM as the present design. By
comparing Fig.9 with Fig.10, the responses of
the primary system are not different much
between the two cases. Considering the easiness
of the incorporation to the practical design, the
second case shown in Fig.10 may be favorable.

3. FEM Analyses

To verify the simplified mathematical model
used in section 2 of this paper, the detailed
finite element model of the reactor vessel and
the CEDMs are developed as shown in Fig.11.
The reactor vessel is modeled by the 81 massless
beams, 6 linear springs and 2 lumped masses
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| Displacement transmissiblity
0
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1
Forcing frequency ratio (r)

Fig. 9 Responses of the reactor vessel with
optimized design of the CEDMs with
equal mass distributions
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and each CEDM is modeled by 2 massless beams
and 2 lumped masses. There are 12 groups of
CEDMs as presented in Table 1.

The harmonic base excitation analyses are
performed by ANSYS code!” and the steady
state responses of the reactor vessel and the
CEDMs are shown in Fig 12 and Fig.13,
respectively, for the unit amplitude of exciting
displacements. By comparing Fig.12 and Fig.13
with Fig.3 and Fig.4 obtained from analytical
solutions, it can be concluded that the
mathematical model developed in this paper to
simplify the reactor vessel and the CEDM is
simulates the real system very well.

To check whether the optimal design par-
ameters for the CEDM are applicable to the
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Fig. 10 Responses of the reactor vessel with
changed design of the CEDMs with
present mass distributions retained

CEDMs

Fig. 11 Detailed RV-CEDM finite element model
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Fig. 12 Steady state response of the reactor
vessel to the harmonic base excitions
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Fig. 13 Steady state response of the CEDMs to
the harmonic base excitions
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Fig. 14 Seismic acceleration responses of the
reactor vessel for (a) present design

and (b) changed design.
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Fig. 15 Comparison of the acceleration response
spectra between from the present design
and from the changed design (a) at the
reactor vessel and (b) at the CEDM

seismic excitations, the time history analyses
are performed for the present design and the
optimized design. Fig. 14 shows acceleration
responses of the reactor vessel for (a) the
present design and (b) the changed design to
the typical seismic base excitations. It can be
seen from Fig.14 that the seismic responses are
reduced as for the case of the harmonic base
excitations.

The acceleration response spectra at the
reactor vessel and the CEDMs are compared in
Fig.15 for the present and the changed design.
It can be concluded that the optimal para-
meters presented in this paper will reduce the
responses to the seismic excitations.

4. Conclusions

In this paper, the dynamic interactions
between the reactor vessel and the control
element drive mechanisms (CEDMs} of a
pressurized water reactor are investigated. The
mathematical model is developed to simplify the
reactor vessel as a single degree of freedom
system and the CEDMs as multiple substruc-
tures and to study the response characteristics
of the system for various design parameters
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as frequency ratios, mass ratios and damping
factors. The explicit form of the frequency
response equations are presented for the
multiple substructures having different masses
excited by the base displacement disturbances.
The optimal distributions of the natural
frequencies of the CEDMs are presented to
reduce the responses of the reactor vessel. It is
shown that the optimal design parameters are

applicable to the seismic disturbances.
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Appendix

In equation (1) of this paper, the M, C and K
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are as follows:

m, + ZH: m; m, m, m,
/7;1=1 m, 0
M=
my m,
: 0
L my, my,
_Cp -
o} 0
C= G
0
L Cﬂ_
—kp .
K 0
K= k,
0
L kn—

(AD

(A2)

(A3)

In equation (13), the inverse of matrix A is as

follows
E -4 -4 -4, ]
g % g
2
n 1(6-25 J LA L3
Hg] [ P e 9% a9,
ey 1 L L,
det A G-
gz[ ?;gkj 69,
1 : L
. |G-
(o) e
(A4)
where
detA =G[]g,- 3 (L,ZH ak)
i=t F=1 k] (A5)
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