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ABSTRACT

This report presents the results of a comprehensive study of the effect
of pressure loading on the gas-cooled fast breeder reactor (GCFR) core
support structure. Two theories are investigated for the core support grid
plate: thin plate theory and anisotropic elasticity theory. The case of
an isotropic thick plate is also presented. The effect of transverse shear
and normal stress in a thick plate and the effect of the outer solid rim of
the perforated interior portion of the grid plate are studied. The grid
plate support structure upper flange, support cylinder, and lower flange
are analyzed, and the structural interaction between the grid plate and the
support structure is discussed. Numerical results are presented for each
analysis. The stresses obtained in the grid plate and the support structure
are evaluated according to the requirements of the ASME Boiler and Pressure
Vessel Code, Section III, Division 1, and the deflections of the grid platg
are examined to determine whether the reactivity insertion limitation on

the plant safety requirements is met.

Since the final dimensions of the core support structure are not
certain at this time, this report is not considered to be a final design
stress report; however, it does examine the feasibility of the design and
also demonstrates the analytical methods used to solve the grid plate

problem from the standpoint of pressure loading.
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NOMENCLATURE

independent coefficient of deformation
independent coefficient of deformation
independent coefficient of deformation
independent coefficient of deformation
independent coefficient of deformation

Young's modulus for isotropic material or Young's modulus in the
plane of isotropy for transversely isotropic material

Young's modulus in the plane perpendicular to the plane of isotropy
for transversely isotropic material

effective Young's modulus for equivalent solid plate

shear modulus for isotropic material or shear modulus in the plane
of isotropy for transversely isotropic material

shear modulus in the plane perpendicular to the plane of isotropy
for transversely isotropic material

effective shear modulus for equivalent solid plate
radial width of solid ring or flange

thickness of grid plate

radial moment of plate

pressure load

radial force of plate

radius of grid plate

radius of perforated plate or equivalent solid plate
radius of perforated plate or equivalent solid plate

cylindrical coordinate



thickness of

displacement

displacement

displacement

sol

id ring or flange

in x direction

in

in

r direction

8 direction

transverse shear of plate

displacement in y direction

displacement in z direction

Cartesian coordinate

Cartesian coordinate

Cartes

shear

shear

shear

shear

shear

shear

normal

normal

normal

normal

normal

ian or

strain

strain

strain

strain

strain

strain

strain

strain

strain

strain

strain

cyl

in

indrical coordinate

cylindrical coordinate

cylindrical coordinate

Cartesian coordinate

Cartesian coordinate

Cartesian coordinate

cylindrical coordinate

cylindrical coordinate

Cartesian coordinate

Cartesian coordinate

Cartesian or cylindrical coordinate

cylindrical coordinate

cylindrical coordinate

normal

stress

normal stress

normal

stress

in

in

in

cylindrical coordinate
Cartesian coordinate

Cartesian coordinate



normal stress in Cartesian or cylindrical coordinate

normal stress in cylindrical coordinate

shear

shear

shear

shear

shear

shear

stress in cylindrical coordinate

stress

stress

stress

stress

stress

in

in

in

in

in

cylindrical coordinate
Cartesian coordinate
Cartesian coordinate
Cartesian coordinate

cylindrical coordinate

Poisson's ratio for isotropic material or Poisson's ratio in the
plane of isotropy for transversely isotropic material

Poisson's ratio in the plane perpendicular to the plane of isotropy
for transversely isotropic material

effective Poisson's ratio for equivalent solid plate

stress function, x = ¢/(1 - v)

stress function
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1. INTRODUCTION

The gas-cooled fast breeder reactor (GCFR) core support structure con-
sists basically of two structural members: the grid plate and the grid
plate support cylinder. The grid plate is a thick circular disk which is
perforated throughout the central region and surrounded by a narrow solid
outer rim, and there are 265 circular holes which accommodate the bayonet
sections of the core assemblies. The primary function of the grid plate is
to accurately hold the fuel and blanket assemblies in position so that the
reactivity change associated with core distortion due to deformation of the
structure is minimized to an acceptable value set by plant safety require-
ments. As a result, the grid plate is a deflection-limited rather than

stress—-limited structural component.

The structural analysis problem of perforated plates has been exten-
sively investigated ever since Gardner (Refs. 1 through 3) introduced the
equivalent solid plate concept. Not long after Gardner's first paper,
Horvay (Refs. 4 through 6) and Malkin (Ref. 7) separately proposed basing
the equivalent solid plate concept on the use of fictitious elastic con-
stants called effective elastic constants. The present investigation
employs the concept of an equivalent solid plate for the grid plate. The
effective elastic constants are derived from the existing literature, such
as the ASME Code and work by Slot (Ref. 8). Thin plate theory and aniso-

tropic elasticity theory are applied and the results compared.

The grid plate support structure consists of a cylinder and upper and
lower flanges. The cylinder and the lower flange are analyzed by elastic
thin shell theory, and the upper flange is treated as a ring. Compatibility
conditions are used to determine the redundant forces and moments at the

geometrical discontinuity.



The reactivity change associated with deflection of the grid plate is
considered, and a computer program has been developed for the purpose of
finding an optimum design. The interrelationship of plate thickness, liga-
ment efficiency, and reactivity is also studied, as shown in Fig. 1. The
interaction between the grid plate and the support structure is also con-
sidered (Section 5). The interactive force and moment between the grid
plate and the support cylinder are analytically formulated, and a computer

program has been written to obtain numerical results.
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Fig. 1. Parametric study of grid plate thickness and center deflection
for different ligament efficiencies
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2. DESIGN PHILOSOPHY

2.1. DESIGN CONSIDERATION

Conformance of the core support structure to the reactivity require-
ment and available codes and standards is investigated. Experience with the
300-MW(e) demonstration plant design indicates that the reactivity change
associated with deflection of the grid plate is more critical than the
stresses in the grid plate due to expected loads during normal and transient
operation. When the plant is operating at a steady power output, the reactor
is in the critical condition. However, if there is a partial or total loss
of coolant, a reduction of pressure drop across the grid plate is accompanied
by a decrease in deflection, resulting in a positive reactivity insertion
in the core owing to inward movement of the fuel assembly. Because of the
more stringent requirement of positive reactivity insertion associated

with the plant safety operation, the grid plate design is deflection-limited

rather than stress-limited.
2.2. GRID PLATE DEFLECTION REACTIVITY EFFECT

The reactivity effect resulting from core expansion causes (1) changes
in neutron leakage owing to the increase in core size and (2) a decrease in
the densities of fuel, cladding, and structural materials because the total
material inventory remains unchanged (this is reflected by a decrease of
all nuclide densities). This is a strongly negative effect owing primarily
to the decrease in fissile density dominating the leakage distribution.
Thus, the overall reactivity effect of core expansion 1s negative. Con-

versely, a reduction in core size results in a positive reactivity insertion.

During normal operation, grid plate deflection is composed of two

components. The first component, which is always present, is the dead



weight of the grid plate; the second is the coolant pressure drop across
the core during normal operation. The reactivity change of the latter
component is of interest because it can vary under transient conditions

such as depressurization and is therefore a safety-related problem.

The relationship between reactivity change and radial core expansion

is derived (Ref. 9) in the following form:

AR
by =C. 2 (1)

where Ay = reactivity change,
R = core radius,

C_ = core radial expansion coefficient,

[t
=
I

increment of core radius at core midplane.

The core radial expansion coefficient is obtained from a two-dimensional

diffusion theory calculation which results in

C_=-0.64
r

It is desirable to derive a formula relating the deflection of the
grid plate to the increment of the core and incorporate the expression
into an equation (Eq. 1). Then, the reactivity change due to grid plate

deflection can be easily evaluated.

The geometric relation of grid plate deflection and the increment of
the core radius at the midplane of the core is shown in Fig. 2. In this
figure, L is the distance from the bottom of the grid plate to the midplane
of the core, RC is the equivalent cylindrical radius of the outermost fuel

rod assemblies, and AR is the core radial increment at the core midplane.

The total axial displacement of the grid plate based on the trans-

versely isotropic elasticity theory is derived in Eq. 87 to be
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Deflections of the grid plate midplane can be obtained by letting

z = 0 in Eq. 81, and the expression can be simplified:

*
_ P 2 _ 2,1 5+v 2 2
W= s (Rl r)[———* R1 r]
1+v

*
3p |1 v'(7 -v) 2 2
*iom| & 4E' Ry - 1)

_% ad-v) —*\)) (Ri—rz) M
h™ L E

2 2 2
pR2 (Rl + RO) AR

+ 4EI ] (2)

Differentiating the expression of Eq. 2 with respect to r, the slope of

the grid plate meridian yields
3 12(1 *) 25+ *
T -V P v
= = +rd—= " I M- “L—I]R = 4+ 1
* *
dr D { Eh3 32D[ 1(1+v )]

_ 3 [l_ - 1'_(7_-__\):_)]} (3)
5h{ G’ LET .

For a fuel assembly at the edge of the core (r = Rc)’ which results in

o
)
o

|

=)
(o))

the greatest radial displacement due to grid plate deflection, the following

geometric relation can be obtained from Fig. 2:

tan 8 = 2R - ¥
drr

o



This implies that

AR = Lj—w i (4)
b of
r = RC

Therefore, the reactivity change can be written as

L\dw
AY = Cr(§'>a-; . (5)
r =R

(o4

For the current 300-MW(e) demonstration plant design, the reactivity
change due to core grid plate deflection under a pressure load of 289.58 kPa
(42.0 psi) can be estimated as follows:

Ry = 1.6986 m (66.875 in.),
Rl = 1.,5535 m (61.16 in.),
Rc =1.1367 m (44.75 in.),
L =1.6050 m (63.19 in.),
h = 609.6 mm (24.0 in.),
*

E = 6.102 x 10° MPa (0.885 x 10° psi),
E=172.37 x lO3 MPa (25.0 x 106 psi),

E' = 39.851 x 10° MPa (5.78 x 10° psi),

G' = 7.943 x 10° MPa (1.152 x 10° psi),
V¥ = 0.734,

v!' = 0.3,

p = 289.58 kPa (42.0 psi).

Substituting these geometric dimensions, material constants, and pres-
sure loading into Eq. 3, the value of dw/dr at r = 1.1367 m (44.75 in.)
yields

dw = 0.26959 x 1073

dr . = 1.1367 m



Therefore,

" (_L_)d_w
T\R/AT | _ 1.1367 m (44.75 in.)

1.6050\ {0.26959 x 1073
—0.64{ 177367 =3
‘ 3.5 x 10

-$0.0696

Thus, the reactivity change corresponding to the 289.58-kPa (42-psi) pres-
sure loading across the grid plate has a value of -$0.07, which is within

the tentative plant safety requirement of a reactivity change of -$0.10.
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3. THEORY AND ANALYSIS OF THE GRID PLATE
3.1. CONCEPT OF THE EQUIVALENT SOLID PLATE

One established procedure for determination of stresses in thick
perforated plates is based on the concept of treating the perforated mate-
rial as an equivalent solid material with modified elastic constants
(Ref. 10, 11). This approach is based on the concept that these modified
constants, called effective elastic constants, are determined in such a way
that gross deformations in the perforated plate and the equivalent solid
plate are identical under the same loading and boundary conditions. Once
these effective elastic constants have been established, the stress analysis

problem of perforated plates involves essentially two steps:

1. Nominal stresses in the equivalent solid plate are computed by

means of established continuum mechanics analytical methods.

2. Physically meaningful stresses in the perforated plate are deter-

mined from nominal stresses using appropriate stress multipliers.

The effective elastic constants and the stress multipliers can be determined
by experimental measurement. They are calculated from doubly periodic stress
and strain fields produced in perforated plates of infinite extent under

uniform loading conditions.

The equivalent solid plate approach as it is currently used (Ref. 10)
was originally developed (Ref. 11) for solving problems involving equivalent
solid plate stresses which were either uniform or linear through the thick-
ness of the plate. This approach is too restrictive for solving problems
in which the state of stress in the equivalent solid plate is more complex
than can be described by a combination of membrane and bending stress. A

more general equivalent solid plate concept is necessary for such problems.

11



In Section 3.3, a generalized equivalent solid plate approach has been

formulated which permits analysis of thick perforated plate problems.

3.2. THIN PLATE THEORY

3.2.1. Mathematical Formulation

3.2.1.1. Analytical Procedure. The central portion of the grid plate is

perforated and surrounded by a solid ring. A uniformly distributed load
resulting from the pressure difference across the plate is applied on the
top surface of the plate, and it is assumed that the plate is simply sup-
ported around the edge. This method of analysis is based on Article 8000,
Section III, of the ASME Boiler and Pressure Vessel Code (Ref. 10).

In the following analysis, the perforated plate is replaced by a solid
plate which is geometrically similar to the perforated plate but has the
modified value of the elastic constants. The outer solid rim is considered
to be a ring, and the elastic modulus E and Poisson's ratio v are replaced
by the effective elastic modulus E* and effective Poisson's ratio v* of the
perforated plate. Conventional formulas for the plate are used to determine
the deformations and nominal stresses for the equivalent solid plate. The
deformations are computed so that they may be directly used in evaluating

interaction effects.

The effective elastic constants are functions of the ligament efficiency
n. These values are given in Fig. A-8131-1 of Section III, ASME Boiler and
: %
Pressure Vessel Code (Ref. 10) for the range 0.05 £ n £ 1.0 in the form v

*
versus n (for a material with v = 0.3) and E /E versus n.

3.2.1.2. Structural Analysis. In the structural analysis, the grid plate

is first separated at the junction of the perforated portion and the solid

ring, and the following variables are assigned:

radial redundant moment [N-'m/m (in.*1b/in.)] of circumference,

radial redundant force [N/m (1b/in.)] of circumference,

L
I

12



v'

transverse shear [N/m (1b/in.)] of circumference,

uniformly distributed pressure [Pa (lb/in.z)].

el
1

This analysis, in which Q is assumed to be zero, is illustrated below.

p[Pa (LB/IN.Z)]

&JHHHHHVM "1 1
——)l(

v __‘;Fa

Next, the edge deformation due to the redundant moment is calculated.

For the perforated plate, the rotation of the plate edge at the midplane

caused by moment M is

*
*
bl = l%gg_(l - v )M (radian) . (5)
Et

This can be depicted as follows:

13



The rotation of the ring cross section in its own plane about its

centroid caused by M is (Ref. 12)

*
M(Z'ﬂ'li ) §2 .
_ __2mR _MRR
o EI T EI ’ (6)

R+R)/2

where R =
I = moment of inertia about the central axis of the cross section in
the plane of the ring
3
R
I
12 ’
*
AR = R - R

14



The edge deformations caused by loads other than redundant loads

are shown below and calculated as follows.

L

For the perforated plate,

L —— 1l -
A v
*2

(7

(8)

where p = Ap and is the normal distributed load due to the net pressure

acting on the plate.

For the solid ring,

15



| — w%

2
- T™p_Rp
v 27R 2 : 9

The twist moment per unit length of the mean circumference of the ring

due to the load is

*
V(2nR)§-I25- v, (2nR )%
M = — £+
27R 27R

AR pR _* AR
2, 2 2

PR
> R

-
]

2
_ pAR(RZ + R*)
4R

(10)

The rotation of the ring cross section in its own plane about its

centroid due to Mz is

=2 2
* -
o R par@®®+RT) R
rz EI 4R EI
=2
*
=R @™ 4D . (11)

16



For the compatibility condition, the total rotations of the perforated

plate and solid ring at the junction must be equated as follows:

0, =0,
where 6 = epz - epl s
er = erl + er2
Thus,
Ry’ % 128" *
o =2 B ) g 1B gy, (12)
P2 %3 o
2 2
*R . pARR , #° 2
o = MBR PORR ™ 4+ r%

2

* 2 *
- 6R (R : R ; M + 1.5(R + R )gR + R ) P , (13)
(R-R )Etl Etl
% * * [t 3 %
R(Q-v) E[2 (R+R)
—%3 12 + 6 i\t % +— M
E t2 1 (L -v)R-R)
(14)
3 2
* * * *
RY - V) 2 X\ (B2 @ +RH@®R? +RY)
= *—3' 1.5R P - 1.5 E—' 't— * P
E t2 1 R (1 - v)
The redundant moment then becomes
3 2
* * *
2 Y @+ @2+ RY)
R p- E \t. * * P
ol A ° *
8 + 4 E‘(E- R*+ R .

1 (1 -v)R-R)

17



The deflection at the center of the grid plate is shown below and

calculated as follows:

| .

§ =6, +6,
(o4

¥

where
6RT(R + ROM . 1.5(R + R') (R + R*z) x
= . . P
6, = 8, * AR 3 + . (R - R
(R-R) t] E t]
5, = (8 M + (5,)" ,
due to M due to p
M 6(1 * R*ZM
(62) = —*V3) (see Ref. 12) s
E t2
A * *
(52)p - 3R A - v*)§5 V) (see Ref. 12)
16E t2
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4

* * 4 *
, _6R(R+EOM 1.5®" - R )
c - 3 3 P
Bty Bt
* *2 *4 % *
_6@ - VOR M, 3R (- V(S + V)
g*e3 16E t3 ’
2 2
(16)
) % % *2
s - [sR®+EDH _ea - vOR
c 3 - * 3 M
Bt> Et)
4 4
* * * %
. 1.5k - ") L3R -V VY
3 ¥ 3
Etl 16E t2

Finally, the slope at the edge of the core is calculated as shown

below.

Y

L___ R*———(
R

L] l

Wes ! — 7"‘ o

CORE EDGE
¢ BLANKET REGION

The deflection at any given point a distance r from the center of the plate

due to M and p is given as follows (Ref. 12):
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2

* * x % *
_ahpa -V e+ V@D @+ e
W= * 3 2 2 £3
87E t2 2L + v ) 2R 1+ v
2
*_ % 2
+ 6(1 - v )(§ - r° )M . (1
Et2
The slope at the core edge RC is therefore
2 2 3 *
* *
dv __® p(1 - v ) 2Rc _ 23+ v )RC
* *
drl, _ g 8E 3 R*2 1+
c 2
*
12(1 - v )MRc
E* 3 (18)
ty

3.2.2. Numerical Results

The numerical calculations were done using a computer program. Deflec-
tions at the center of the grid plate were evaluated for different sets of
values of plate thickness, ligament efficiency, and solid rim width in the
ranges of interest. The optimal dimensions of the grid plate were then
determined by the reactivity insertion limit; material and fabrication cost
were also considered. The computational model is shown in Fig. 3, and the

numerical data for calculations are listed as follows:

349°C (660°F),

172.645 x 103 MPa [25.04 x lO6 psi (for 316 stainless steel at

T = 349°C, Section III, ASME Code)l,

P = pitch = 196.85 mm (7.75 in.),
Ro = 1,6986 m (66.875 in.),
R* = 1.5335 m (61.16 in.).

A parametric study on the optimal design of the grid plate was

performed using grid plate radius, thickness, and ligament efficiency as

20
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GRID PLATE
GRID PLATE
SOLID RING AROUND R =1.6986 M
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(3.875 IN.)
\—”— --\\\
-
- \\
7 ~
e N
PERFORATED
HOLES QLQTE 6 M
THROUGH (63.0 IN.)
GRID ) )
L | GAMENT PLATE
THICKNESS =
15.95 MM
(0.628 IN.) f
{ PITCH =
196.85 MM
f (7.75 IN.)

Fig. 3. Geometric considerations for grid plate deflection
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the parameters. The computer results show that the reactivity of the core
is sensitive to the change of grid plate thickness and ligament efficiency,
but is virtually unaffected by variation of the grid plate rédius in the
range of interest. In Fig. 4, the ligament efficiency is plotted against
the thickness of the grid plate for a particular radius size [1.6986 m
(66.875 in.)] and a reactivity of $0.10. This figure indicates the

important effect of both parameters on reactivity.

Figure 1 is a plot of deflection at the center of the grid plate
versus grid plate thickness for different values of ligament efficiency
in the range of interest. The computer results for stress and deflection
of the thin plate solution are shown in Figs. 5 through 7. Figure 5 gives
radial stress distribution versus radial coordinate of the grid plate;
Fig. 6 shows tangential stress distribution versus radial coordinate of
the grid plate; and Fig. 7 gives the axial displacement versus radial

coordinate of the grid plate.

3.2.3. Transverse Shear and Normal Stress Effect on a Thick Plate

3.2.3.1. Discussion. In previous calculations of grid plate deflections
(Section 3.2), the assumption was made that linear thin plate theory is
applicable to the equivalent solid plate of the grid plate. This is true
only when the plate thickness is small compared with the other lateral
dimensions, in this case the diameter of the equivalent solid plate. Based
on this assumption, the effect of the normal stress and shear stress in the
transverse direction was neglected. For the GCFR 300-MW(e) demonstration
plant, the grid plate diameter-to-thickness ratio is approximately 5.5.

In general, a plate is considered to be thin when the ratio of the smallest
lateral dimension to the thickness is greater than 10. For a plate as thick

as the grid plate, the transverse shear effect cannot be ignored.

3.2.3.2. Analysis. For a simply supported plate which has a radius R

and a thickness h and is subjected to a uniformly distributed load p

22
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Fig. 4. Grid plate thickness vs ligament efficiency
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[Pa (lb/in.z)], the solution of deflection using linear elastic thin
plate theory can be obtained as follows (Ref. 13):

2 2
W) = & i ) <i e R? - ré> . (19)

For deflection due to the shear effect, the shear force Q per unit

length of the circumference of a circle with a radius r is
Q=1/2pr . (20)

The transverse shear Ts for plates whose thickness is not assumed to
be small varies across the thickness of the plate according to the parabolic
law in the same way as it varies in beams of narrow rectangular cross
section (Ref. 13). Hence, the maximum shear stress is at the middle surface

of the plate, and its magnitude is

) =3E . (21)

dw
_1_3pr,
dr 2 2Gh ’ (22)

where Wy is the additional deflection of the middle surface of the plate
due to shear stress. By integration, the deflections produced by shear

stresses are found to be

1 4Gh -r) . (23)

At the center of the plate, the deflections are

2
- 3R (26)

(w 4n °

l)max
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For deflection due to the effect of normal stress for a plate subject

to a uniformly distributed load, axial stress o, varies from compressive

stress p at the upper surface to zero at the lower surface.

This compressive

stress produces a radial elongation of vp/2E at the upper surface and zero

at the bottom of the plate, assuming a straight line relationship. The

radius elongation at the middle surface of the plate is vp/2E, and the

radius of curvature can be found from the equation

Yp _ _h_
2E 2R ’
C

where R 1is the radius of curvature.
c

Since

d2w3 )

1
2 R ’
c

dr

the deflection Wq is obtained by integrating

which yields

_Vp 2
w3 = _ZhE<r + Clr + C2>

(25)

(26)

The arbitrary constants C, and C, are then determined by the following

1 2
boundary conditions:

28



Wy = 0Oatr =R .
(27)
dw
1 - 0Oatr=20
Consequently,
v 2 2 vhz 2 2
w3—-2hE(R-r)=-—P—2—(R-r) . (28)
24D(1 - Vv7)

If Eqs. 19 and 23 are added to Eq. 28, a more exact expression for

deflection can be found:

s 2 2
_pRE-r) (5 +v . 2 2 ph 34+ v 2 _ 2
v = =6ip (1 Ty} T | tsp e -5 R -7 . (@29

At the center of the plate this becomes

4 2
_PR [5+v 43 +v h”
Ymax _ 64D (1 Tv T3 2 2) ’ (30)

pR4(43+\) n?

The second term in Eq. 30, - —], represents the correction for
64D \ 3 1+ v2 RZ
shear stresses and lateral pressure. This correction is small when the

ratio of the thickness of the plate to the radius is small. The values of

this correction given by the exact solution are

pR4 2\ 8 + v + v2 EE_ (31)
64D \5 2 2 '
1-v R

3.2.3.3. Comparison of Results. Numerical calculations were made for the

300-MW(e) grid plate to demonstrate the contribution of o, and T, to grid

29



plate deflection and the associated reactivity change. The grid plate

dimensions and effective elastic constants are

R = 1.7018 m (67 in.),
RC = 995.68 mm (39.2 in.),

h = 609.6 mm (24 in.),

E' = 3.537 x 10° MPa (5.13 x 10° psi),
v* = 0.76.

The increase in the deflection at the center due to oz and Trz

expressed in percentage of deflection from thin plate theory is

deflection at center due to Oz and T

rz
Ay = " :
c deflection at center from thin plate theory

+ 1007%

3(1 - v*z) R2

4(3 +v) nl *
4G +v) / 2+ NV 007 = 4727 .

1+v

Note that the analysis in this report is based on the assumption that the
deflection due to o, and T., Can be independently calculated and added to
the deflection from thin plate theory. However, in general, these stress
components are coupled with other stress components in equations of equilib-
rium, compatibility conditions, and material constitutive relations. The
477 deflection increase due to o, and Trp is overestimated owing to the
approximation derivation. As indicated in Ref. 13, the center deflection
given in Eq. 31 for v = 0.3 is the exact expression. The expression given

in Eq. 31 is approximately 20% less than that given in Eq. 30.
3.3. ANISOTROPIC ELASTICITY THEORY

3.3.1. Background

When applying the concept of the equivalent solid plate to grid plate

analysis, it should be recognized that, in general, the equivalent solid

30



material of the plate does not behave isotropically. 1In fact, for a
triangular pattern of perforations, the elastic properties in the plate
in-plane directions could be quite different from those in the direction
perpendicular to the plane of the plate. As noted by Slot (Ref. 14), the
effect of anisotropy on deflections of thick plates could be pronounced.
In view of this and the effect of grid plate deflection on the reactivity
response of the core, an investigation of the anisotropic effect on grid

plate structural behavior was conducted.

3.3.2. Mathematical Formulation

3.3.2.1., Stress-Strain Relations for Transversely Isotropic Material. The

grid plate problem was formulated in such a way that the grid plate was
simply supported at the edge and uniformly loaded by the distributed forces
p, as shown in the diagram accompanying Eq. 9. In addition, the plate was
assumed to be made of a transversely isotropic material with the axis of

symmetry coincident with the z coordinate axis.

For the axisymmetric problem, the stress-strain relationship can be

written as

€p = 8119, ¥ 81905 + 2550,

€g = 2199, T 81795 t 9139, s

e = al3(or + oe) + 4340, ,
(32)
Yoz = 244702 ’

Yrz ~ 244 ¢z ’

Yeg = 20817 — 2107 s

where a 3 and a are independent coefficients of deformation

110 %120 %130 @3 44
which are related to the technical constants in the following expressions:
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o
]
o=

11
A, = - >
12 E
o =L
1 ’
33 " F (33)
\)'
213 =" g
X 1
44 =G
_2Q +v) _ 1
2(ajy = ay) = E - T

where E and E' are the Young's moduli in the plane of and perpendicular to
the plane of isotropy, respectively; v is the Poisson's ratio which
characterizes the transverse reduction in the plane of isotropy for tension

' is the Poisson's ratio which characterizes the trans-

in the same plane; v
verse reduction in the plane of isotropy for tension in a direction normal
to it; and G' and G are the shear moduli for the planes normal and parallel

to the plane of isotropy, respectively.

3.3.2.2. Stress Function. In view of the symmetrical loading, it is

reasonable to assume that the radial sections remain planar and the body

is a body of revolution in the deformed state; i.e.,

u, = ur(r,z) .
ug = 0 s (34)
w = w(r,z)

Hence, it follows that

M1
Yez 3z T

@
£

=0

; : (35)

[eB)
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=l8_u£‘+_ailg-2=o
Yro r 96 or r ’
= (35)
Toz 0 ,
T.g = 0 .
The remaining strain and stress components will not depend on 6;
moreover,
Ju
e =—F
r dr ?
u
e, = —&
bd
6 r (36)
e =X
z 3z ?
_ Mo
Yrz 9z or ‘

The four non-zero stress components satisfy the equations of equilibrium

(with absence of body forces):

acr arrz Or - 06
ar + 2z + r =0 ’
(37)
3T z 302 T
2, _Z4 r2_9 .
or 9z r
Eliminating u. and w from Eq. 36 yields
3
€ ~ 3 (Feg) =0
2 2 2 (38)
37 ¢ 3¢ o7y
r ., z rz _ )
5z 8r2 ardz
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Or, in terms of stress using Eq. 32,

3
ay19, * 817,09 + 24430, - 37 [ (a)50, + a0 + a13°z):] =0
52 32
—5 (a0, + 2,05 + a,40,) - —5 (2730, + a,30, + a;5,50,) 3(39)
92 or
\2

T 3rdz 2447rz T 0
Using the method of Lekhnitskii (Ref. 15), the problem can be solved by

introducing a stress function ¢ defined by

2 r or 2

2 2
c=_LGi+hﬁ+aL$ ,
3
or 9z

Q
I
1
lo}
o’
@
N
-
+
HIH

3 5%

8 z b
2

c 2 3 + % )

2
a¢+Lﬁ+aL%
r z2 ’

(40)

oL N3]
nle

Jr

rz or . 5

where

- a

ajs(agy 12)

271233 ~ 213

a,,(a,, +a,,) - a.,a
b = 13 713 44 12733 , (41)

7
411233 T 313

B £ Vil P2l Y]
2 b

211833 T 413
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d = . (41)
211233 7 313

Equation 40 satisfies the first equation of Eq. 37 and all the equations
of Eq. 39, and the stress function is governed by the second equation of

Eq. 37 in the following form:

=0 . (42)

or

QL

2 2 2 2 2
2%, 1ae, %), 0% [ 2%, coe, 2%
( st T2 2 + 2\° i td

0

(43)

In the case of an isotropic body,

a=b=-7_5 >
_2 -V

c=T-,

d=1
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Introducing the new function

yie.ds the following known formulas from Eq. 40:

2
_ 9 2, 97X
r T 3z (\)V X 5 2) ’
r

3 2 1 9y
o 3z (vv X~ T 5?) ’

O’ =
(44)
9 [ 2 BZX-
o, = 35 (2 - V)V - — R
N LE
_ )
_ 9 - 2 X
Tz T 31 (1 -vVx - 2 ’
| 9z~ |
where X is a biharmonic function; i.e.,
VZVZX = 0 s
(45)
2 2
2.3 .13 3%
2 r or 2
3r 0z

The solution of this problem is obtained with the aid of a stress
function in the form of homogeneous polynomials of the third, fourth, and

sixth degrees:

4 3 4
+ A4O (Z - —8- dr ) (46)
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22 a+c 4
+ A42 (z r - 3 r )

+ A60 [26 - %2 dzzr4 + %E (a + c)dr6]

2
+ A62 [24r2 - %-(a + c)zzr4 + gé—i;%%——:—g-r6] s (46)

where A30, A32, A40’ A42, A6O’ and A62 are arbitrary constants to be

determined by boundary conditions.

Substituting Eq. 46 into Eq. 40 allows the stress expressions to be

found:

2 2
o =-2 24 b3, 30
r 3z 2 rar 2

or 9z

Az + B - 8[15A ja + Ag,(1 + b)]z3

0

+ 3{154,(3 + b)d + 28 ,[(a + ©)(3 + b) - tallzr®

2 2

9 3¢ 1 3¢ 3¢
6 9z (b 2 +'? ar +ta 2)
or 0z

Q
1]

(47)

i

Az + B - 8[15A6 a + A62(1 + b)]z3

0

2
+ 3{15A60(1 + 3b)d + 2A62[(1 + 3b) - 4allzr ,

2 2

2 [ 200, c08, 425
z 9z (c 2 + or +d 2)
ar 9z

Q
n
28 2]

n

2Cz + D + 8(15A6 d + 2A62c)z3

0

- 12{15A6 cd + 2A62[c(a + c) - d]}2r2 s

0
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~
l

3 ‘82¢ 1 3¢ 82¢
= — | —= + -~ —Z 4+ g
TZ ar 2 r or 2
or 9z

2
- Cr - 12(15A60d + 2A62C)zr 47)

+ 3{15A60cd + 2A62[c(a +c) - d}r3 .

where A —4[6A40a + A42(b + 1)] .

B = —2[3A3Oa + A32(b + 1)] s
C = 4(3A40d + AAZC) .

D = 2(3A30d + 2A32c)

3.3.2.3. Boundary Conditions. For a simply supported plate with uniform

pressure load p, the boundary conditions are

— 3 — h .
o, =T, = 0 at z==5 3
h
o, ="P » T. = 0 at z=-3 5
h
2 g dz =0 at r =R R
N ’ (48)
-2
h
2
ordz =0 at r =R
-h
2

The first two equations which specify the conditions on the plate surfaces
are exactly satisfied, and the last two equations approximately describe

the conditions on the edge. However, according to the St. Venant Principle,
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the solution is exact away from the boundary. Applying the first two

equations of Eqs. 3-47 and 3-48, the following formulas are obtained:

3
= 2ol hy _
o, = 2C(2> +D + 8(15A6Od + ZAGZC)(Z) 12{15A60cd
h
z == hy 2 _
2 + 2A62[c(a +c) - d]}<§)r =0 R
h h 3
o, = 2C\- > + D+ 8(15A60d + 2A62c) -3) - 12{15A60cd
h (49)
2 + 2A62[c(a +c) - d]}(i 2>r = -p >
h 2
Tep = ~Cr - 12(15A60d + 2A62c)r~§—

3
+ 3{15A6Ocd + 2A62[c(a +¢) -dllr =0

From the above expressions, the constants can be determined to be

Ao .3 [2(a +eo) , el - b)] \ 3pR2[4 , da - b)]

20h d ac - d 41’13 ac - d
B=20 ,
=3
C=z -
50
oD (50)
2 bl
A = p[c(a+c)—d]
60 3 ’
60h~ (ac - d)d
cp
A=
62 8h3(ac -4d)

3.3.2.4. Expressions for Stresses. The expressions for stresses can be

obtained by combining Eqs. 47 and 50. However, it is convenient to express
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the stresses in terms of technical constants, and the final expressions for

the stresses in terms of technical constants can be written as

3
3p 2 2 z 3 z
r= 30 VE '”“Pm[(ﬁ) ‘%(H)] :

o, = égg 3 + \))R2 - (1 + 3v)r2] z
®  4n

-

[/ \3
z 3 (z (51)

Q
1]

A
o] Q
N N
il i}
-bFf nojd
=2
" !
| a—— =
’_J
+
!
e /w\
=2 {LN/
N i
e J ~
i
sl I3
- w
)

where

E [1 v'(3 + w]
G' E'

3.3.2.5. Expressions for Displacement. Using the stress-strain relationship

equation (Eq. 32) and the final stress expressions (Eq. 51), strains can be

derived in the following form:

\)'
0, - =+—a
E' "z

4ERS

PRy [(%)3 - :;-LO(%)]

3 [(3 + WA - VR - 3@ - vz)rz] z

(52)
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L
T

m<

‘I

g

@
Filc

z

%
[ 3B+vV(Q1 - v)R - (1 - vz)rz] z

-y [( ) - 56)
el 4] -

(52)

it
i
[
Ll'c’

N
<
~
w
+
<
~—r
~

I
£~
<
~
[
+
<
~—
[a]

|

N

If Eqs. 36 and 52 are incorporated, the displacements can be derived:

L = —225 [(3 +v)(QA - \))R2 - 31 - Vz)rz] z

e (@ 4 (a)
p[aes)- )] =

N

=

Then

3p 2 2,.3
u, = — [(3 + vV)(QA - vVRr- 1 -v)r ] z
4Eh

2| 6 - )

' 3
22 [-1 . 3(§) _ 4(h) ] f ) (54)
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where f(z) is an arbitrary function of z due to integration.

The circumferential strain ee can be written as

u
£ = o= = 23. [(3 +v)(1 - WR? - @ - vz)rz]z

=) - 1)
) :;p [‘1 * 3(’127) - ‘*(%)3] : (55)

Comparing Eqs. 54 and 55, in order to have f(z) = 0, the radial displacement
u_ should be
T

u, = %E{;:E: + 3Q1 ; V) [(3 + \))R2 - 1+ \))rz]z

Ah

- gzﬁ[m(l - v) + 10%,—\)']
3
z E

+ = [m(l -v) - 2—;—\)']} . (56)
3 3

The axial displacement w can also be derived in the same fashion:

~w_ _ 3
4E'h

e[ - )]
. 5% [-1 ro(2) - o )3] . 57)

3 [2\)'(3 + \))R2 - 4v'(1 + \))r2:| z

(IS

[=3
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Integrating the equation with respect to z,

w=—-—3P 3 [2\,'(3 + VR? - 4o (@ + v | 22
8E'h
4 9 2 4
2 \
Sl h e e Beo L o
4h h

where g(r) is an arbitrary function of r by integration which may be

evaluated using the relationship between shear strain and shear stress:

aur
er = 3z +

@ |
2

_i_,
G' 'rz

or
—223 [(3 + v - \))R2 - (1 - vz)rz] r
4Eh
2
+ pm(l - V) 3z 3 .
E 3 20h
h
2
_pv' |3 _ 12z _ 3p P 2 dg
;—:[F —T]r '3[8\) (l+\))r]z +dr
E h 8E'h
3p 4 2
*~%Zwm |t 4 . 9
Therefore,
.%%.: - 323.[(3 +v)(Q1 - \))R2 - (1 - vz)rz] r
4Eh
|
+ [_ 3p +3v (7-v)p]r (60)
5G'h 20E'h
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The function g(r) can be obtained by integrating the above expression with

respect to r:

3p 2.2 2, 4
g(r) = - — [2(3 +vV)(1 - VR r - (1 - v)r ]
16Eh
3p v'(7 - v) 1 2
* Ton [ GET ET] r*te o, (1)

where C is an arbitrary constant by integration.

The axial displacement of the plate can be written as

3p
4E'h

W = -

3 [v'(3 + v)R2 - 2v'(1 + v)rz] 22

:
_2pmo' |20 32 + =y _z+ﬁ__2i
E' 4h3 40h 2 2h h3

16Eh

- 3p 3 [2(3 + v - \))Rzr2 - (1 - v2)r4

p [vo-vw 172
* Ton [ 4E" g |t *¢ - (62)

The constant C can be determined by the boundary condition

However, the exact boundary condition should be

[a]
|
=

z =h/2
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Thus,

C = _iﬁifg [2(3 + v - WRY - @ - vZ)R4]

16Eh
3 [vio - 1 ].2
- 1o [v Yo 'ET]R ' (63)

Subsequently,

<

R

v = 3p(1 - vz) [5

+ 4  2(3 + v)Rzr2 + 4
3 T+ - T
16Eh

14+ v

<

_3p_ [Y_SZZ%sz - é{](Rz - r2)

10h

- _32_3 vi(3 + \))R2 - 2v'(1 + v)rz] z2
4E'h” L

_ 2pmv’ 2* _ 322 + 2|, QEE _ gi (64)
E' 4h3 40h 2E! 2h h3 ’

or

P 2 2 |5+v._2 2
v = o5 (R r)[le r

3p 1 v'(7 - V) 2 _ 2
+m['€'""_‘_"4r: ](R =)
+E{_

E'

3z 1
+ 20h [mv +

3 t

v'z 2 2
— [(3+v)R - 2(1+v)r]
4E'h

5

3
- 5—5 mv' + 1 } , (65)
2h

N
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where

Eh3

12(1 - v)

D =

is the flexural rigidity of the plate.

3.3.2.6. Isotropic Solution. The derivation of the expressions for

stresses and displacements of the anisotropic plate is rather lengthy and
complex. Hence, it is desirable to analytically reduce the results to the
form for isotropic material which can be compared with the known solution.

If the material of the plate is isotropic, then

E=E |,
v =v' ,
E

_ | -
C=6¢ =353+v °

_ _E 1 v'(3 + v)
m= G T E

) 20 +v) G+ (66)

1 -V E

[2 + 2v - 3v - vz]
} " ﬁZ + V)1 - v{]

=2+ v

This subsequently reduces the expression for the stresses (Eq. 51) to

3
o = iﬁg 3 + \))(R2 - rz)z + p(2 + V) [(%) - %5(%)] , (67)
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. ] 423 (67)
=Tt 3e) T R ’

~
|
~
i
o
.

This set of stress solutions is identical to that derived by Timoshenko
(Ref. 16).

In the same manner, the radial and transverse displacements of the

plate can be reduced to the isotropic solution and the expressions written

as

u, = %',{12)..{. 3(1—_3\)). [(3 + \))RZ - (1 + \))rz]z
4h

3
3z 2 4 2
—T.h(2+9\)—\))+—3(2+\)—\))} s
h
- P (2 _ .2 3 +v.,2 2
v=gp R 1-')[1+\>R r]
+ 3p(8 + v + vz)(RZ ; r2) (68)
40Eh
R e [EE R LS T RO,
4Eh
+3Z s+ -E a+wil o,
20h 3
2h
u, = 0

These displacements agree with Love's results (Ref. 17).
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3.3.3. Analysis of the Effect of the Solid Outer Ring on Displacement of
the Grid Plate

The free-body diagram of the perforated plate and the solid outer ring
is shown below. 1In this diagram, H is the discontinuity membrane force

[N/m (1b/in.)] and M is the discontinuity bending moment [N-m/m (1b-in./in.)].

p[Pa (LB/IN.Z)

HHHHHHHQ/
%%;

—

s

N

[ Y

——y
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The expressions for the radial and axial displacements of an equivalent
solid plate of the perforated portion of the grid plate subjected to pressure

load are derived in Section 3.3.1 as follows:

Iy

g

™

3

* ' _ * % *
u§=§{§E‘,’ +3aQ \))[(3+\))Ri— @+ vHrllz
E 4h

*
WP = B (Ri_r%[“" Ri—rz] (69)

*
3p 1 v'(7 -v) 2 2
* 1om [E’ 4E Ry - @)

1 *
+ PZ _£_3V_Z§.[3+v*)Ri—2(l+v)r2]
4E'h

3
+ 32 (mv' + 5) - E—3-(m\)' + 1)
2h
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Displacement due to the discontinuity bending moment for an equivalent
solid circular plate with a thickness h and a radius R and the edge subjected

to a moment M is expressed by

T

*
oP = -12(1 - v )rz Mo,

*
E h3

*
-6 1 -v 2 2 2v' 2
—[(—“‘) ‘)“]

(70)

Displacement due to the discontinuity membrane force for an equivalent
so0lid circular plate with a thickness h and a radius Rl and the edge sub-

jected to an edge compression force H can be characterized by

e T ——
+
]
\
x
)
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*
p___-—(l.—\))rH

u ’
p_2v'z
V3=gr p B -

The total displacement of the equivalent solid plate is the sum of the
displacement due to pressure plus the displacement due to the discontinuity

moment and the displacement due to the discontinuity membrane force:

pP_.P P P
u u1+u2+u3 j
pr E*v' 3(1—\)*) * 2 * 2
= BZ — + [(3+ V)R, - (L +v)rlz
2E 3 1
E 4h
3 * E*
_ 3Z_ - 2
2Oh[m(l v ) + 10 X v]
3 %
*
+z—3[m(1-v)-2E, v']}
E
h
*
12(1 - v )rz (1 - v )r
= * 3 M- >
E h Eh > (72)
P__P p p
w w1+w2+w3

I
2
o

7~~~
=
N
n
N
N
—
w
+
<
el
- N
!
"
Ny

1+v
3p |1 V(7 - v'") 2 2
+Th[6r IE ](R - )
+Ef_{ %_ .3l_z.§[(3+v)R - 201 + vl
L3 . }
(mv' + 5) - — (mv' + 1)
+ 2on 2h3
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h E E (72)

*
6 (1 -v) 2 2 2v' 2 2v'z
3[—T‘ (Rl—r)—TZ]M+-ETH
The free-body diagram of the cross section of a solid ring is shown
below, and the displacement due to each force or moment is derived as

follows:

P
= 0
__________ F __1_ |
| H——e] @ = -
I {
R R
"2 —1 Yo
Ro -
Y

For displacement due to the discontinuity moment,

i Gl s b I . . AR’ 73)
17 REI ET 12

For displacement due to vertical forces, the rotation about the centroid

is
oT _ Vl(ZHRl) .\ V(ZﬂRo) AE.RZ .
2 27R 27R 2 2
2 2
= [le1 + VORO]RZAR/ZEI R (74)
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where

2
p(le) . PRy

W, T2
2
p(mR;)  pR

V. = 1 = 0

0 2nRo 2

Hence,
PR PR
r_ |1l -0
62— [2 Rl+ 5 RO]RZAR/ZEI
pR ARER? + RY)
2 1 0 (75)
4EI
For displacement due to the discontinuity membrane force H,

eg =0 |,

8 hAR °

(76)
. MR _ e
=R - " ’

0 2 E

Torer, - 1%
Y3 2 E ~ EARh

For total displacement of the solid ring, the total rotation about

the centroid is

- 2 2
) MRlR2 N pRzAR(R1 + RO) 7)
EI 4EI '
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The total radial displacement of the ring due to the discontinuity membrane

force H is

r _ .Y r T .

u = u1 + u2 + u3 H

u; = u; ~ 0 8 << 1 ; (78)
T r HR1R2

uf = =

T Y3 T LEAR .

The axial deflection of the ring at the junction of the plate and the ring

can be written and shown as

, pRzARZ(Ri + RS)
wt = 2 22 g% = . (79)
4ET

==

s e

>
1
)
-

R e
\
\
\
1

= =

At the junction of the plate and the outer ring, the deflection and

rotation of the plate and the ring should be the same; thus,

P . .r
Ylz=0 "% z=0 ’
r = Rl r = R1
Pl o =0, - (80)
r =R r =R
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It is known that

pR, _* a - v*)R
1 E v' 1

P
u = Tx T * o,
Z=20 E 2E Eh
R = R1
uf - HRlRZ
Z=20 EAR '
R = R1
Applying the compatibility condition,
R (1 - vOR R, R
L D 1y .12,
' o = .
2E Eh EARh

Therefore, the discontinuity membrane force H can be solved by

1] 1
pRlv /2E

E3 *
(Rle/EARh) + [(1 - v )Rl/E h]

_ pEE*v'hAR
- 3 —x . (81)
2E'[E R2 + (1 - v )EAR]
The rotation at the edge of the plate can be expressed as
P
P = oW
o Z=20 or : (82)
r =R Z=20
1 r = R

Differentiating the expression of the displacement of the plate with

respect to r yields
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- rz)(-2r)

' _ * '
+ %%—1 |:E13—' - \)____(74E'v )] (-2r) + %Zr{— vz 23 [-4(1 + v*)r]}

4E'h
UM @a-v) (-2r)
3 *
h E
(83)
or
ny_ pr_f3+v .2 r2> 3pr [1 v'(@7 - \)')]
= = JD - - Ty a7 T 7
or 16D 1+ 1 5 G 4E
I+ V) 12 )
R r 3M Loy
E'h h E
Substituting the boundary condition r = Rl into the expression awP/or
simplifies 6P such that
~pR3 3pR
oP ~ PRy P%y [;_ v'(7 - v')]
= - * T T
z = 0 8D(L + v') 5h |G 4E
r =R
1
*
1I2MR. (1 - v )
. 1
* 3 . (84)

Eh

Since the rotation of the ring is known, the compatibility condition of

the joint of the plate and the ring can be applied:

3 *
* -
pR1 N 3pR1 [l_ V(I - :] 12MR1(1 v )
* ' 1 *
8D(L + V1) 5h G 4E B h3

2 2
_ MR R, . PR,AR(R] + Rp)
EI 4EI
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Thus, the discontinuity moment between the plate and the ring can be solved:

3 2 2 .
PR PRy(Ry + RpIAR P! [l_ V(7 -y i]
7 4ET 55 |G g
M = 8D(1 + v ) _ (85)
R, | 1280 - V)
*
ET 3

The total displacement of the grid plate should be the displacement of

the perforated plate plus the displacement of the solid outer ring; i.e.,

W= Wy + Yo» where vy is the axial displacement of the solid ring, and

Wy is the axial displacement of the equivalent solid plate (perforated
plate):

o
Ro
R]———.-’
r
~ | 2] ' - o
‘\\ w WZ//, u
- _ N |;;;’
— emm e -

zVw

From the previous derivation, it can be shown that

pR, (R> + R%)aR?
w, = aReF = 2L __0
1 4ET ’

(86)

1% P P
2 w1 + w2 + w3 ,

£
[]
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p

where wy = axial displacement of the equivalent solid plate due to pressure
load,
wg = axial displacement of the equivalent solid plate due to discon-
tinuity bending moment,
wg = axial displacement of the equivalent solid plate due to discon-
tinuity membrane force.
The total axial displacement of the grid plate is
p 2 2 5+ v 2 2
w === (R - r°) # R, -1
64D 1 [l + v 1
3p 1 v'(7 ~-v) 2 2
+1_B[E"_—'”"_4E Ry =)
' * *
+%f- —%-3\’ 23 [(3+\))Ri—2(l+\))r2]
4E'h
3z z3
+ == (mv' + 5) - ~—= (mv' + 1)
20h 3
2h
6 1 - v*) 2 2 2v' 2 2v' 2z
-3 ———*———(Rl—r)-——*—z M+E_'-FH
h E E
PR (R2 +R2)AR2
+ 271 0 (87)
4ET
The total radial displacement of the grid plate for 0 < r < R, can

be written as

P _ P p 1%
u ul + u2 + u3 ,

u=

load,

ko]
1l

tinuity bending moment,

1

radial displacement of the equivalent solid plate due to pressure

2 radial displacement of the equivalent solid plate due to discon-
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ug = radial displacement of the equivalent solid plate due to discon-

tinuity membrane force.

Therefore, the total radial displacement of the grid plate is

* Uk .
{gE? + 3 3v ) [(3 + v )Ri - (1 + v*)rz] z
4h

=
]

*
*
- %%E [m(l -v) + 10—%: v}

23 * E*
+—3— m(l-v)-2=—=vV'
h E

1200 - v *
_ {Q - v)rz M - (1 -v) "

% * 3
E h3 Eh

0<r<R . (88)

3.3.4., Numerical Results

A computer program GRIPLAT has been developed based on the expressioné
of stress and displacement derived in Section 3.3. The input to the program
includes geometric dimensions of the plate, loadings, in-plane effective
elastic constants of the equivalent plate, and elastic constants of the
plate in the perpendicular direction. The output of GRIPLAT consists of

the stresses and displacements at any radius and thickness specified.

The geometric dimensions, elastic constants, and loadings for a

transversely isotropic elastic body analysis of the grid plate are

Outside radius Ro
Thickness h

1.6986 m (66.875 in.),
609.6 mm (24.00 in.),

289.58 KPa (42.00 psi),

6.102 x 10° MPa (0.885 x 10° psi),

39.851 x 10° MPa (0.578 x 10’ psi),

Pressure load p

In-plane Young's modulus E

Axial Young's modulus E'
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7.943 x 10° MPa (0.1152 x 10’ psi),

0.743,

Axial Poisson's ratio v' = 0.3.

Axial shear modulus G'

In-plane Poisson's ratio v

All the elastic constants are the effective elastic constants calculated

according to Refs. 10 and 14,

The output of GRIPLAT for the 300-MW(e) plane is specified at the

following locations along the radius:

=
[
Il

Omm (0O in.),

= 187.96 mm (7.4 in.),

= 375.92 mm (14.8 in.),
= 563.88 mm (22.2 in.),
= 751.84 mm (29.6 in.),
= 939,80 mm (37.0 in.),
= 1.1278 m (44.4 in.),

= 1.3157 (51.8 in.),

= 1.5037 (59.2 in.),
1.6986 (66.875 in.),

w oxd o ™ W " ™ o
O 8 N oY U N W N
B B8 B B

e
(@]
il

and at the following thicknesses:

Omm (0 in.),

= 33,782 mm (1.33 in.),

= 67.564 mm (2.66 in.),

= 101.346 mm (3.99 in.),
= 135.128 mm (5.32 in.),
= 168.91 mm (6.65 in.),

= 202.692 mm (7.98 in.),
= 236.474 mm (9.31 in.),
= 270.256 mm (10.64 in.),
Z,~ = 304.80 mm (12.0 in.).

N N N N N N N N N
O 0 N O U1 B W NN

-
o
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The isotropic elastic body behavior can be obtained from the trans-
versely isotropic model by letting all the elastic constants be the same as

those in the in-plane direction; i.e., E = E' = 6.102 x 103 MPa (0.885 x

10% psi), G = G' = 7.943 x 103 MPa (0.1152 x 10’ psi), and v = v' = 0.743.

The other parameters remain unchanged.

The computer output of the transversely isotropic solution is plotted
in Figs. 8 through 13, and the computer output of the isotropic solution is
plotted in Figs. 14 through 19; the results are discussed in Section 6.
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4. GRID PLATE SUPPORT STRUCTURE

4.1. STRUCTURAL MODEL AND METHOD OF ANALYSIS

The grid support structure is a thin-walled cylinder with a flange at
the bottom end to support the grid plate and a flange at the upper end to
transfer the loads to the penetration liner of the PCRV. The structure is
modeled as shown in Fig. 20, where it is simply supported at the upper
flange and circumferentially loaded on the lower flange. The cylinder and
the lower flange are analyzed by the elastic thin shell theory, and the
upper flange 1is treated as a ring. Compatibility conditions are used to

find the redundant forces and moments at the geometrical discontinuity.

4.2, STRUCTURAL ANALYSTS

4,2.1, Stress Analysis at the Joint of the Cylinder and Upper Flange

4.2.1.1. Cylinder and Upper Flange. As shown below, a section cuts through

A-A, separating the upper flange and the cylinder at their junction.

H ——

]

___,\/_R____////
A / _

. B %__

|

74



o
N

W////z////ﬂﬁ i
T

[ea]

>

N\
%%%%ﬂ%/%///////

Mechanical model of grid plate support structure

Fig. 20.
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The free-body diagram is shown below. 1In this diagram, MA and SA are dis-

continuity moment and shear, respectively, a function of the cylinder and

the upper flange.

A ;Zy r A

4.2.1.2., Deformation Due to Redundant Moment and Redundant Shear. In

considering the cylindrical section, the length of the cylinder is assumed

to be L 2 3/8, where

2.1/4

8 = [3(1 - vO)/(R + t/2)%t%] . (89)

Using equations (a) and (b) of Section III of the ASME Code (1971

edition) for BL >> 1, the approximate values for the coefficients Bll’

B can be shown as

122 Bap» Gpp» Gygp» and Gy

Bll - sinh 28L - sin 28L N sinh 28L o1 ’

2(sinh? BL - sinZ L) 2 sinh 2 8L

(90)
" - cosh ;BL - cos §BL n cosh éBL N1 ’
2(sinh” BL - sin” BL) 2 sinh™ BL
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sinh 2B8L + sin 2RL n sinh 28L n

B = 2 .
22 sinh2 BL - sin 28L sinh2 8L
. —(cosh BL sin BL - sinh BL cos BL)

G = v 0

1 sinh2 BL - sin2 BL ’

(90)
G12 - -2 s;nh BL 31n28L ~ 0 ,
sinh™ BL - sin~ BL

G = -2(cosh BRL sin BL + sinh BL cos BL)

22 = ~o0 .

sinh2 gL - sin2 RL

At junction A, the radial displacement w 1 and the rotation of the

A
cylinder wall eAl are
1 1
Wey = Way = S, - M ,
Al Cl 283D A 282D A
(91)
1 1
6,, = 6., -—=—S, + =M ,
Al Cl 282D A BD A

where Vo1 and eCl are radial displacement and wall rotation, respectively,
for the cylinder at the junction, and D is the stiffness of the shell and
is equal to Et3/12(1 - v2). There is a discrepancy in the formulation for

the radial displacement w As indicated by Roark (Ref. 12) and Timoshenko

(Ref. 13), the second terilof the expression should be 1/232D. However, as
used in the example in the ASME code, the second term of the formula is
l/BZD. Thus, there is an error in the ASME code (this error was corrected
in the 1974 edition of the code). The sign convention for the moment is

such that a positive sign indicates a counterclockwise moment.

The upper flange is considered to be a ring, and redundant moment MA

and redundant shear SA are shown in the free-body diagram below.
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The rotation of the cross section about its centroid is

21 (R + t/Z)MA t (R + Hl/2)2

6 = + 2r(R + t/2) g .-L
R1 27(R + H_/2) 2n(R + H,/2) A 2 3
1 1 H .t
E 171
12
s t.\ 3(2R + H,)2
=(2R+t) M+A1 1
(2R + H.) A 2 3
1 EH. t
171
3(2R + t)(2MA + SAtl)(ZR + Hl)
= 3 . (92)
ZEHltl

The clockwise rotation is considered positive.

The radial deflection of the upper flange can be calculated by combining
the deflection due to rotation and the deflection due to shear. The cross

section for calculation is shown below.
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Radial deflection due to rotation eRl is

2
a) (AP,
R1 2 2 2 R1 0% ¢

s‘
Il

]
rofr
%
=N
+
7~
o

[
t
t
o’
N
D
=
|..—l
t
(md
et
~
N
o=

£y
=3 %1 93)
and the deflection due to the redundant shear SA can be shown as
(R + t/2)SA Hl
1" — —niy
YR1 T T EeH ®R+39 (94)

where H, = width of flange,

b

t = thickness of cylinder,
t, = vertical thickness of flange,
a = angle (defined in the above figure of the cross section for

calculation).
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Therefore, the total deflection of the ring is

t R+ t/2)(R + H,/2)
=Lo  + L S
2 R1 Et1Hl A

= L 1"
vp1 t VR

£
|

R1

1.5Q2R + t) (2R + Hl)(ZMA + SAtl)tl

3
2EHltl
(2R + t) (2R + H,)
+ 1 S
4Et1H1 A
3 3(2R + t)(2R + Hl)MA . (2R + t) (2R + Hl)sA 9%
2 EH, t '
2EH1t1 171

4.2.1.3. Deformation Due to Loads Other Than Redundant Loads. Deformation

due to loads other than redundant loads can be expressed as follows:

%/// |

fe—— | —]
} 2

[ g JUSSS—

2

1
v v
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For the cylinder,

|
s—

it
o

' —
ecz due to V s

Cc2 ’
982 =0 ’ (96)
2
wl, = (Pi - Po%ER +t/2)° _ we, - due to pressure .

Upper flange rotation of the cross section about its centroid can be

expressed as

2
27 (R + t£/2) 0o (R +H,/2)

8 = TERTETS V. =—
R2 27 (R + H1 2 2 - t3/12
171
3(2R + t) (2R + Hl)V
= 3 . (97)
2Etl

Radial deflection can be expressed as

3(2R + t)(2R + Hl)V

£
w,, =728 = . (98)
R2 2 R2 4Eti

4,2,1.4, Compatibility Conditions. At the junction of the cylinder and

the upper flange, the rotation 6 _, and radial displacement w. of the cylinder

C C
must be equal to the rotation and radial displacement of the upper flange.

Thus,

(99)
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Using Eqs. 96 through 98, these two compatibility equations can be written

as
1 1 _ -3(2R + t) (2R + Hl)(ZMA + SAtl)
TSyt My T 3
2B“D 2EH, t7
3(2R + t) (2R + H,)V
1
+ 3 s
2Et] ,
1 1 (pi - po)(R + t/2)
S5 T T Mt Tt
28°D 2B8“D
) -3(2R + t) (2R + Hl)MA _ (2R + t) (2R + Hl?SA,
2 EH. t
2EH t] 171
3(2R + t) (2R + H,)V
1
+ 2 R
4Et1
or
1 3(2R + t)(2R + Hl) 3(2R + t)(2R + H.)
1 1
R 3 Myt 7 -~ |5
EHlt1 2EH1tl 28D
3(2R + t) (2R + Hl)V
= 3 ’
2Et) (100)
3(2R + t)(2R + H,) (2R + t) (2R + H,)
1 1 1 1
2 aurndl L 3t EH, t Sa
2EH, t] 28°D 28°D 151

3(2R + t) (2R + Hl)V _ (Pi - Po)(R + t/2)2

2 Et
1

4Et

82



Equation 100 can be simplified to be

allMA + alZSA = bl ’
(101)
aZlMA + aZZSA = b2 ’
where
3(2R + t) (2R + H,)
a = 1_. + 1 ’
11 - 8D 3
EHltl
3(2R + ) (2R + H)) 1
a = -
12 2 2y
2EH, t7 28D
L 3(2R + £) (2R + H,) 1
21 = 2 2y
2EH, t] 28D
(2R + t) (2R + H,)
a,, = 1 + - i
22~ 523) EH, t,
3(2R + £) (2R + H )V
bl = 3 ’
2Et1
i 3(2R + t) (2R + Hl)V (Pi - Po)(R + t/2)2
b2 = 2 - Et
. 4Et1
Hence,
MA = (b1a22 - b2a12)/A ]
(102)
SA = (alle - aZlbl)/A ’

83



where

A= ajy859 = 351315

4.2.1.5. Stresses in the Cylinder Wall at the Junction of the Cylinder and

the Upper Flange. The stresses in the cylinder wall at the junction of the

cylinder and the upper flange can be shown as

|
)

<

-V
-

R R}DXXAD}r
b=
p=

A IR MNINNG

R I NN

\1

Bl

At the outer surface of the cylinder, the axial, circumferential, and radial

stresses can be written as
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o \' A

0 ==+ ——

z t t2

6M
C =g . AR v A + (Pi - Po)(R + t/2)
8 R + t/2 t2 t
(103)
. Ye v M, . (1 - Po) R + t/2)
R+ t/2 t2 t
6M
- E 1 s — 1 M-y A + (Pi - Po)(R + t/2)
b
R + t/2 283D A 282D A t2 t

o] Pi + Po
0‘ Y e cm———

T 2

At the inner surface, the stresses are
iy M
Pt
t
. M 6M . .
O;=R+Et/2 ; Sp - g +v 2A+Q1—PO)§R+t/2) » [ (104
28D 28D t

i _  Pi+ Po
o= - 5 .

4.2.2. Structural Analysis of the Middle Section of the Support Cylinder

A section is chosen at the middle of the cylinder so that the bending
and shear effect from both ends is negligible. Therefore,

o =3

z t ’

5y = (Pi - PO)ER + t/2) , (105)
_ _Pi+Po

Ur— _—2
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4.2.3. Structural Analysis at the Joint of the Cylinder and the Lower
Flange

4.2.3.1. Cylinder and Lower Flange. The diagram below shows that a section

cuts through C-C, separating the cylinder and the lower flange at their

junction.

|t "

=

!
1

The free-body diagram of the cylinder and the lower flange as well as the
redundant shear force Sc and the redundant moment Mc are shown in the figure

below.
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4,2.3.2, Deformation Due to Redundant Moment and Redundant Shear Force.

The radial displacement of the cylinder due to redundant moment Mc and

redundant shear Sc is

1 1
M - S
c 263D c , (106)

w =
cl 8%

and the rotation of the cylinder wall is

1 1
9 = S - =M . (107)
cl 282D c BD ¢

The lower flange is considered to be a short cylinder; its radial displace-

ment of the wall is

Bil Biz
f°f f°f
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and the rotation of the wall is

£ £

o -2 o 22, (109)
3

Y TR 2

where

w
in

1/4
2 2 2
£ [3(1 - YR+t - t2/2) tz] s

_ 3 2
Df = Etz/lZ(l - v) R
Bf = (sinh 28,.H, - sin 28_H,)/2 (sinh2 B.H, - sin2 B H,)
11 ~ £f2 £f2 £f2 £f2 ’
Bf = (cosh 28_H, - cos 28_H,)/2 (sinh2 g .H, - sin2 B_.H,)
12 £72 £2 £f2 £72 ’

2 , 2
B22 = (sinh ZBfH2 + sin ZBsz)/(sinh BfH2 - sin Bsz)

4.2.3.3. Deformations Due to Loads Other Than Redundant Loads. For the

cylinder, radial deflection wéz and rotation of the wall eéz are equal to

zero owing to the vertical reaction V; i.e.,
v
v
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)

e'

We2 © c2 =0 ’

oM. =0

c2 (110)
o o @L-PY®* /D

c2 Et c2 ’

where, at the lower flange, the bending moment due to the vertical load V

in a cross section is

(111)

]
<
ct

N
~
N

The radial deflection and the rotation of the wall of the lower flange are

—Bf vt (Pi - Po)(R+t -t /2)2
I v 2
= 9
£f2 ZBng 2 Et2
(112)
f
. B,, Vt,
£2 ZBfo 2
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4.2.3.4,

Compatibility Conditions.

At the junction of the cylinder and the

lower flange, rotation of the cylinder wall Gc and radial displacement of

the cylinder

displacement

Thus,

—

Equation 113

1

L

wall LA must equal rotation of the lower flange eF

of the lower flange Wt
=00 ¥ 0= 0 -0 =06
= wcl + ch = ¥p + YE2 Y
£ £ £
Byy -1 B2 ByoVt,
apteo M T YR R ’
£Of 282D 28D D¢
¢
£ £
B B
ey ol LR b e el B2
26D 287D, 28°D  28.D,
Bf ve 2
_ 1252 (Pi - Po)(R + t/2)
5 Ft
4B¢Dg

(Pi - Po) (R + t - t2/2)2

Et2

can be simplified to be

CiMe ¥ Cyo5. =4y
CopMe + €98, =dp
where
£
S S
bl
11 © 8D ' B0,
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1 12
c., = - + c
12 ¥, 7 21
26°> 282D,
£
B
) 1 12
C,, = - + c
21 2 7 12
2R°D ZBfo
£
c =_1 ., ™
22 =73+ 3 ’
28°D 287D,
£
L. BL,t,V
- ]
1 7 28D,
B t.v 2
o = 12%Y (1 - Po) R + t/2)
2% a2 Ft
D¢
. 2
(Pi - Po)(R + t - t2/2)
Et,
Hence,
M, = (d4Cyy = DyC1 ) /A
(115)
Sc = (€pydy = Cpydyd/a
where

= C11C99 ~ G150y

4.2.3.5. Calculation of Stresses at Cross Section C-C. The stresses on

cross section C-C can be calculated as follows:
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At the outer surface,
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0= BL-Po (116)

At the inner surface,

6M

i v c
00 = —+ —

YA t t2
0:'L - E 1 M - 1 g . 6Mc

8 R+ t/2 282D c 283D c t2 (117)

(Pi - Po)(R + t/2)
+ T ,

01 - _ Pi + Po

r 2 ‘

4.3. NUMERICAL RESULTS

Three pertinent sections (A, B, and C in Fig. 20) were selected for
analysis. Sections A and C, located at the junctions of the cylinder and
the flanges, represent the local peak bending effect resulting from the
geometrical discontinuity of the structure; section B is situated at the
middle of the cylinder, where the membrane stresses prevail. The results
of the analysis were written into the computer program GRISP in order to
facilitate the parametric study. The computer results indicated that the
stresses in the structure are quite low for the various dimensions in the

range of design interest.

To provide an insight into the effect of the flanges on the stress
distribution in the cylinder, stress intensities versus the dimensions of
the flanges and the cylinder wall thickness were plotted in Figs. 21 through
26 for sections A and C. One interesting result is that the stress inten-
sity at the outer surface of section A increases with an increase of upper
flange width (Fig. 25); the stress intensity at the inner surface of section

C also increases with an increase of lower flange thickness (Fig. 23). This
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Fig. 21. Relationship of stress intensity at inner surface and cylinder
wall thickness at joint of cylinder and lower flange
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Fig. 22. Relationship of stress intensity at inner surface and lower
flange length at joint of cylinder and lower flange
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Fig. 23. Relationship of stress intensity at inner surface and lower
flange thickness at joint of cylinder and lower flange
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Fig. 24. Relationship of stress intensity at outer surface and cylinder
wall thickness at joint of cylinder and upper flange
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Fig. 25. Relationship of stress intensity at outer surface and upper
flange width at joint of cylinder and upper flange
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Fig., 26. Relationship of stress intensity at outer surface and upper
flange thickness at joint of cylinder and upper flange
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behavior is indicated by the fact that the magnitude of the redundant moments

increases with an iﬁcrease of flange thickness.

Figure 27 shows the current 300-MW(e) demonstration plant support

cylinder.
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Fig. 27.

1.743 M

(68.625 IN.)

101

76 20 MM
139 7 MM (3 IN.

in.) {
(5.5 ) Aé%

L. L5 MM
1.75 IN.)

‘%§§&§S§

M.
—_

4.267 M
(168 IN.)

‘§§§§§§§§§N§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§§&

D\

165.10 MM
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5. STRUCTURAL INTERACTION BETWEEN THE GRID PLATE
AND THE SUPPORT STRUCTURE

5.1. DISCUSSION

In the previous analyses, the grid plate is assumed to be simply
supported along its edge by a rigid foundation. However, in actual con-
struction, the grid plate is attached to the lower flange of the support
cylinder, which is also a deformable structural member. As a result, the
problem of structural coupling between the grid plate and the support
cylinder should be investigated. The purpose of this study is to find the
interactive moment between the grid plate and the support cylinder to
determine the effect of local flexibility of the support cylinder on grid
plate deflection. The problem is formulated in such a way that the grid
plate is a part of the integrated core support structure so that when the
grid plate is subjected to load, it, the support cylinder, and the lower
flange rotate together. In the analysis, the support cylinder and lower
flange are treated as a long and a short thin cylindrical shell, respectively.
To simplify computation, thin plate theory was applied to the equivalent

solid plate of the grid plate, and the solid rim effect was ignored.

As shown in Fig. 28, the core support structure is subjected to a
uniformly distributed load P. The free-body diagram in Fig. 29 shows the
interactive force and moment between the grid plate and the support cylinder
due to clamping and the discontinuity shear force and bending moment at the
joint section of the support cylinder and its lower flange. Figure 30
illustrates the discontinuity shear force and bending moment at the

cylinder and flange joint section.
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Fig. 28. Core support structure subjected to a uniform pressure load on
the grid plate
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Fig. 29. 1Interactive force and moment between the grid plate and the
support cylinder

Sy )Mz

S
1S,
S
Ml( M
2

Fig. 30. Discontinuity shear force and bending moment at the cylinder and
flange joint section
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5.2, STRUCTURAL ANALYSIS

Based on the assumptions formulated for the grid plate problem, the
equations for the rotations and displacements of the grid plate, the

support cylinder, and the lower flange can be written as shown below.

Rotation at edge of grid plate

*
* -

3(1L - v )PR3 ) 12(1 v )RM1 118
- * 3 * 3 . (118)
2E H EH :

8
p

Rotation at lower end of support cylinder

M S
2 2
6 = -— , (119)
¢ 8ch 282D
cc
where
9 1/4
8 3(1 - v7)
= ’
c R2H2
cc
e
Dc = 2
12(1 - v7)
Radial displacement at lower end of support cylinder
M S
v, = —— - : (120)
28°D 287D
cc cc
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Rotation at upper end of lower flange

AlS2 A2(M2 - Ml - Sle/Z)
Gf = 2 + ZB D ’ (121)
ZBfo fvf
where
. - 31 - vZ) 1/4
f 2.2 ’
Rete
EH3
f
De = N
12(1 - v9)
A, = h 28_L 28.L)/2(si n® gL in? B_L)
1= (cos Bf - cos £ ) sin Bf - sin £ ,

™
1

2 (sinh ZBfL + sin ZBfL)/(sinh2 BfL - sin2 BfL)

Radial displacement at upper end of lower flange

B.S B.(M, ~ M, — S.H./2)
v = 132 L 20 ; 19¢ , (122
2600, L
where
B. = (sinh 28.L - sin 28.L)/2(sinh® B.L - sin® 8,L)
1 £ £ £ L) s
B, = A

If the grid plate is rigidly clamped to the support cylinder, then

8 = —Gf =6 . (123)
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Moreover,

(124)

Substituting Eqs. 118 to 122 into Eqs. 123 and 124 and performing a

rearrangement gives

*.3 ZBfo ZBfD 2

A * A A
1 [12(1 - vOrR A2 ]»« i
2 1 p

(125)

S
11 (126)

Hh Nof =

D 28D

- : (127)

where

1 27R 2

Consequently, the unknowns SZ’ Ml’ and M2 can be determined.
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5.3. NUMERICAL RESULTS

A computer program based on these analytical results was written, and
numerical results were obtained for the core support structure of the
300-MW(e) plant. The following geometric and material constants were input

to the program:

R=1,743 m (68.625 in.),
R, = 1.765 m (69.5 in.),
H = 609.6 mm (24 in.),
H, = 44.45 mm (1.75 in.)
R, = 1.705 m (67.125 in.),
Hf = 165.1 mm (6.5 in.),
L = 304.8 mm (12 in.),
E=172.37 x 103 MPa (25 x 106 psi),
E* = 34.474 x 103 MPa (5.0 x 106 psi),
v = 0.3,
v* = 0.76,

P = 289.58 KPa (42 psi),

It was found that

82 = 9.3956 KN/m (53.65 1b/in.),
Ml = -16.0937 KN'm/m (-3618 1lb-in./in.),
M2 = 1.539 KN'm/m (346 1b+in./in.).

Note that the negative sign of the interactive moment (Ml) indicates that
an additional rotation of the grid plate is caused by Ml because of the
larger rotation of the more flexible support cylinder. This result will
be used to arrive at a satisfactory design configuration for the junction

between the grid plate and the core support cylinder.
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6. DISCUSSION AND CONCLUSIONS

A comprehensive study of the GCFR core support structure has been
performed, including analysis of the grid plate, the grid support structure,
and the structural interaction between the plate and the support structure.
The effect of neutron irradiation on mechanical properties was not studied.
Problems such as irradiation-induced swelling, creep, loss of ductility,
thermal stress, and thermal fatigue will be studied during the next phase
of this effort.

The stresses in the component of the core support structure subjected
to pressure loading were found to be very low, as predicted. However,

thermally induced stresses were not included in this analysis.

Three different theories were applied to the analysis of the grid
plate: transversely isotropic elastic body theory, isotropic elastic body
theory, and thin plate theory. The results show that the radial and
tangential stresses for the three theories are almost identical. The
axlal stress and transverse shear distribution along the thickness of the
grid plate for the transversely isotropic elastic body and isotropic
elastic body analysis are also very close. The input for the isotropic
elastic theory and thin plate theory solutions are identical. Therefore,
the 32.67 difference in axial displacement at the center of the grid plate

is considered to be due to the effect of transverse shear and normal stress.

There is a 217 difference in the displacement at the center of the
grid plate for the transversely isotropic and isotropic solutions. Both
theories consider transverse shear and normal stress, but the transversely
isotropic elastic body solution considers the axial direction elastic
modulus, which is much higher than the in-plane direction elastic modulus.

This higher elastic constant plus the different Poisson's ratio contributes
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the difference in the displacement. Indeed, thin plate theory is based on
the assumption that E is infinite in the axial direction (rigid).

Prediction of displacements is much more sensitive to the method
used than prediction of stress. The plot of radial displacement versus
radial coordinate for the transversely isotropic solution is quite different
from that for the isotropic case (Fig. 31). The maximum radial displacement
for the transversely isotropic solution is -0.1196 mm (-4.71 x 10"3 in.) at
r = 1.397 m (55 in.); for the isotropic case, it is -0.0813 mm (-3.2 x 10_3

in.) at r = 1.257 m (49.5 in.).

Comparison of axial displacement at the center of the grid plate for
the three solutions gave the most significant results. The center axial
displacement at the middle surface of the grid plate for the transversely
isotropic solution (Fig. 32) is 0.5283 mm (0.0208 in.); the prediction
made by the isotropic elastic body solution is 0.6401 mm (0.0252 in.), and
thin plate theory gives the center displacement as 0.4826 mm (0.019 in.).
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APPENDIX A
COMPUTER PROGRAM GRIPLAT



OFNR, IS GRIPLAT,GRETPL AT
REAL My NU,NuR
DIMENSTUN RLIDY, 210, STRETO0,10)aSTTEIN, 1), STRZE10,16),812(10),

1 DRET0,10) 4 (10,10, wr(10)

NIMENSTUN Ex*ph(‘“)'sTDz’(1u)l”“?(1“’;““3(‘O\,WQ(IP),WS(1U),
1 STRICIC,1UI,STTIOI0, 1), URLIYD,10), Wt (10), w2l 0),
2 wif1o,10)

READIS, LIRO H,Qpt 4N
1 FORMATCSF10,3,21%)
READ(Y, 2)E NI FP NP P
2 FORMAT(OELR,bH)
READ(S,2)(2(T), 151, )
READ(&,2)(R(T), 1ay,N)
WRTTE(B,14IRND, HyR EJEP,GP N NP
10 FORMATOIML 14X, ' T4pUT NaTAYY
15x, 'OUTER RANDIUS =' F7,.3,4x, "IN, "/
‘gx"YHICKNESS :'oF’.B,‘X'.'N.’/
15X, '"PRESSURE =',F7,3,1x,'psIty
15x, ' TNePt aNE ¢yOUNG MODDLUS =' EQ d, 1y, 'PSI/
1Sx,'axTAl YOUNG MODULUS ' 9,4,1X,tPST/
15x, 'AxtaL SHEAg MUDuLUS S'LEQ, 4,1 0,151y
15X, ' INaPL ANE PNISSON RATIO =',Fy, 8/
15X, 'axgAL POYSSON RATIN 30,55 3)
C TRANGVERSELY JgUTROIPIC CAgF
NNz
WRITF(@,})
3 FURMAT(///,10x, T TRANSYERSELY TSOTRNPIC SOLyTTON' /)
MgEe (], /GPaNIPXx (3 +NI)/EP) /(1 i)
DeFaHex 3/ (12,0 ¢1 mrln2))
0O 101 I=1,L
EXTRACI)ZGaM& ((2(])/ M) awgen 162 (2(T) /1))
STZ(1)=0,5%0n (el +3 #Z2¢[)/ymti *(Z([)/p)4x3)
SYQZ‘(I)30.75.6‘/*‘*(‘.UU.Q(Z(ij/H)*'a)
UR2(TIIS0 3/ N (MA(] =hUYet O wEanP/EPYZ(T)
URI (T} (Ma(l enlUlem2 #EaniIP/EPYe(2(T)/H)us}
w1130, 15% (MaNPsS I a72(T) /N
WSCI)gQ,Sa(MaNIPel  Jw(7(I)/H)ax}
D 101 Jgs=i,N
STRICI,,JISOTSHQu (B ¢Ni I (ROK*D R (J)*2P)wZ2(1) yHnnl
STR(T,J)gSTRI(T,JI+EXTRA(I)
STTE(I1oJ)B0,7SaGwq (S ¢NUIARIIAR2a(] 43 #NII#R e [I4w@IwZ(T)/haal
SYT(I,J)=8y11(Y,J)+ExTRAL])
STRZ(1,J)zeSTR21(I)*R(.T)
UR!(I,J)=0‘7St(1.-MU)*((3.,HU)¢pUt:2-(1 ,NU)ﬁn(J)ﬁtajtz(])/utt3
URCT,JIEQ#R (1) /ERCEAN P/ D #EPY 4 RICT,JYwyROCTI+,RYCTY)
WI(J)BQa (RN 2aR(JIX2In( (S ¢MIY/ (1, #NU)wRMNaeaR(JIan2)/ (64, 4D)
W2 (JIZO 34Q/Ha (], /GP=NUPw(T ®oNti)/ (4, %eP)IN(RNan2eR(]J)2wd)
W3(T,J)20,7SaNUPRZ (I al (3, ¢NUYaRUan2w2on ] +NUYaR(T)aa2)/(EParaeld)
W, )W (J) 4w (J)*UnZ(II/EPH (e gur3(], ) euy(T)mag(T))
101 CONTINUE
100t wRITEC(H,4d)
4 FORMAT(2SX,'RanIal STRESS,PST 1 //,9X,020,61X,R1//)
WRITE(O,21)Y(R(T)sIZ1,n)
21 FURMAT(1SXx,10E)1,4)
WRITE(O,S5)(Z(1Ys(STR(L,J),J21,N),1281,L)
S FURMAT(IO! ,E12,4,3x,5E11,4)
wRITE(pns6)

B~ O P E N —



10

11

103

104

FURMAT(//7/725%, ' YA GERTTA STRESS.pST' /71X, 2 61X 'R /)

MRITE (6,21 (R(T),12),)
WRITE(O,SY(20IY,¢STT(],0) 08 MY, 121,)

wrTTE(6,7)

PLURMAT(///25yx, Ay 1AL STRESS, PST'//R9y, 124 /)
WRITE(6,21)Y(2(1)s1z10L)

wWeITE(8,213(8T2(1),181,()

WRITE(S,8)

FURMAT(//7/29X, " TRAMSVERSFE SHE AR STRESSIPSI'/7/7x,' 2 01X,k /)
wRITE(8,21)(r(T), 11,0y

WRITE (6,8 CZ(TY,(STRI(T,J),J2q,3),T29,L)

“RITE(Hs9)

FURMAT(///725%,1Qa0TAL DISp ACEMbNT s INg'Z/TX, ' L0l X, PRt /)
WRITE (6,21)(R(1), I8y, 1)
WRITE(6,S)C2(1)Y,(UR(T, 1) d31,N),181,1)

WrITE(6,10)

FORMAT(///725x,'AxTAL DISPLACEMENT TN gV //7x,' 9!, 61x,'R! /)
WRITE(O,21Y(R(T1),121sMN)

WRITE(O'S)(Z(Ij'{N(IJJ"J=1'H)prala[_)

IFI(NN JEQ, 2) 6L TU tnp?

NNz 2

ISOTRPIC CASE

wRITE(H,11)

FORMATC(///410X,'TSIOTRUPIC SOLUTTIONIZZ)

D 102 Is1,L

EXTRA(I)SWa (2, NI w((Z(I)/H)*aTuD 15%(2(T)/H))

ST2(1) 20 ,5%Gn(wl ,+3, 220/ Hat w(Z(1)/H)*23)
STRZI(I)Z0, 75wl ,ol w(2(T)/H)au2)/H
U92(1)=Q.15tz(])t(g,oQ.:NU-NUt*g)/H

URI(I)Im(2, ¢NUmNUR®2) % (27(T1)/H)*u}

WU(TIIS0 ISH (S, 42, #nUapnlinn2)x/ (T /H

WSCI)EO Sel 1  +NUIaa22(2(1)/H)ax3

DU 102 Jsi,N
STRI(IJISO,TSali/Hendupe 3 aNtIIa(pOIar2mRe JY*%2VaZ(])
STR(I,J)ESTRY1 (Y, J)+ExTRAC(CT)

STTLI(I,Jd)z0, 75+ /Hakdx( (T aNi)uRlawlm(] 45 aNUYAR(J)har)Inl(])
STT(I,J)BSTT1(], J)+EXTRAC])

STR2(1,J)3mS8TR1(1)I%R(])

URI(T,J) 50,7581 ,@™iU)/Hand «( (3, +NIIRRNAx2w (] $NU)AR(JIR#2)#72(T)
Ur(IsJIsgar (J)ZE# (0, SepUsURY (1, )Rl (I)+UR3(]))
wl(J)son(Rntaz.R(J)ttaja((<.+Nn)/(1.#NU)-RH*.Q.R(thtQ)/(bu,*D)
"2 (JIZ0, 07S%0w (8 +NUSNRAR) R (RiTwwak (JI®42) /(¢ 2p)

WICL, 0180 75aNaZ (T a3, +NU)apNanlml w ), ¢NUYaR(J)naly/ Earnad)
WlT,JdW (J)enp(J)eUnZ (I /Ewlmp quwill ) J)ewy(I)ony(]Y))

CONT yNUg

GU 1N 1001

THIN PLATE CASF

WRITE (6,12)

FORMAT(//7,10%,'THIN PLATE SOLUTIuN'Z/)

DO 103 I=y,L

DO 103 Jmypaeiv

STR(7,J)IZ0 7Sa0x (5, +NU)I2(HIIn*eR(JI**2) 27 (])/yan}
STT(T,I)E0,7Sa0e( (3,4NL)aRNawa (1, ¢+3.aNUYRR(T)weP)aZ(1)/Hued
CUNTINUE

0O 104 [=i,N
wT(I)BNA(ROX2eR(]I®NIR( (S, ¢nN) /(1 #NIN*RDEa2emR(JIn2)/ (b4, *N)
CONT INUE



WRITE (21 (RP(T),I31,N)

WRITE (6,5)(2¢IYo(STRCL D)o gstyNYI21,1)

WRITE(b,6)

WRITE (0,21)(R(1),Iz1,N)
WRITE(6,9)(ZCIY, (STTLI, ) yustyt)I=14)
WRITE(6,13)

13 pORMAT(//7/725%,vax1al DISPLACEPENT, 1NV //,09X%,'R/)

wRITE(6,21)(r(T),I=1,M)y

prTE(b:a;)(WTfI)llzlfM)

sTOP
. END
oexXQYy
10, 3,6 60, 5 5
0,2 Eo 0.76 2.257 e 0,3 0,4803 te
0 045 1,0 1,5 1.8
O 2 thy b, 1o,



APPENDIX B
COMPUTER PROGRAM INPUT



eFNRr,S1T INPLT, TARPUT
DIMENSIUN RO, 10700 0p) TR, T o) B TALT)
PDATA (R(T),121,3)/77.5,70,8,81,5/
DATA (H{T),121,6)/¢5,47,09, 100,143,145/
PDATA (Tl(I)-T=‘:“)/‘9.,l“.-?”,.Pi,pRU.,Bb,.P“,.5“,/
RUBT0,H179
PzA,747
WZ35,3
pd 10 121,46
ETACTYy=ZH(Iy/P
RYCIVYERUS(Peni (1)) /,,
10 CONTINUE
DO 1t 1s1,AR
12¢I)eri({Y=1,G
11 CONTTINUE
WRITE(6,100)
100 ‘UpMAI(lHllox"R'rqll'p‘.lﬁlu'y1'cAXl'Yz.'Rl.'D'aBXo'tYA':RX:'W':Q
IXgtE Ly Xy tER,7X, INUT 1Y
Dy 12 131,3
DO 12 J=1,6
DU 12 Kzy1s8
WRITE(H,101) ReII R CII )T LK), T2¢n), P, ETA(]), ~
PUNCH 102, RIIY,R1ICI),r1(n),T2(K),w
12 CONTTMNUE
101 FORMAT (3X,7(E8, 4,2X))
102 FORMAT(SF12,4)
STLP
END
eXQT



APPENDIX C
COMPUTER PROGRAM GRID



eFNR,SI GRID,GRID
DIMENSION TTITLE(1&)
REAL NUIT,LIGEF oM
READ(S5,200)YTITLE
eno FORMAT(1844)
. ARITE(6,3u0) TITLE
300 FORMAT (oX, 1RA4)
WRITE(s,100)
1u0 FORMATCIHE,SY,"GRIND PLATE NEFLFCTINAN DUF 10 PRESSURE ')
WRITE(6,110)
110 FORMAT (0 ,8%, 'R =RADIUS IF LKID PLATE,INM, Y/
16X, 'R1IZRADTUS NF PERFURATED PLATE, TN, '/
26X, 'T1=THICKMESS NF GRIUV PLATE,IN,'/
3OoX, *T22THICKNESS NF PLATE LFSS BFEVFL DEPTH.ING'/
4oX, ' =L NADLILRS/TNnwrlt/
Sex,'E sYQUNG MODULYIS »LBS/INn,2x2'/
66X, "E1=EFFFCTIVE YNUMNLG MMDPLUS,LRSZ7IN 2/
76X, 'NUISEFFECTIVE PLISSUN RATIN'/
Bbx,'P =pITCH,I(u.'/
9ox, "ETASLIGAMENT EFFTICIENY! Y
tox, 'M IVMAOMENT AT JuRCTIUN NF PERFORATED PLATE anD SOLIN RING,LA*IN
2a/ Tt/
30X, "DELCSVDEFILECTINN AT PLATE CFUTEWR,IN,Y/
46X, 'RC=CONKE RANDIUS, lig'/
So6X, 'DYNRC=SLNPE AT CuUwWE FEDGE '/
66X, 'RHNSREACTIVITY, CENTIS'//)
BETA®), 0035
EL=x84,67
RC=%0,
Cnzd,512
vRITE(6,111)
111 FURMAT(SX,'wz35,3 PST PzR,676 1M, R(ESH, IN,")
WRITE (/,112)
112 FORMAT(//70RX TR Y pOx, "R BX, " T B, T2, 7X, "ETA kX, 'F',9K,
YEN Y TN, VNI Y LBy M X, Y DELC Y ,0X, "DYDRCT,6X, "RHDY
N2
10 REAN(S,101Y YEXT
10l FORMAT(T3)
READ(S,102) R,R1,T1,T2,»
REAN(S,1n2) E,Flemui)y PITCH,LINEF
102 FORMAT(SF12,6)
Re(T2/T1)%»3
MIZS(FLI/ZE)®R* (PRI V4 (RA*24k1xw2)/(1(} ,=NUT))
M224 x (EV1/E)#RA(ReR1)/7(() ,mMiJ1 Y% (Qek]))
ME(N12a24anaM] aW) /(R +M2)
CMIBln ARI2(ReRIII/(ExT Jxxl)
CM2RO # (1, =NIJTI)eR1#x2/(E12aT2421)
Chiz) SalPRaxdaR 22U)/(ExTina3)
CnPs3 aRTwalal(l @1 )& (D ¢NUIY/(1hH 4F12T2x%3)
DELCE(CMI=CM2)*Me (Cwl+(n2)nn
NYDRWESwd ARIAx2xwa (1 ,»NUIw22)# (2 xRPCex3/R1#22=2 «(TJ +NJ1)2RC
1 J(1geMUL)) /(R 2EI2T2%s3)
NDYNRMZa12, 2 (] ,=NUI)ARCAM/(EL12T2 22 )
NDYDRPCSDYNRWeDYNRM '
RHNEBCNADYDRC*EL #1000,/ (RC*RETA)
WRITE(H, 113 R, Ry T1,T2)LIGEF L, E1,NUL, M, DELC)DYDRE,RH)
"3 F‘JPMAT(‘JX’SF1‘)Ia'?Elqu"lo.d'uEi()lu)

-



oxXnNT

NN+
IF(EXT,GT,0)
STNP

EnD

GO 10 1y

Cc-2



APPENDIX D
COMPUTER PROGRAM GRISP



OFOR,81  7RISP,GRISP
€ . GRID PLATE BUPPURT STRUCTURAL ANALYSIS

" REAL NU
xugNSXGN TIYLe(leioHXCXO) TIC10),T(10),R(10),R2(10),T2(10)
— _READ(S,10) TIT E
10 FORMAT(18A4)
WRITE(O11)TITLE
11 FORMAT(IH],SX,18A4)
- READ(S,12) E,Nu,w,PI,PO
12 FORMAT(SEL2,6)
... .READ(S:13) N!:NZ:NJIN“:V‘:MO
13 FORMAT(p16)
READC(S214) (HRICI),Ia1,NY)
READ(S,14) (T1(I),I=m1,n2)
READ(S,14) (T(1),Imy,NY)
READ(S,14) (R(I),Tamlrnyg)
READ(S,14) (H2C]),I21,NS)
- READ(S,14d) (T2¢1),1m1,Ne)
14 FORMaT(6F12,4)
WRITE(6,15)
15 FURMAT('0!,Sx,'NDTATION EXPLANATION!/
16Xy tH1gUPPER FLANGE WINRTH, IN 1/
26X, 'T1auppER F| ANGE THICKNESS, IN,'/
36x,'7 sCyLINDER ,aLl THICKNESS, In,'/
46X, 1R gCYLINDER INNER RAnIUS, INgt/
SéX,'H2e NWER Fi ANGE | EnGTH, Tn,t/
66y, ' T22L0wER F|I ANGE THICKNESS, IN, '/
Toxstg selLASTIC “ODULUS, LuS/INwads/
86X, 'NUBPAISSAN RATIOYY
96x,'SzU=AxTAL STRESS AT OyTER SyRFACE, PSI'y
16X,'82lgaXTAL STRESS AT [MNgR QURFAcg, P8I/
26X, '8T0aHUNP 3TRFSS AT NUTER SugFACE, pSI'y
36X,19T12H0UNP STRESS AT INNFR SURFACE, PSI'/
46X 'SHEMEAN RAPLAL STRESS NUE Ty INSIDE AND NUTSIOF PRESSURE ,PSIY/
S6X, 'SUBSTRESS INTENSITY AT (JUTER SUKFACE, PST!'/
66x,'sIagTRESS INTENGITY Ay INNER gukFACE, Pglty
QaXs *WZDEAD WFIGKT, LBS,'/
ToxX,'PI2INSTDF PRESSUHE. PSY'/
86x,'POR0yIgINE PRESSUNE, PgI')
WRITE (6,16 YE NI 4w,PL,PN
16 FORMAT(YO! ,SX, tEx! ,E12,4,3x,"'Ntig',F12,4,3X%,'ws!,$12,2,
13x,'PI8! ,F12,2,3x,'P&' ,F12,2)

[a N ol

STRESS ANA[LYS1IS AT C/S A

wWRITE (6,17)

17 FPORMAT(YO',9%,'STRESSES AT JUINT UF CYLINDER AND UPPER FLANGE'//
1OX TRV OX, T B, THEY,SX, VT e, 'V AX, 182001 ,6X, 18211,
26X 18STOV 60Xy 'STL y g s VORY, TX, IS0, 7X,'81Y)

DU 100 [31,N4

VBa (2,3, 141590 (R(I)er(])/2.))

DO 100 Jzi,NY

DRE«T(1)an3/(12,0(1,onUne2))

BETAB( 3,2 ( 1, oNine2)/((R(II+T(J) /2, 122207 (J)nel))neg, 25
DO 100 Kgl,N1

00 100 (®1,N2



R, *R{I)+HL(K)
E1SERTY(L)an2
A1181,/(BETA#D) ¢ #RI2R2/(EJnHI(K)aTi (L))
Al2me) /(2 ,*BETYA##24D)+3 #RI*RI/ (2, #E 1K1 (K))
AR18w) (/{8 ., *BETAw#2#D) 43, #R1#R2/(2,*E12H](K))
A22m1 ,/(2,wBETA*#3#D)oRI %R/ (EwmMy (KI*T1 (L))
Bim3 sRIWR2WV /(2 #EL12TI(L))
BRuBiaT (L) /2,0(PIoPO)n(R(1)eT¢g)/2, )22/ (EaT(g))
DELTARALIwAQ2ea21%A12
Mam(Ri#A22eB22a12)/DELTA
SAs Al 12B2eA214B1)/0E TA
WCEGA/C2,%BETA%®I*D) A, (2, xBEvann2aD) +
1(PTaPUYa(R(IVOT(J)/2,)an2/(ERT(J))
SZOBV/T(J)4MA/T () #n2
s21ay, 7 (JyeMa /1 (Jyead
STORE#WC/(RCIV4T(JY/2, ) mNliabA/T(J)nnp
STISEwWC/(RETIeTLII/2, ) eNURMA/T (J) w2
Spe(ePlePUyse,
8018AB8(8THe8ZN)
S02xAB3(82Ne8R)
8033ABS(8ReSTO)
SOsAMAX1(801,8Mr2,81%)
3118A88(8T1=821)
S128ABS(8721=8R)
813ga88(8R=8T1])
SIEAMAX|(S8T1,5812,S13)
WRITE(6,19) R(D),TCJ),m10x),T1(L),y,820,821,8TN,8T],8R,50,8]
19 FORMAT(AX ) F6, 2, 1X0F5,2,1X,Fb,2.1X%,Fbe2r1XsB(FB8,1,1X))
100 COnTINUE

STRESS ANALYSIg A7 (/S B

[aNake]

WRITE(6,20)
20 FORMAT(///,6X, ' STRESSESS AT CYI INUER MIDeaSECTINNI /Y
lex!'R'aqx!'yi:°*v'V'lala'SZ"ﬂyp'ST'DGX"SR',BX"S')
DO 101 13i,N4
Vaw/(24#3,14159%R (1))
po 101 J=i,N3
SIBVaR(IY/CLRIT)I*TIIY /P31 dyy
STe(Pl=POIR(R(TI¢T(JII/2,)/7 ()
SRg(eP1ePUY/2,
S1BABS(STm3 )
823ARg(g2e3R)
§32ABS(SReS§T)
SzAMAX1(81,52,89)
WRITE (6,22YR ¢TIV, T¢J)sV,82,87,8R,8
22 FURMAY(d4x,7(FR, 2,2x))
101 CONTINUE

C
C STFEQS ANALYgIg 47 Cys C
c

WRITE(6,23)

23 FURMAT(///,6X%,1STRESSES AT JOINT OF CYLINDER AND LOWEK FLANGE'//
16X, "RY,OX, T, 8X,'H2Y,8X, ' T2, 6X, 'V, 8X,'870",6X,'821",
e6x,'870",6x,"'Syl',6x,"'8R!,7x,'80!,7x,!81")

DN 102 Isl,Nu



Vew/(2,43,141592R (1))

DO 102 Jsl,Ny

DlEtT(J)!'S/(IE.t(l.-NU*tZ))

BETAB(3, % (1, oNU*RR)I/((R(T)eT(J)/2, )--a-Y(J)t-z)>--o.25
DO 102 Kgl,N§
Do 102  mi,Nb6. .

DF-E'VZ(L)ttS/tla * (1 NyR*2))

BETAFR(3 #(1laNU*e2)/((R(TI)+T{JImTR2(L)/2,)%%2nT2(L)wa2)) %025
DIVDlZ.O((SINH(BFTAFiHE(K)))**2-(S!N(BETAFiH2fK)))it21
BLIFR(SINH(2, #RETAFWHR(K))aSIN( o, #BETAF#H2(K)))/DIVD
BI2FE(COSH(2, vRETAFAHR(X))ecS(2,%BE TAF*HR(KYI)I/DIV]D
_BZlF:(aINH(Z.nBETAFaHE(K)J*sIN(a.nBETAFnHZ(K)))wZ./DIvD
Ciimy,/(BETANDY¢R2F /(RETAF#DF)

c12--1 /(R *BETA*®2D)+R12F/ (2, #BETAF*%2+DF)

c21mCy2

C2281,/(2,#BFTA*NIND)+ALLF J(2, #RETAF*w3aDF)
D1aBR2FaT2(L)aV/ (4 nRETAF*NF)
DEBBIZFATR(L)wV/ (U #BETAFanaDF )
{(PIaPUIN(RLIICT(I)/Z72, ) 022/ (ExT(J))

e (PIePD)X(R(T)eT(J)eT2(LYI/2,)®n2/ (ExT2(L))
DELTABCi1#C22er12%C2}

MCe(Di~C22aD2n#C12) /DELTYA

SCes(C112D2e(21#D1)/0ELTA

WCIMC/ (2, %BETA##2aD )30/ (2, 2BETARRInD),
{(PIePOYR(REINGT(II/Z2,)%a2/(ExT(J))
SINGV/T(J)eMp/T(J)wn2 ‘
SZIaV/T(J)eMC/T(JI w2

STORE* W C/(R(TIIST(JI/2,V¢NyrMC/T(J)*u2
STIgeEawc/(R(T)+T(J)/2,)mNUaMC/T(J) a2

SR3(eplepPp)/e,

801=ABS(STO=S7N)

802=AR8(820=8K)

S03mABS (SRe8T))

sO0®AMAXL (801,812,577 35)

SI11=sABS(STi»8Z1)

S128483({871=5K)

S13InABS(8KeS8T])

SISAMAX] (811,872,518 _

WRITE(6,24) R(T)yTeg)sm2en)yT2¢),V,920,821,8711,871,8R,3n,81

24 FORMAT(Ux ,Fo,2,1x,FS,2,1x,Fbe2,1x,Fb6s2,1x,8(FB,1,1x))
102 CUNTINUE
STOP
END
oXQTY
300Mw pgMO PLANT gRp SUPPORT STRiN-TURAL ANALYSTS
es, Ece 0,3 1174090, 1305, 126%,
] 6 6 | 6 [0
3'5 u's 545 hls 7.‘ 8,5
1,8 2,0 2,5 L0 3,5 4,0
1,0 1,29 1e5 1.7% 2.0 2425
68,025
[ 1V, 12. 1d, 16, ]6‘
3,5 4,8 5,9 6,8 7,.5% 8,5
OPMD 8RDL



