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Abstract

In this study, the detailed fuel assembly stress analysis model to evaluate the structural in-
tegrity for seismic and blowdown accidents is developed. For this purpose, as the first step, the
program MAIN which identifies the worst bending mode shaped fuel assembly(FA) in core
model is made. And the finite element model for stress calculation of FA components is de-
veloped. In the model the fuel rods (FRs) and the guide thimbles are modelled by
3—dimensional beam elements, and the spacer grid spring is modelled by a linear and rotation-
al spring. The constraints come from the results of the program MAIN. The stress analysis of
the 16 X 16 type FA under arbitary seismic load is performed using the developed program
and modelling technique as an example. The developed stress model is helpful for the stress
calculation of FA components for seismic and blowdown loads to evaluate the structural in-
tegrity of FA.
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1. Introduction For the evaluation of the FA design criteria for

In the design of FA. several accident conditions
are postulated and analyzed to assure the safety
of the system. Among these assumed accidents,
the safe shutdown earthquake(SSE) and loss of
coolant accident{LOCA) are the most severe ones
from the point of the loads applied to the FA
components. The design requirements for these
condition Il and IV loads(1] aim at preventing
fission gas release in the environment. For the FA,
the following design criteria must be fulfilled :

(a) integrity of the FA in order to allow the
control rod insertion for the safe shutdown of the
plant,

(b) coolability of the core:

moval from the fuel.

residual heat re-

the

ground motion caused by a earthquake or the

During a seismic or blowdown event,

shock wave caused by a primary pipe break. is
transmitted to the core plate through the primary
circuit and reactor internals. The horizontal core
support plate motion induces a collision of FAs .
The foreign FA vendors have developed the their
own detailed FA stress model to calculate compo-
nent stress for seismic and blowdown events (2 3] .
But in domastic case the FA integrity for the
events is evaluated by comparing the calculated
impact force of spacer grid in the core model with
the dynamic buckling test results of spacer grid[4).

The main assumption of this evalution method is
that the impact locations are limited to the spacer
grids which are the widest part of the FA. So far
the design criteria of FA for condition Il and IV
loads imply that spacer grid is not buckled dyna-

mically.

the

lumping all fuel assemblies in core model as

seismic and blowdown events, however,
shown in Fig.1 is not accurate because reduced
FA model generates unrealistic stress results.
Therefore the detailed FA model is necessary to
evaluate the FA design criteria during postulated
pipe breaks or earthquake.

In this study the developed computer program
MAIN which identifies the worst bending mode
shaped FA in core model is described as the first
step. And. as the next step. the detailed FA stress
model. of which constraints come from the results
of the program MAIN and by which the peak
stress is calculated, is investigated using the finite
element code KWUSTQSS-STATIC(5].
an example, the stress analysis of the 16x16 type

Also. as

FA is performed using the developed program

and model.

2. Model Development

2.1. Development of the program MAIN

In the core model. the fuel assemblies(FAs) are
modeled as uniform beam and the impact forces
of each FA due to gap closure are evaluated at
each time step. Therefore a lot of information is
obtained by the core model analysis for seismic
and blowdown events. Among these information,
it is necessary to identify the worst bending mode
shaped FA in stress point of view.

The computer program MAIN is made to iden-
tify the worst bending mode shaped FA in core
model. The calculations to determine the ‘reply’

of the core model to the postulated seismic and



554

J. Korean Nuclear Society, Vol. 25, No. 4, December 1993

?  Upper Core Support Plate

7727 R 7 Frrl A ey
7 % Core Shroud
’ g ‘i ﬁ ’
7K 7
7 s Fuel Assombly
% ] “ ; uel Asso
L
[ é 1 : g [ ]
7R “ 7 acer Sprin
' ; } s lorono~ and
f q y twosided
4 i “ Impacts
U
4 4
’ :
) ? Y S )
Z 't
A “
é/////////////////// W///////////////////M

v Lowor Core Suppont Plate

Fig. 1. Core Model(9 FA Series Model)

blowdown events are performed, and the program
MAIN uses as input these data to calculate esti-
mates for the stress at each segment of FA and at
each time step. Hereby the peak stress can be
identified. The exact value of the stress is calcu-
lated in the next step by applying a detailed FA
stress model.
For the development of the program MAIN the
following assumptions are introduced :
Core model is supposed to have :
—equal number of nodes and equal number of
spacer grids for each FA.
—one node between two spacer grids.
—node 1 corresponding to the lower core sup-
port plate(LCSP).
—node 2 corresponding to the upper core sup-
port plate(UCSP).
—consecutive numbering system of FA nodes.
—one node defined between the lowest spacer
grid and the lower core support plate/ be-
tween the highest spacer grid and the upper
core support plate.
And for the preliminary estimates of the stress
of each segment, the following assumptions are

introduced :

—the rotational displacement @ of spacer grid
level are equal to the upper core support
plate and the lower core support plate rota-
tion (“rigid rotation”).

—the equation used in the program represents
the relationship between the stress and dis-
placement, which is deduced from the simple
cubic equation of beam.

The equation of lateral deflection wi(x) of a

beam can be expressed :
wx) = acta xta x¥ta: x°

The coefficients ax are determined from the
boundary conditions. Since the stress of a beam is
calculated as(6) :

6 =—ERw’

We can get the maximum stress as

o max=FER Max(w"(0), w’(?¢))

,where E=modulus of elasticity,

R=radius of beam, ¢ =length of beam,

w”’ =second derivative of deflection w with re-
spect to x.

As mentioned above the program MAIN needs
the results of a dynamic analysis using a core
model.

The program MAIN needs the following inputs :
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—Duration of excitation. total number of nodal

points and FA in core model. and total num-

ber of spacer grid per FA. nodes of each FA.

—Segment length of FA in core model. outer

diameter of guide tubes. and Young's mod-
ulus of guide tube material.

The results of program MAIN are :

—The time when the peak stress value occurs.

—The peak stress value at a segment.

—The number of FA and segment at which the
peak stress occurs.

The schematic flow diagram of program MAIN

is shown in Fig.2.

START

READ DATA & INPUT
- TAPE 10 of KWUSTOSS

{ Displacement and Rotation of FA in Core Model)
- Segment Length of FA

- O.D. of Guide Thimbles

- E( Young's Modulus)

- FA(NROWS)
- Node (NROWS, N1)

~ Generale FA & Node Numbes :i

Calculate Lateral Deflection of Each Segment
W)

Calculate the Stress of Each Segment at each
time step:S(1)

I' Find Max. Stress at each Time Step:
Simax=—S(I)

Find Max. Streas :
Smax -+ Simax
@ <

J>’

PRINT
Smax, FANROWS), Time Step

Fig. 2. Schematic Flow Diagram of Program MAIN
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2.2. Development of the FA Stress Model

The FA analytical model is developed using the
finite element technique. which is done by means
of the finite element code KWUSTOSS-STATIC.
This model is developed in order to perform de-
tailed stress analysis for the FA components under
seismic and blowdown events.

For the development of the model, the model is
deduced in 2 steps :

—Skeleton model (FA without FRs).

—Complete FA model.

2.2.1. Skeleton Model

The skeleton model is established using three
dimensional beam elements as shown in Fig.3.
Each guide thimble in a FA is represented by a
beam element with distributed nodes. And the
node numbers of each nodal plane, the value of
y—coordinate(height coordinate) of the nodes and
the numbering of the spacer grid plane are shown
in the figure.

The spacers connecting the guide thimbles are
modelled as rigid structures by using constraint
techniques. Fixed end conditions are used for the
skeleton model, which were justified from the FA
deflection test {refer Fig.7).

Top end piece Node numbers  y-coordinate  Spacer—
of the GT mav  gridplane
ZJ__ & 1 - 420 447
381 - 400 44040
— 361 380 sGs
341 - 360 wsss
p————— 321-340 3816.0 sG8
301 -320
—4—————— 281-200 2o sG7
261280
— 241 - 260 2726.0 SG&
/ 221 - 240
P e ————— 220 21810 SG5
\ 184 - 200
g 161180 1636.0 5G4
141160
S 12i-140 1091.0 SG3
101 - 120
——————— 81100 5460 sG2
end of dashpot 61~80
—_—— 41~ 60 83 5G1
2140
DT 1-20
Bottom end piece

Fig. 3. Skeleton Model
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2.2.2. Fuel Assembly Model Vevmmien  Bpepucs | Nediomben reedme e
In addition to skeleton model the fuel rods are R L 4%:::: s
represented by a single row of beams(refer Fig.4). - T :-; ons =
Those beams are connected to one node in every it T ot e
spacer grid plane via linear and rotational springs b N T e = =
in order to take account the clamping conditions = S S o e
of fuel rods. ~ e =
The input data for modelling of the FA stress - [_\l\’- - - :
model are : - ) :::::: - -
—The values of y—coordinate of the nodes E X E}E :“ a
determined by the spacer grid position. “ 2w
—The distributed positions of the guide thim- 7 o
bles in the xz—plane determined by the cross- Fig. 4. FA Stress Model

section of the FAlrefer Fig.13).

—The all fuel rods in a FA represented by a
single beam.

—The linear spacer grid spring characteristic as
shown in Fig.5 taken from the measured Spring Force F (kp)
data.
C..=Spring Force/Deflection /

—The rotational spacer grid spring constant(ref-
er Fig.6).

C.=Cnx ¢%/4

where ¢ : the distance between the two 1.52

dimples.
—The material constants of guide thimble and

fuel rod. which are the Poisson number and

the modulus of elasticity of Zircaloy.

0.22 0.75 —pp

—The results of program MAIN, which are the Spring Deflection £ (mm)

displacements of the worst bending shaped
FA in core model and will be imposed on to Fig.5. Measured Linear Spring Characteristic(AH76)
the FA stress model as the kinematic con-

straints.

The results of the FA stress model analysis are :

—The stress at each segment of a fuel rod and .
guide thimble. linear spring

—The displacements and rotations of the spacer ]
grid. ! gap

2.2.3. Verification of the Model
For the verification of the established FA stress Fig.6. Rotational Spring Model




A Study on the Fuel Assembly Stress Analysis for Seismic---LK. Kim 557

model. the calculated and the measured lateral
stiffness of 16x16 type FA (9 spacer grids) are
compared. For this purpose. in case of the
skeleton model. a force of 25 N has been applied
in x—direction to the four outermost nodes at the
5th spacer grid. which results in a total force of
100N, And in case of FA model a force of 250N
in x—direction is imposed on to the four outermost
nodes in the plane of the 5th spacer grid, which
results in a total force of 1000N. The fuel assem-
bly load-deflection test to get the lateral stiffness
of 16x16 type FA is performed . As shown in
Fig.7 FA is deflected with hydraulic force at the
5th spacer grid up to 20mm. and at that time the
force is measured with the force transducer at the
same level.

The resulting deflections at this location are
compared with the test results of 16x16 type
skeleton and FA as shown in Fig8 and 9. As it is
shown in the figures the test results show non-
linear behaviour dependent on the deflection.
But since it has been proved experimentally that
the behaviour of the FA can be considered to be
linear under lower amplitude vibration(7}. the
calculated result is linearized and averaged for
lateral deflection. And as shown in the figures the
calculated lateral deflections of both skeleton and
FA model are in good agreement with those from
the test. Hence both skeleton and FA model can

L
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P vibration table
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fan

Fig. 7. FA Characteristic Test Set-up.

be used effectively for the calculation of the guide
thimble stresses for seismic and blowdown events.
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3. Stress Analysis of the 16x16 Type FA

As mentioned in previous chapter the stress
analysis of the 16x16 type FA under the arbitrary
earthquake load, which is shown in Fig.10, is per-
formed using the developed program and model.

3.1. Identification of the Worst Bending Mode FA

The program MAIN uses as input the results of
core model analysis which stores on TAPE 10 of
KWUSTOSS code. Hence the 9 FA series model
as shown in Fig.1 is used as an example. The
input of program MAIN to identify the worst bend-
ing mode shaped FA in 9 FA series core model is
provided as follows :

—Type of problem: lateral. damped

0 sec
0.495 sec
Step size: 0.5 x 10 * sec

—Initial time of excitation :

End time of excitation :

—Nodes fixed with respect to rotation: 3 to 7

and 107 to 151

—Massless nodes: 107 to 151

— Excitation force applied nodes: 1 to 7
—El for all beam elements: 24500 Nm®
—Young's modulus(E) of beam: 7.98 x 10"

N/m’
—Diameter of guide thimbles: 0.0138m
As a result of the given input described above
the worst bending mode shaped FA is identified
as below.
—The time when peak stress occurs: TIMAX
= 0.152 sec
—The peak stress at a segment :
6.8528E7 N/m"
—The number of FA at which the peak stress
NUMBER FA = 6

—The number of segment at which the peak

SPMAX =

occurs :

stress occurs :
SEGMENT NUMBER = 4

The displacements and rotations of the worst

J. Korean Nuclear Society, Vol. 25, No. 4, December 1993

Table 1. The Displacements and Rotations of the
Worst Bending FA

Node Displacements(m) Rotation(rad)
LCSP 1 0.37322602E-02  0.20750132E-03
UCSP 2 0.45638907E-02  0.18597255E-03
FA 6: 63 0.41797476E-02

64 0.58437975E-02
65 0.81682980E-02
66 0.10513935E-02
67 0.11885101E-01
68 0.11861356E-01
69 0.10946024E--01
70 0.92484022E-02
71 0.73286112E-02
72 0.58096654E-02
73 0.48285035E-02

bending mode shaped FA are also obtained in
Table 1. And these values are used as kinematic

constraints of the detailed FA stress model.
3.2, Stress Analysis of the 16x16 Type FA

The objective FA{16x16 type FA) is shown in
Fig.11. And the stress model according to the
modelling method described in chapter 2. in
which the guide thimble and fuel rods are repre-
sented to the 3-dimensional beams and those
beams are connected in every spacer grid plane
via linear and rotational springs. is shown in
Fig.12. From the Fig.11 the position of node in
y—coordinate can be determined. The distribution
of the guide thimbles in xz—plane is shown in
Fig.13. The representative fuel beam is placed in
the middle of the model(x—z= 0.0).
The input of FA stress model is as follows :
— Cross—sectional area and moment of inertia
of fuel rods:
A=205x22.83--4680.15 mm
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" 1=205*x288.35=59111.75 mm’
* The numbers of fuel rods of the FA
=205 fuel rods

—Linear spacer grid spring characteristics at

operating temperature :

Cin=205x0.92x35/0.825 N/mm =80004
N/mm
—Rotational spring characteristic: C..=

1.80x10" N-mm/rad

—The material properties for Zircaloy of the
guide thimbles and the fuel rods:
Modulus of elasticity(E) at operating temp. =
0.798x10° N/mm’
Poisson ratio v =0.3

—The displacements and rotations obtained by
the program MAIN are imposed on to the FA
model as the kinematic constraints.

4. Results and Discussion

Based on the worst bending mode shaped FA
in core model the 16x16 type FA stress distribu-
tion under arbitrary seismic load is obtained. In
the detailed stress model the rotations of the spac-
er grids are calculated more realistically corres-
ponding to the displacements of the spacer grids,
which results in the value of 50.93 N/mm’ in the
3rd spacer grid plane. than those in the reduced
FA model .which is calculated to 68.5N/mm’ be-
tween 2nd and 3rd spacer grid. And this stress
value obtained from the detailed stress model will
be lowet than the acceptable limits of 125N/ mm-
which is the material yield strength of the guide
thimble, thus the guide thimble will not buckle
elastically.

The program MAIN and the detailed stress
model to calculate the stresses in FA components
for seismic and blowdown events are developed.
Hereby throughout the developments the follow-
ing results can be deduced:

—The developed FA stress madel is very help-

ful for the stress calculation of a FA components
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for the postulated seismic and blowdown events.
—The stress analysis of the FA for seismic and
blowdown events are performed by checking of
the guide thimble stress whether the FA satifies
the ANSI design condition Il and IV or not.
—The assumptions, kinematic constraints and

the equation for modelling of FA are justified.
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