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STRUCTURAL ANALYSIS OF ZIRCALOY FUEL-ELEMENT CONTAINERS
FOR THE NS SAVANNAH REACTOR

L. R. Shobe*

Abstract

Structural evaluations were made of the 15% cold-worked
Zircaloy fuel-element containers proposed for the NS SAVANNAH
reactor. These evaluations, which are consistent with the
Navy Code,l permitted the sizing of components so that under
conservative loading conditions both stress and deflection
limitations would be met. The necessary design modifications
were specified for the fuel-element container assembly.

INTRCDUCTION

The fuel-element container assembly of the existing NS SAVANNAH re-
actor.consists of 32 essentially square fuel-element containers separated
by spacer bars and surrounded by an inner thermal shield,.as shown in
Fig. 1. BSince consideration is being given to reblacing the stainless
steel fuel-element containers with similar containers of Zircaloy, a
study was undertaken to determine the wall thickness required to maiﬁ-
tain structural integrity and to limit deflections to tolerable values

during operation.

DESIGN INFORMATION

It was stlpulated that the ‘fuel-element container assembly de31gn'
should be adequate for future NS SAVANNAH reactor cores. It was also
recognized that the design must be conservaplve because of the many un-
knowns involved. Since it was impossible to predict the exact form

which future fuel-element assemblies might take, it was assumed that a

*Consultant, University of Tenneésee.

1"Pentative Structural Design Basis for Reactor Pressure Vessels
and Directly Associated Components," PB151987, 1 December 1958 Rev131on,
Department of Commerce, Office of Technical Services.
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design which would be adequate for fuel elements of either the core I or
core II types would be satisfactory. The specific conditions and limita-

tions are discussed in the following sections.

Ship Motions Considered

The various ship motions that are considered as normal in ship op-
erations were outlined in USAEC Contract AT(04-3)-189, Project Agreement
No. 2. These motions are: »
30° roll with a l4-sec period,
7° pitch with a 7-sec period,

0.25-g fore and aft acceleration,
0.7-g lateral heave,
0.3-g vertical heave.
The simultaneous occurrence of any cqmbihation or of all these mo-
tions is considered a possibility. In addition, the unusual circumstance

of the ship lying on its side and having a vertical heave of 2 g was con-

" sidered. The only concern under this extreme condition was that of

limiting the deflection so as to permit control rod insertion.

Deflection Limitations

Deflection of the fuel-element container walls must be limited so
that the walls neither interfere with control rod movement nor restrict
the coolant flow around the fuel elements. Specific defléction and di-
mension limitations are:

| 1. The outside dimensions of the fuel-element containers shall re-
main the same as-those in the existing design (see Babcock and Wilcox
Drawing No. 10423F-4). Any increase in thickness of the fuel-element
container wall necessitated by the material change must be made by de-
creasing the inside dimension of the fuel-element container.

2. The sum of the outward movements of two fuel-element container
walls which partially define a control rod channel must not exceed 0.237
in. for the unusual case of the ship lying on its side and having a

vertical heave of 2 g. Outward movement is defined as a movement toward

v



the control rod; no credit is to be taken for inward movement in obtain-
ing the sum. _

3. The sum of the inward deflections of two opposing fuel-element
container walls must be such that the minimum inside dimension of the
fuel-element container is not less than the maximum width of a fuel ele-
ment. Use of the outside dimension of 8.982 in. and of the reference en-
velope dimension of 8.557 in. from Babcockand Wilcox Drawings No. 10423F-4
and 10424F-10, respectively, permit inward deflections whose sum is 0.145

in. for a container wall thickness of 0.14 in. _ .

Fuel-Element Weight and Load Application

A weight of 760 1lb was specified for a bundle of fuel elements. It
was further specified that the load imposed by the fuel elements on the

fuel-element containers should be applied in one of the following'ways:

1. one-half the load at the top and one-half at the bottom (correspond-
ing to core I type fuel elements shown on Babcock and Wilcox Drawing
No. 10424F-10), A

2. one-half the load at the mid-height of the fvel-element container and
one-fourth the load at each end (corresponding to core II type fuel

elements shown on General Electric Drawing No. 196E923).

Pressure Loadings

The design pressure drop across a fuel-element container wall (cool-
ant channel pressure minus control rod channel pressure) was assumed to
vary linearly from bottom to top of the fuel-element containers, as shown
in Fig. 2. PFor four-pump operation the variations from bottom to top .
are +4.5 psi to +9.2 psi for the second pass and -2.0 psi to -5.6 psi
for the third pass. It is to be noted that these design pressure dif-
ferentials are approximately 30% greater than those of the present re-

actor.
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Thermal Loading

Temperature differentials between the second and third passes cause
both stresses and deflections in the separator bars and walls of the fuel-
element containers. A maximum temperature differential of 6.04°F between

the two flanges of the separator bar was used.?

Allowable Stresses

The allowable stress intensities consistent with the Navy Code' for
15% cold-worked Zircaloy were determined as explained in Appendix H.
They are as follow:

Sm, the allowable membrane stress intensity = 17,600 psi,

S5_, the allowable primary plus secondary stress inten-
sity = 31,700 psi.

The design fatigue strength curve and fatigue diagrams are also included
in Appendix.H.

SUMMARY OF STRUCTURAL ANALYSIS

Ship Motions and Loadings

Normal Ship Motions and Loadings

Of the ship motions considered and listed above under Design Infor-
mation, the 30° roll in 14 sec combined with simultaneous 0O.3-g vertical
-and 0.7-g lateral heaves (assumed to be normal to the ship's longitudinal
vertical plane of symmetry) would constitute the most severe normal op-
erating condition. Consequently, this was the only normal operating
condition examined.

Mechanical Loads and Their Distribution. The magnitudes of the me-

chanical loads to be applied to the fuel-element containers by the fuel
elements and the length of wall at mid-height of the core over which to

distribute them are determined in Appendix A. Under normal operating

T, D. Anderson, "A Thermal Analysis of Zircaloy Fuel Element Con-
tainers for the NS SAVANNAH Reactor,” USAEC Report ORNL-TM-197, Osk
Ridge National Laboratory, November 16, 1962.




conditions the maximum total load is 1026 1b. As was stated above in
the Design Information section, the design must be adequate for the ap-
plication of these loads in either of two wayé: 50% at each end or 50%
at the center and 25% at each end of the fuel-element container.

The length of the fuel-element container wall over which to distrik-
ute.50%i of the load for subsequent frame analysis was established as
12 in. for a point of application at mid-height of the core. At the top
end, for frame analysis, the load was distributed over a length equal to
twice the distance from the point of load application to the point of
support of the fuel-element container; Low pressure differehtials made
consideration of the bottom end of the fuel-element container unnecessary.

Pressure Loadings. The pressure loadings at various points along

the length of a container wall were taken directly from Fig. 2.

Dynamic Loading from Acceleration Caused by Ship's Roll. Dynamic

loads may result as a consequence of the angular acceleration caused by
the ship's roll. .The angular acceleration of the ship about a longitudi-
nal axis is a function of the angular velocity, as well as of the angular
displacement. It is also a function of the moment of inertia of the ship
with respect to the longitudinal axis through the center of gravity of
the ship in its particular condition (loaded, unloaded, or partially
loaded) at the time of roll and of the distance of the metacenter above
the center of gravity for the same condition. Since data were not avail-
able to permit utilization of thesé functions, two approximations were
made.

First, it was assumed that the roll of the ship approximated the
motion of a long rod swinging as a pendulum. This approximation gave
a maximum angular acceleration of- 0.104 radians/sec® (see p. 23). The
second approximation assumed simple harmonic motion for the ship's roll
and gave a maximum angular acceleration of 105 radians/sec? (see p. 24).

With the center of roll 4 ft below the top of the core, either of
these values for angular acceleration gives the top of the fuel elements
a linear acceleration of approximately 0.4 ft/sec?, which may be ignored
when compared with 0.7 g, or 22.54 ft/sec?. Since; the dynamic loads
from the angular acceleration of the ship's roll were negligible, they

were not considered further.



Deflections and Stresses from Temperature Differentials. It was

believed that the temperature differentials between the second- and
third-pass contéiners would inducé bowing and stresses of significant
magnitude in the spacer bars. A theoretical analysis by Moore (see pp.
24 to 30) in which the spacer bars were treated as beams on elastic foun-
dations showed that the bowing and attendant stresses were quite small.
The effect of bowing of the spacer bars was therefore neglected in load-
ing the models.

Deflections and Stresses from Torsion Caused by Nonsymmetrical

Loading. Inspection of Fig. 1 (see also Fig. C4, Appendix C) indicates

that the second-pass fuel-element containers are not symmetrically sup- .
ported. As a consequence, the fuel-element containers are subjected to

torque upon application of the'fuel;element loads. An analysis of the

deflections and stresses from such torque under conservative conditions

(see pp. 30 to 31) indicated that they were of negligible magnitude.

Unusual Ship Motions

The loading conditions for the unusual condition of the ship on its
side and having a vertical acceleration of 2 g are the same as those of
the normal operating conditions, with one exception. The exception is-
that the total load of the fuel element is 2280 1lb, rather than 1026 1b.

This load is determined in Appendix A.

Model Selection

The selection of a model was accomplished by a process of elimina-
tion. It is doubtful that there is a single fuel-element container that
is exactly symmetrically supported,‘even when subJjected only to pressure
loads. The least symmetry exists .in a corner second-pass container. As
was pointed out earlier, one second-pass container was loaded as a tor-
sion member under conservativée conditions, and the deflection and stresses
from torsion were shown to be of minor magnitude (see pp. 30 to 31).
Hence, in the rigid frame analyses of the containers, symmetrical sup-

ports were assumed.



Models for Investigation of Deflections and Stresses from Flexure of the
Whole Unit '

Three different models were considered for determinihg,the'stresses

and deflections from beam action of the fuel-element containers, that

is, action of the unit as a whole, which neglects localized stresses and
deflections. First, the entire assembly of 32 fuel-element containers
(with the weight but hot the strengthening effect of the spacer bars con-
sidered) was treatéd as a simply supported builtup beam. Second, a sin-
gle fuel-element container was considered as a beam fixed at one end and
simply supported at the other. The third and most conservative considera-
tion was that of a single fuel-element container acting as a simply sup-

ported beam; this model was chosen for the beam analysis (see p. 38).

Local Action Models

For determining the stresses and deflections from plate action, that
is, localized stresses and deflections from pressure and concentrated
loads in the walls of the fuel—element containers, two models were used:
one for a column of three second-péss containers and one for a column
consisting of a sécond-pass container at top and bottom with a third-pasé
container ih the center. These models are shown on Fig. C.5 (Appendix
C) and the reasons for their selection are presented on pages 39 and 40.
-The analyses of these models utilized the three basic frame loadings de-

scribed in Appendix D and designated Cases I, II, and ITIT.

Spacer-Bar "Beam" Models

For éithér'core I or core II type fuel elements in the fuel-element
containers, the spacer bars will behave as beams on elastic foundations.
The true end condition is unknown, but it is intermediate between the
fixed and the simply supported conditions. Fér this reason, two models
were chosen: one simply supported and one with a fixed end, but both
semi-infinite in length because of physical and geometrical properties.
Both models utilized portions of the attached container walls as "cover
plates" and were therefore dubbed "beams.”" The theoretical development

for these beams is in Appendix E.
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Examination of the Design

With the loads established, the models determined, and the general
equations developed, the actual examination of the existing design was
begun for the purpose of determining the design changes necessary to per-
mit the use of Zircaloy as the fuel-element container metal. Through-
out the examination the fatigue analyses were based on only one class of
cycles; namely, that class in which the 30° clockwise roll combined with
simultaneous,O.Beg-Verticai and 0.7-g lateral heaves (assumed to be nor-
mal to the ship's longitudinal vertical plane of symmetry) constitﬁted-one
of the symmetrical extremes. Use of this cycle leads to conservative re-

sults because the cycle is the most severe of the normal operating cycles.

Core II Type Fuel Elements — Normal Ship Motions

The critical elevation in the core for core II type fuel elements
is elther at the mid-height of the core or near the top. The section
near the top is more critical for core I type fuel elements than for core
IT elements and therefore was not examined for core II type fuel elements.
The analyses of the mid~height section are presented in Appendix F.

The stresses and deflections from general flexure of the fuel-ele-
ment container as a unit are listed on page 38. Localized stresses and
deflections were obtained by analyzing the container assembly models
shown in Figs. F1 and F8 (Appendix F). The general shapes of the bend-
ing-moment diagrams and the deflections of the mid-points, which were
shown for all practical purposes to be the maximum deflections of the
upper and lower walls_(as seen in Pigs. Fl and F8), are summarized in
Figs. 3 and 4.

For a wall thickness of 0.14 in., the maximum primary stress inten-
sity occurs at a corner of the bottom frame of the column 1 model and is
18,100 psi, provided the deflection of the mid-point of the bottom of
the frame is limited to 0.05 in. This primary stress intensity exceeds
the allowable value of 17,600 psi (see p. 135). Because of its load-
carrying capacity, the connecting member (see Figs. 1 and F21), as now
designed, will 1limit the maximum deflection of the fuel-element con-

tainer wall at mid-span. Under this condition, as a result of the limit

"
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on deformation, the stresses at the corner may be considered secondary
in nature, and the allowable stress intensity is 31,700 psi (see p.'135).
Since with no support at mid-span the stress intensity .at the corner of
the frame is approximately 20,000 psi, the primary plus secondéry stress
intensity limitation is met. Fatigue analyses showed the corners to be
good for an infinite number of cycles. The 0.14-in. wall thickness is
therefore adequate at the corners of the frames.

The wall thickness of 0.14 in. wés found to be inadequate‘at the
mid-span point KB (see Fig. Fl and p. 84) at the core mid-height. A
fatigue .analysis (see pp. 85 and 86) indicated that a fuel-element con-
tainer wall thickness of 0.22 in. would be adequate at the point of at-
tachment to the connecting member. Of course this means that the spacer-
bar flanges'and the connecting members must also be heavier, with less
space between the flanges of the épacer'bars, It was decided to make
the spacer baf solid, since little space would be left between the
flanges.

It should be noted that the fatigue analyses of the container wails
at the points of attachment to the spacer bars and connecting members
are based on the best available information on stress concentration fac-
tors and fatigue strength. If it is felt to be undesirable to increase
the thickness of the fuel-element container walls at the edges, it is
suggested that fatigue tests on models of the Jjoints be conducted as a
final check to determine whether the thicker edges on the wails and the
solid spacer bars are necessary. .

The connecting members must also serve as structural members. They
must be either sufficiently rigid to restrict mid-span deflections, that
is, rigid enough that the primary*stress intensities in the peripheral
frames do not exceed 17,600 psi, or ﬁhey must be strong enough to carry
additional loads if the primary stress intensity is exceeded. Steel was
chosen as the material for the connecting member because of its greater
rigidity than that of Zircaloy, and an I-section was used for economic
reasons. Specifically, AISI type 347 stainless steel was chosen because
of its allowable primary membrane stress intensity of 14,000 psi at 600°F.

The analyses of these connecting members are discussed on pages 86-92.
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Core Ii Type Fuel Elements ~ Unusual Ship Motions

It was stated that the insertion of the control rods would be the
only concern for the unusual condition of the ship on its side and sub-
Jjected to a vertical heave of 2 g. Since the connecting members tend to
convert the column 1 medel into a column 2 model and since inspection of
Figs. F15 and Fl6 indicates that the column 2 model deflects more than
the column 1 model, only the column 2 model was analyzed. The results
are summarized in Fig. F21, where it is seen that the maximum deflection

of 0.10 in. is within the limits set for the design (see p. 3).

Core I Type Fuel Elements -

As stated on page 111, the analysis ofvcoré I type fuel elements was
limited to the region between the top second-pass and the adjaceht third-
pass containers in the column 2 model. The spacer bar between the two
containers was treated as a "beam" on an elastic foundation. An IBM-7090
program was written and used for calculating the bending moments and de-
flections at l-in, increments along the beam.» Deflections from the
IBM-7090 output and the rigid frame analyses of Appendix D were used to
construct bending-moment diagrams for six differgnt load and location
conditions, all of which were considered to be critical. The wall thick-
ness of 0.14 in. was again found to be adequate, except at point KT (see
Fig. F1l and pp. 116 and 117) at the top of the core for core I type fuel
elements. The fatigue analysis on pages 117 and 118 indicates that a fuel-
element container wall thickness of 0.22 in. at the points of attachment

to the spacer bars is adequate.

CLOSURE

The dimensions and shapes of the components of the core structure .
are shown in Fig. 5. It is intended that the bolt spacing, edge dis-
tance, and Sizé shall conform to those in the existing stainless steel
core structure. The main brace at the top of the core is to be moved
upward to ensure positive support of the nozzles in the fuel-element

containers at the top of the core. Extreme care must bé used in welding -
i

-
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the bolts in the fuel-element container wall connections. Otherwise the

effect of cold workiﬁg may be lost.
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Appendix A
GRAVITATIONAL AND DYNAMIC LOADS

As mentioned in the Design Information on page 4, the design must
be adequate to carry the fuel-element loads if applied 50% at each end
of a fuel-element container for core I type fuel elements or 50% at the
center and 25% at each end of a container for core II type fuel elements.
It was therefore necessary to determine the magnitudes of the fuel-ele-
ment loads under the different operating conditions specified in the

Design Information on page 3.

Magnitudes of the Loads Under Spécified‘Conditions

The fuel-element weight specified was 760 1lb, and for core II type
fuel elements the free-body diagram indicated in Fig. Al was assumed.
The values of Ry, that is, the forces exerted by the fuel element on the
container wall at mid-height of the core, are the following for differ-

ent combinations of ship motions:

Ry (1b)
30° rollj 2[380 sin 30° (1/2)] 190
30° roll and 0.7-g lateral heave (heave
assumed perpendicular to fuel bundle),
190 + ; 76Q (0.7g) , 456
30° roll and 0.3-g vertical heave,
190 + % 720 (0.3g) sin 30° 247
7° pitch and 0.3-g vertical heave,
[ \
1380 sin 7° (; ] + ; 760 (0.3g) sin 7° 60.2
Fore and aft acceleration of 0.25 g, .
760 (0.25¢; 95
2
Ship on its side and with 2-g vertical
heave,
1 1 760
S 760 + 3 " (2g) 1140



18

A free-body diagram of the fuel-element container considered as a
simply supported beam is shown in Fig. A2. This is the model selected
in Appendix C for considering the elastic action of the fuel-element con-
tainer as a unit. The load Ry is applied by the fuel element, and We is
the effective distributed load of the fuel-element container, including
both gravitational and dynamic effects. ‘The.values of W, were obtained
in the same way as were the values of Ry, and both are tabulated in

Table Al.

Table Al. Ship Motions and Fuel-Element Container Loads

Ship Motion Ry (1b) We (1b)
30° roll 190 50
30° roll and 0.7-g lateral heave (heave 456 120
assumed perpendicular to fuel con-
tainer) ‘
30° roll and 0.3-g vertical heave 247 65
7° pitch and 0.3-g vertical heave 60 : 16
Fore and aft acceleration of 0.25 g 95 25
Ship on its side and with 2-g vertical 1140 300
heave
30° roll, 0.7-g lateral heave, and 0.3-g 513 135
vertical heave
7° pitch, 0.3-g vertical heave, and 155 41

0.25-g fore and aft acceleration

Distribution of the Fuel-Element Loads for Frame Analyses

The concentrated loads Ry applied by the fuel elements to the con-
tainer walls need to be distributed over some length. This length was
established by assuming the deflection, 5, of a flat rectangular plate
of width L and length b (where b — =) simply supported on all four edges
to be equal to the deflection of a simply supported béam of width a and
span length L where both are loaded by a conceﬁtrated load normal to the

undeflected surface at its midpoint (see Fig. A3). In the following




expressions, & is a constant depending on the ratio of b/L, E is the
modulus of elasticity, and t is the plate thickness.

For the flat rectangular plate,?

RpL?
& =a ,
max Et3

where, for b/L — =, & = 0.1849. TFor the beanm?

RZL3
5max = ?
48ET
where
R S
I = 5 at
Hence,
Ro1L2
O =
4aFt3
Equating the two values of © yields
a = 1.355L .

For the fuel containers, L = 8.89 in., and hence a = 12.0 in. is the

length over which to distribute the R, loads.

1S. Timoshenko, Theory of Plates and Shells, p. 158, 1st Ed,, McGraw-
Hill, New York, 1940.

°P. G. Laurson and W. J. Cox, Mechanics of Materials, p. 407, 3rd
Ed., John Wiley and Sons, New York, 1954.
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Appendix B

MISCELLANEQUS LOADINGS AND DEFLECTIONS

Dynémic Loads Resulting from Acceleration Caused by Ship's Roll

Dynamic loads may result as a consequence of the acceleration caused
by the ship's roll. For the purpose of establishing this acceleration
fairly closely,'twb appfoximations were made. In both approximations the
angular velocity is a maximum when the angular displacement is zero, and
the angular acceleration is a maximum when the angular displacement is a

maxXimum.

Slender Rod Approximation

It was assumed that the roll of the ship approximated the motion of
a long slender rod swinging in a vertical plane about a horizontal axis
through its top end, as shown in Fig. Bl. The length, L, consistent with
the 30° roll in a l4-sec period must be established first. The angular
acceleration, &, may then be determined.

Let the bar rotate from the dashed line to the solid line shown in .

Fig. Bl. By work and kinetic energy principles,

!

L N _ 11w o fael?
W“2 (cos 6 — cos ¢) = R ER L }%dtf
and
lag)2 3
aom _ 28 - .
»&d T (cos 6 — cos @) ,
where
@ = angular displacement (in radians) at time %,
= maximum angular displacement (7/6),
a%e
0 = — = angular acceleration (in radians/sec?),

at?
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IO = mass moment of inertia of rod with respect to horizontal axis
at O
=%Z-L2,

W = weight of rod (in 1b),

L = length of rod (in ft),

g = gravitational acceleration (32.2 ft/secz),

t = time (in sec),

T = period of oscillation (14 sec).

The separation of variables and affixing of appropriate limits give

I3g\t/2 1/4 /6 a6

. ) 4
0 0 (cos 6 — cos ¢)1/?

from which

L2 /e d6

P A = |
0
_]_
~—

ZBg; 0 (cos & — cos ¢)1/2

From the procedure outlined by Sokolnikoff and Redheffer,1

2L /2 /2 dp
T =4 —!
3g 0 (1 -K? sin® p)t/2
sin (6/2)

K

is obtained where K = sin 15° and sin B =
C. Standard Mathematical Tables,?

From the C.R.

/2 . as -
| = 1.5981 .
0 (1 — XK? sin® B)1/2

11, 5. Sokolnikoff and R. M. Redheffer, Mathematics of Physics and
Modern Engineering, p. 49, McGraw-Hill, New York, 1958.

2C.R.C. Standard Mathematical Tables, p. 247, Chemical Rubber Pub-
lishing Co., Cleveland, Ohio, 1956.
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Therefore,

[ 1/2
T =4 {gg (1.5981) .

For T = 14 sec, it is calculated that L = 231.67 ft, the length of rod

required to have a l4-sec period and a maximum deflection angle of 30°.
_ L oing oo 2W 125 __38 gine it is
From ZMO = IJJ, 1) 5 sin 6 = 3 g L°Q, and & = 51, sin 9, it 13
found that when 68 = 30°, '

o] = —0.104 radian/sec?
max

Harmonic Motion Approximation

If the roll of the ship is approximatéd by simple harmonic motion,

2
4% i x% =0

at?

The general solution to this equation is
6 = A sin (Kt + B) ,

from which

a6

o = AK cos (Kt + B)
and
2
d°0 _ _ak? sin (Kt + B)
at?

If it is assumed that 6 = 0 when t
t = T/4, it is found that B = 0, K

0, and 6 = m/6 and d6/dt = O when
2m/T, and A = 7/6. Hence,

_ T i 2T
6 = 6 sin 0 t
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and

3.5

The period T is 14 sec and the maximum acceleration occurs when t

sec. Hence,

2 2
e _ _ T 2w sin 2w (3.5) = &
at? 6 |14 14
max
and
o = —0.105 radian/sec?
max

With the center of roll 2 ft above the bottom of the core, the accelera-

tion caused by roll of the top of a fuel element is approximately
a = 40,
Either value of a (0.104 or 0.105) gives
a = 0.4 ft/sec? ,

which may be ignored when compared with 0.7 g = 22.54 ft/secz. The dy-

namic loads from the angular acceleration are therefore negligible.

Thermal Deflection and Stresses of the Spacer Bar¥*

Temperature gradients exist in the spacer bars that separate the
fuel containers of the second and third coolant passes. The gradients
are assumed to be identical and to cause each spacer bar to bow in the

direction of the higher temperature. The spacer bafs thus apply line

*The author is indebted to S. E. Moore for the analysis contained
in this section. o
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loads on the fuel containers. If a line load is appreciable, it must be
- considered in the design of the fuel container. Since the spacer bar is
supported by the fuel container,_it will behave as a beam on an elastic
foundation loaded with a temperature distribution, where the foundation

modulus is determined by the container wall thickness.

The Beam on an Elastic Foundation Loaded with a Temperature
Distribution ‘

The deflection of a beam on an elastic foundation with a temperature
distribution linear through the thickness and arbitrary with the length,
T = Ky £(z), can be treated as the sum of the free deflection produced
by thevtemperature w, and the deflection caused by the resistance of the

t

foundation Vo)

LA S P _ (1)

)
1]

where the positive direction is downward (Fig. B2). The free deflection
may be found by the method used in the analysis of the EGCR graphite
columns,3 where it was shown that the curvature of a beam with a linear:

temperature distribution is

dzwt' ar o
=—0 — . . (2)
az? oy
Integrating twice
Wy =@ fng_ydzz + Cyz + Cz . - (3)

Deflections Caused by Temperature Distribution

The temperatures in the spacer bar were determined numerically for

design conditions at points (x,y) for four cross sections 24 in. apart

35. E. Moore and W. A. Shaw, "EGCR Core Structural Analysis, The Ef-
fects of Fast-Neutron Irradiation and the Bowing Characteristics of the
Graphite Columns," USAEC Report ORNL CF-61-3-69, Oak Ridge National
Laboratory, April 14, 1961.
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along the spacer bar® (Fig. B3). For small deflections it can be assumed
that plane sections remain plane and that nonlinear terms in the tempera-
ture distribution do not contribute to the deflection. Consequently, a
plane was fitted to these data by the method of least squares, giving a
linear temperature distribution through the beam at each cross section

of the form
Ti = Aix + Biy + Ci R

with Ai ideﬁtically zero because of symmetry. The four planes define the

following axial temperature function:

T = % {1342 + By (! ; z) — al sin 2%5} Y+ [C4Z +Cy(2 — ZJ} _A (4)

The unrestrained temperature deflection for a beam with pinned ends is

then

- ' - / \

Buz> lz? z3 al3 2z B, By
+B |——-—| 4+ — sin — |+ Qlz |— + —| . (5)

1|6 2 6 4 ! 6 3

The Beam on an Elastic Foundation

The deflection caused by the resistance of the foundation may be
found from the ordinary beam relations. For a beam that is loaded with
a distributed force that is proportional to the deflection;

/7

L . (6)

Substituting the fourth derivatives of Eq. 1 énd Eq. 5 into Eq. 6 results

“T. D. Anderson, "A Thermal Analysis of Zircaloy Fuel Element Con-
tainers for the N.S. Savannah Reactor," USAEC Report ORNL-TM-197, Oak
Ridge National Laboratory, Nov. 16, 1962.
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in the nonhomogeneous equation for the beam on an elastic foundation:

4
dv , X w-— 42 _ac sin 212 . (7)
dz* EI_ (B1)? !

The solution to this equation is

b m(BL)? ao 2Tz o
-—  sin — , (8)
nml R g4 4 (B1)% !

X
= ZE1_’
X

N, e % sin Bz (see ref. 5),

N» e P2 cos Pz,
Bz

=
w
1

e sin Bz,

Ny eBZ cos Bz,

=
I

arbitrary coefficients.

Since no stresses are produced by the temperature deflection, the moment,

M, is a function of only the foundation deflection w,; thus,

4 i M
' | 4p2 !
M(z) =——Elx(ﬁ2 ), ANZ+ t—‘L—li a0 sin 202 4
{ na1 ® Rl CIOA !
[ - ) }‘\
+2 B+ B(i-2)), (9
S J/,
where
a%w

N/ = — B
"oa(pz)?

>These functions and their derivatives are tabulated for values of
(Bz) from O to 10 in "Stress Analysis of Cylindrical Shells," by F. J.
Stanek, USAEC Report ORNL CF-58-9-2, Oak Ridge National Laboratory,
July 22, 1959. '
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The Deflection of the Spacer Bar

Approximate physical dimensions of the stainless steel core, the
materials properties of Zircaloy,6 and the constants of the temperature
function (Eq. 4) are listed below.

Temperature Constants

By = —0.49605 B, = 15.60867
Cy = 514.08785 ¢, = 510.82823
a = 1.37692 1 =72

Material Constants

E

i}

12.4 x 10% psi, transverse at 500°F,
'11.2 x 10% psi, longitudinal at 500°F,
v = 0.4,

3.71 X 107® in./in. per °F.

ti

Geometric Constants

k
B

it

0.037 in.*
11.25

H

1000 1b/in.-in. I,
0.156 in.~* =Y

]
it

Since the dimensionless quantity B! is greater than 27, the beam may be
considered to be seml-infinite. Therefore the arbitrary constants for

the pinned-end case are

Ap = A3 = A4 =0 .

In order to consider the effect of the pin at z = !, the origin is trans-

lated to z = ! by the variable change

Bn = Bl - Pz .

6¢. L. Whitmarsh, "Review of Zircaloy-Z and Zircaloy-4 Properties
Relevant to N.S. Savannah Reactor Design," USAEC Report ORNL-3281, Oak
Ridge National Laboratory, July 9, 1962.
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The complete deflection equation is then

aB, QB T (Bl)%ac 27z
w=—N(Bz) + — N1(Bf) — ——————— sin — .
2 2 ™ + (Bl)* .

The maximum deflection is.

w__=9.3x107% in.,
max
at z = 66.9 in. This deflection is negligible.
The moment equation may be found in the same manner; however, since
the deflections are small enough to be neglected, a conservative esti-

mate can be obtained by assuming that the beam is completely restrained.

Stresses in the Spacer Bar

Using the second derivative of Eq. (5), the bending stress is

o =% 9%2 [B4z + By(? — 2z) — al sin E%EJ ,

R

where ¢ is one-half the depth of the beam, from which the maximum
O = 240 psi at z = 72 in. Additional stresses are caused by the dif-
ference between the temperatures calculated by using Eq. 4 and the tem-

peratures calculated in ref. 4. A conservative estimate is given by

O't = EG AT

The maximum AT = 6.04°F; thus the maximum stress is

Ut = 250 psi
max

The maximum stress in the spacer bar will be equal to or less than the

sum
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which is less than 3% of the allowable primary stress of 17,600 psi and

therefore was not considered further.

Torsional Deformation in Second-Pass Fuel-Element Containers

It may be seen in Figs. 1 and C4 (Appendix C) that the right-hand
walls of the leftmost second pass fuel-element containers are supported
through spacer bars by the third-pass fuel-element containers, whereas
the left-hand walls are relatively unsupported, and only the bottoms of
the fuel-element containers are fixed against rotation. Consequently
excessive deflections and significant stresses may develop in the fuel-
element containers during a 30° roll (as indicated in Fig. C4, which
shows a cross section of the core with both spacer bars and fuel elements
omitted) when the fuel elements impose loads on the fuel-element con-
tainer walls.

To determine the magnitude of the torsional stresses and deflections
caused by such action, it was assumed that each second-pass fuel-element
container was fixed at one end, simply supported along one wall at the
other end, and subjected to the load of 1140 1b imposed by the fuel ele-
ment when the ship was on its side and subjected to a vertical upward
acceleration of 2 g. This condition is shown in Fig. B4. The torque
imposed is (4.445)(1140) = 5060 1lb-in.

The angle of twist per unit length of container is given by7

where

M, = torque (in 1b-in.),

ct

s = length of perimeter of mid-surface of fuel-element container
wall (in.),

[®)]
]

modulus of rigidity (in psi),

7S. Timoshenko, Strength of Materials, p. 249, Part II, 3rd E4.,
D.Van Nostrand, New York, 1956,
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A = area enclosed by mid-surface of container wall (in.z),

h = thickness of container wall (in.).

For the container loaded as shown in Fig. B4,
Mt = 5060 lbv-in.,

h ~ 0.1 in., using the thickness of the existing stainless steel con-
tainers,

s ~ 4(8.8) = 35.2 in.,
A~ 77.2 in.?,
5.22 x 10° psi.

@«
i

Therefore, the angle of twist in the 80-in. length is

680 in. = 0.00114 radians

With this angle of twist the vertical deflection of B because of torsion
is 0.010 in. ‘

The shearing stress, and the consequent normal stresses, from toréion
are® 1 = 0 = Mt/2Ah, where the previous nomenclature holds. The normal
stress is approximately 300 psi. '

When it is considered that the top of a fuel-element container is
not completely free to rotate, that there is some support from adjacent
second -pass containers, and that the thickness of the container wall will
be 0.14 in., the deflection of 0.010 for point B and the normal stress
of 300 psi are conservative, 'Furthermore; during normal operation these

values are approximately half as large. Stress and deflection because

of torque were therefore not considered further.

8Ibid., p. 248.
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Appendix C
SELECTION OF MODELS FOR ANAT.YZING.THE FUEL CONTAINERS

The significant stressesvand defléctions in the fuel-element con-
tainers are caused by the fuel-elemenﬁ loads imposed as a consequence of
gravity and heaves and by pressure loadings, since it was shown in Appendix
B that loads imposed by temperature gradients, twist caused by nonsym-
metrical supports, and dynamic loads caused by the angular acceleration
of the ship's roll are negligible. The selection of models for-analyz-

ing the fuel containers is discussed here.

Selection of a Model for Determining Stresses and Deflections
Caused by Flexure of the Unit as a Whdle

The data used in making the stress and deflection analyses necessary
to select a conservative model are listed below: '
1. The fuel containers were assumed to be 80 in. long. . This is a

conservative value, since Babcock and Wilcox Dwg.. No. 10423F-4 indicates

-approximately 79 in. from center to center of supports where one end. is

fixed, _

2. A modulus of elasticity of 11 X 10® psi .was assumed.!

‘3. Poisson's ratio, u, was assumed to be 0.4.

4. The weight of the fuel containers was assuméd to be 100 1b.

5. The spacer bars and cover plates were assumed tovweigh'9.5 1b
each. ‘

6. The cross-sectional dimensions used were those.shown in Fig. C1,
which weré taken from Babcock and Wilcox drawing No. 10423F-4 and .
Massachusetts Institute of Technology drawing No. EPS-X-428.

“Stresses and Deflections Obtained by Treating the Core Assembly as a Unit

and Considering It To Be Simply Supported

The model requires that the 32 fuel containers shown in Fig. 1 be

treated as a unit and considered as a builtup beam. The moment of inertia

1C. L. Whitmarsh, "Review of Zircaloy-2 and Zircaloy-4 Properties
Relevant to N.S.. Savannah Reactor Design," USAEC Report ORNE-3281, Oak
Ridge National Laboratory, July 9, 1962.



of the cross section and the load of the whole assembly must therefore
be détermined.

The moment of inertia of the cross section with respect to its cen-
troidal axis, which is the neutral axis, N.A., of the builtup section,
is obtained by summing the moments of inertia of its several components
with respect to the neutral axis. The basic dimensions are shown in
Fig. Cl. Minimum dimensions giving cross-sectional areas of 3,549 and
3.053 in.?, respectively, for the second- and third-pass fuel-element
containers were used in calculating the required moment of inertia. The
moment of inertia, IX, of the cross section of a second-pass fuel-elemént

container with respect to its own centroidal axis is obtained as follows:

-

I »='2E—2 (-0.106)(6.52)3j + 20(6.52)(0.106)(4.438)2 ]

+ 4 fT’/2 (1.178 sin 8 + 3.26)% (0.106)(1.178) ae
0
= 44.8 in. % .

Similarly, for the third-pass fuel-element contaiﬁer; IX = 38.7 in.*%.
Using these values for the moments of inertia of the fuel-element con-
- tainers, the dimensions shown in Fig. Cl, and neglecting the moments of
inertia of the spacer bars, the moment of inertia of the cross section

with respect to its neutral axis is
I =27,200 in. % .

The weight of the whole assembly, including the spacer bars, is
28,200 1b. The maximum shear in the builtup beam consisting of the fuel-

element containers and separator bars is therefore

V = = (28,200)(3) = 42,300 1b

N

when the ship is on its side and subJected to a vertical heave of 2 g.

l
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The maximum shearing stress is given by2

Vi
Tmax f% 7 (1)

where

Tex shearing stress (in psi) at the neutral axis,

V = total force acting on the cross section parallel to the cross
section (in 1b), '

.Q = the first moment of that area of the cross section on either
side of the neutral axis with resﬁect.to the neutral axis (in = .
in.3),

"I.= moment of inertia of the cross section with respect to the neu-
tral axis,

b = the width of the section at the neutral axis (in in.).

Here the values of V and I are those determined above, Q = 788 in.3,

b.= 1.2 in., and therefore Toax 1020 psi. This stress occurs in the
spacer bars. For fuel-element containers having a wall thickness greater
than 0,106 in., the stress will be less. _
The maximum bending moment.in the builtup beam will be at mid-span
of the beam and will occur when core II type fuel elements are being used.

Because of the load centrally imposed by the'fuel elements, the mid-span

‘bending moment will be R2£/4, where £ is the assumed length of 80 in.

The bending moment.from the loads imposed near the ends of the fuel-element

containers by the fuel elements are assumed to be negligible because of
the proximity of the supports. The bending moment at mid-span from the
effective distributed total load, We,'of the fuel-element containers and

spacer bars‘is-Wé2/8. The resultant bending moment is

Wy £
» 21 4

.2P. G. Laurson and W. J. Cox, Mechanics of Materials, p. 137, 3rd
Ed., John Wiley and Sons, New York, 1954.
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The resultant maximum flexure stress at mid-span is given by?

where

o = flexure stress (in psi),

M = resultant bending moment (in.lb-in.),

¢ = distance from the neutral axis of the cross section to the point
in the cross section most distant from the neutral axis (in.inh);

I = moment of inertia, as previously defined. -

Hence, the resultant bending stress for a simply supported beam subjected
to a concentrated load, Rz, at mid-span and a total uniformly distributed

effective load of We is

o-=,'R2+_e,_. (2)

The maximum deflection will also occur at mid-span and is the sum®

R, 12 5w 13
e
+ 2
4S8RI 384EI

that 1s, the sum of the deflections due respectively to the concentrated
and the total uniformly distributed effective loads. The resultant de-

fleetion is

50 13
6 - [Ro + —2| —
8 | 48FI

?Ibid., p. 129.
“Ibid., p. 407.
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Here, for the ship on its side and subjected to-a vertical heave of 2 g,

where £ and I are.as previously noted,

R, = 1140(32) = 36,480 1b (from Appendix A, p. 17),
W, = (3850)3 = 11,500.1b, including 52 spacer bars and 16 .cover
plates,
c = 28,78 in.,
= 900 psi,
& = 0.0015 in.

Stresses and Deflections in a Single Fuel-Element Container Subjected
to a Concentrated Load at Mid-Span and a Uniformly Distributed .Load

For the beam shown in Fig. C2,

o5 L L
R =gWe t g R
(see ref. 5),
':2’ 5_
RR= 8 e * 15 Bos
g (3 We j/
M = -—Rz + - =,
max 4 514
5 = [0.aa7m, + 48y | 22
max cTHiTe 185 "e| 48ETI ’

if it is assumed that the maximum deflection from R, and We are coinci-
dent. ' v ‘
For the beam shown in Fig. C3, the equations for the maximum bending

moment and the magimum deflection are

We £
Mmax = (R2 + _) -
214

_ 5Américan'Institute of Steel Construction, Steel Construcfion, Pp.
369370, 5th.Ed., New York, 1950.
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and

max

as determined- above.
Comparison of the values of M and © for the models shown in
max max
Figs. C2 and C3 indicates that the simple beam is the more conservative
model of the two. With the ship on its side and with a vertical heave
of 2 g, the maximum bending stress, the maximum deflection, and the maxi-
mum shearing stress in the fuel-element container considered as a simply

supported beam and using third-pass dimensions are:

Orox 3000 psi ,
B = 0.033 in. ,
max

Tmax = 460 psi .

Comparison of the Two Simply-Supported Models

The values of the stresses and deflections for the whole assembly
and for a single fuel-element container treated as a simple beam are tabu-
lated below for the condition when the ship is on its side and subjected

to a vertical heave of 2 g:

Bending Shearing
Stress Deflection _ Stress
Model (psi) (in.) (psi)
Builtup beam 200 0.00154 1020
Single fuel-element container 3000 0.033 460

Thus, a comparison of the two models may be made.

It is obvious that insofar as these.stresses and deflections are
concerned, either model indicates that the core structure is satisfactory.
There is doubtless some shear'lag effect in both, but this Will not be
great, since the ratio of the length to the width of the fuel-element

container is about 9. ©Shear lag was therefore neglected. Since the

_L\‘
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bending stress and deflection of the single fuel-element container greatly
exceed those of the assembly and since the shearing stress in the assembly
is not critical, the single fuel-element container treated as a simple
beam has been conservatively chosen as the model for dealing with deflec-

tions and stresses from beam action.

Comments on Stresses and Deflections Caused by Flexure of the Unit
As a Whole :

It is to be noted that the analysis thus far assumes core II type :-
fuel elements and ignores the deflection and the bending stresses (which
are small)'caused by the loads applied by the fuel element near the ends

of the fuel-element containers. The small values obtained for o and

max
vamax for the unusual condition of the ship on its side with a vertical

¢

heave of 2 g indicate that there is no need for concern because of this
simplified approach. For core I type fuel elements, the values of O ax
and 6max at the core mid-height will be smaller than those computed above

because there will be no concentrated load at the core mid-heightf

Selection of a Meodel for Considering Stresses
and Deflections Caused by Localized Action

Thus far in this appendix, consideration has been given only to the
stresses and deflections from flexure of a unit as a whole. It was aiso.
necessary to select a model for determining the stresses and deflections
from localized action. For orientation, it is assumed that the ship is
in a 30° clockwise roll and that one is looking at Section A-A in Fig. C4. -
Column 1 consists of sécond-pass containers only, and column 2 consists
of four intermediate third-pass containers with second-pass containers
at top and bottom. I

The second-pass containers are all subjected to a positive internal
pressure and their left faces receive no support from an adjacent container.
Simpie supports at the upper corners have therefore been assumed for column
1 in order to allow the sides of the containers to deflect freely. The
third-pass containers are subjected to a negative internal pressure, and

each‘is supported by an adjacent container on every side. Furthermore,
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the supports of these third-pass containers are such that there should

be little, if any, rotation at the supports, and hence fixed supports

were assumed on the third-pass containers. The right supports of the

second-pass containers at the top and bottom'of column 2 are likewise

somewhat fixed against rotation by adjacent containers, but the left sides

are more or less free; it was shown, however, on pagésv307to 31 that ex-

treme nonsymmetrical loading in the form of torsion causes nc appfeciable .

stress or 'deformation in the fuel-element container wall. Therefore, the

second-pass containers in column .2 were assumed to be symmetrically sup- -
ported by simple supports at the mid-points of their sides. It is assumed

that these simple supports are a reasonable symmetrical_sﬁbstitute for P
the nonsymmetrical supports they replace.

The intermediate frames in the respective columns were assumed to be
identical in .loading, stresses, and deflections. Therefore, the models
selected consist of three containers each, as shown in Fig. C5.

It is seen in Fig. Cl1 that the existing third-pass container has a
center-to-center wall dimension of 8.891 in. This is slightly more than
that of the second-pass container and is used as the length of the sides
of the rigid-frame models. The diﬁénsioﬂ a was assumed to be equal to
1.325 in. and was obtained fromAGeneral'Electric Sheets No. 101F544 en-
titled "Bottom Tie Plate' and No. 585D189 entitiedv"Tpp Tie Plate."
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Appendix D

RIGID-FRAME ANALYSIS

.Examination of the stresses and deflections in the models selected
in Appendix C for localized action required analyses of three rigid basic
frames. The three basic frames will be designated case I, case II, and

case III, respectively, and are as shown in Fig. D1.

Method of Analysis

These frames were analyzed by the slope-deflection method whefein,
by properly associating the rotations of the tangents to the elastiéﬂpurve
and the deflections at the ends of the individual members, standard equa-
tions for the end moments could be formulated in terms of the fixed-end
moments, rotations, and deflections. The nomenclature and conventions

1 Definitions of the nomenclature,

used are those suggested by Carpenter.
conventions, and a brief outline of the method are given by utilizing
"Fig. D2, where

MiB = the bending moment at joint A in the beam AB, assuming both ends

fixed; a clockwise moment on Jjoint A is positive;

MgA = the bending moment at joint B in the beam AB, assuming both ends

fixed; a clockwise moment on Jjoint B is positive;

8, = the angle of rotation (in radians) of joint A; clockwise rota-

tion of the Joint is positive;

GB = the angle of rotation (in radians) of joint B; clockwise rota-
tion.of the joint is positive;
MAB = the actual bending moment at A in the beam AB after all relaxa-

tion has been accomplished;

1S. T. Carpenter, Structural Mechanics, pp. 189198, John Wiley and
Sons, New York, 1960.
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MBA = the actual bending moment at B in the beam AB after all relaxa-

tion has been accomplished.

Since symmetrical supports'were assumed (see p. 8), it is assumed
that symmetrical deflections will occur. . Consequently, there will be no
relative vertical deflection of A with respect to B in Fig. D2. Develop-
ment of the standard equation aé it applies to the three basic frames in-
volves the following three steps: _

1. Assume that ends A and B of the member AB are momentarily locked
against rotation. The loading on the member then produces the fixed end
moments MiB and MgA, which are respectively positive and negative as
shown in Fig. D2b. .

2. With end B still locked and with MF still acting at A, a clock-

wise moment MAB is added at A to cause the igsumed clockwise_rotation QA

of the final configuration at A. It can be shown by area moment methods

that the magnitude of MAB = AEIGA/L and that the moment at B is increased
in magnitude by MAB/2 or 2EIGA/L. The resultant moments at A and B are

now

M — M/

AB AB

and

as shown in Fig. D2c.

3. With the moments unchanged, B is unlocked. A clockwise moment
MéA is then applied to cause the assumed clockwise rotation GB of the
final configuration at B. Again, by area moment methods, it can be shown
that the magnitude of MﬁA = 4EIGB/L and that the moment at A is decreased
by MﬁA/Z or 2EIGB/L, while 6, remains unchanged. The resultant moments

at A and B are now
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AB ~ TAB AB

Moo= — M —ﬁ
5

L 410, 216y
=My - — B

L L

and

M (MiA+—:_+M'.BA

2EIG , AEIGB\ *

. O

L1}

It is to be noted that the angles GA and 6_ are both assumed to be posi-

tive, as shown, so that the sign conventioi will be a general one and
will ensure that any computéd value.-of an angle may be interpreted cor-
rectly. For other members of the £rawme, the moments Mij may also be ex-
pressed in terms of Qi and Qj.in-a similar way, and all moments are ex-
pressed in terms of fixed-end moments and angles of rotation. . At A,

MAC +'MAB = 0. Corresponding equations méy be written for other joints,
and the method reduces to solving a system of n equations in n unknowns.
Attention is called to the fact that a positive value for MAB in-

dicates tension-in the top of the member AB-at A, whereas:a positive
value for MBA indicates compression in the top of the member AB at B.

In constructing the bending diagrams, the 51mply supported beam .conven-
tion is used unless otherwise noted, that is, tension in the bottom fibers
is considered positive. "Hence, a negative value for M (tension'in bot-

AB
tom) is treated as positive in constructing the bending-moment diagrams.

:Analyses of the Three Basic Frames

General equations for the three basic frames described at the first
of this appendix are obtained by the method outlined brieflygabové. Be-
cause of symmetry, it is necessary to consider only half the frame in

every case.



The fixed-end moments, which may be determined by elementary methods,

are as follow (refer to Fig. D3):

Case I

M = - s
AF L g 12
£ - o3 :
AB 28 7’
F _ . pl?
Mop = * 28 > ’
F _ _pl?
Mpe L8’
MF=+&2
CB 48’

ecp - "8 T3

The expressions for the moments in terms of the slopes are the following:

2EI pL? 8EI6 4EIB, pIL?
- _ _ A B
Mg = —— (26, —8y) - T B B ’
L/2 48 L L 48 ﬂ
2EI pL? 4EI6, 8EI6_, pIL? .
- _ A B
Mgy = — (—QGB —6,) + = - - + ,
L/2 48 L L 48
2EI Qa(L —a) PL pI?
M. =— (=206, —6_) + — - — —,
AF g AF L g8 12
and, since 6. ==—0



2816, Qa(L —a) PL pl?

Map =~ Ay pieli el
L L 8 12
2EI pL? 8E16 4EI6 pL?
Mpo = —— (—QGB -~ eC) - = - B _ Cc _ )
L/2 48 L L 48
2EI . pL? 4E16, BEI6, plL?
M,,=—(=26,~-06_)+—=-— - =~ + ,
- R - I A L L 48
- = 2Bl (59 _ RL _ pI?
Mep L (®% GD) T8 T12
and, since GD =-GC,
2EI6, RL pL?
Mep =~ +o— - —
L g8 12

By setting the sum of the moments at any joint equal to zero, three equa-
tions are obtained in terms of the slopes 6 GB, and 6

For MAB + MAF =0,

A’ ¢’

8EIGA 4EI6, pL? 2EI6, Qa(L —a) PL pI?

— —_ — + ——.4.__:0,

L L 48 L L 8 12

PL? Qa(L —a) pL3
56, + 26, = - + — + . (1)

6, + 465 + 6, = 0 . ' . (2)
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For MCB + MCD =0,

_ RI? 13
260, + 56 R

" 16EI  32ET °

(3)

Simultaneous solution of Egs. (1), (2), and (3) yields expressions

Tor GA, GB, and GC in terms of the applied loads:
I 72Qa(L - a)
GA = —OP + R + — + 4pL
640EI L L2 :
2 8Qa(L — a)} .
op = P—R-- |
256E1 - 12 -
2 8Qa(L — a)]
6 = [9R—P—4pL+ - !
640ET L 12 .

]

|
b
J

With the slopes known, the expressions for the moments and deflec-

tions in terms of the applied loads are determined, as follows:

L [ 744Qa(L — a)
M = — |93P + 3R -
AB. 960 12
Mg = Mpp
L [ 48Qa(L — a)
M, = — |6P+6R— ———— —
BA 540 12
Moo = Mgy >
L [ 24Qa(L — a)
M, = — |-3P — 93R +
€8 960 12

- 68pIJ s

PLJ p)

+ 68pL

]

I

(7)

(8)

(9)

(10)

-
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(12)

- Use of these bending moments permits the determination of the end
reactions and construction of the bending-moment diagrams, by parts, for
the beams making up the frame. Because of the assumed symmetry of the
whole frame, there is a horizontal tangent to the elastic curve at the
mid~point of each of beams AF and CD, and the bending-moment diagrams,
by parts, are needed for only the left halves of these beams. Beams AF
and CD and their respective diagrams and elastic curves are shown in
Figs. D4 and D5. The upward vertical displacement of end A of beam AF

with respect to the horizontal tangent at X, , is equal in magni-

_ 6A/tanK
tude to the downward vertical deflection of K, SK. A similar statement
may be made for beam BC. Through use of the Second Area-Moment .Proposi-
tion,? the vertical deflection of the mid-points of the beams may be de-
termined. ‘

From Fig. D4,

L
+TEIS/tnK +(2—+.4 4—-

Q[(L/z -8l L+a pl?2L 3L

2 , 3 g8 68

)

+ | EIgy, 7680 (—67PL? + 216Qal? + 744Qa®L
— 1280Qa> + 32pL* + 3RL3) . (13)
From Fig. D5,
+ | EIa = 7%56 (-3PL3 + 67RL® + 24Qal? ~24QaL — 32pL%) . (14)

2P. G. Laurson and W. J. Cox, Mechanics of Materlals, p. 169, 3rd Ed.,
John Wiley and Sons, 1954.
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The procedure of case 1 was followed in the analysis of case II.
Only the final forms of the slope, moment, and deflection equations are

listed. For the frame shown in Fig. D6,

65 =0, | (15)
JI2 0 f16Qa(L - a) 1
0, = : — 2P + pL| , A (16) .
160E1 - L2 .
L '192Qa(L — a). ] i
Myp = —— 24P — : - 17pL| , (17)
- 240 12 K
Myp = Myp s (18)
L 96Qa(L — a) !
M, = —— 12P — ——- - oL , (19)
BA 50 | 12 '
+ | EIS = 5%—-(—2PL3 + 6Qal? + 24Qa%1, — 40Qa3 + pL*) . (20)
+

Case II1

The procedure used for case III was the same or similar to that for
the previous two cases, and therefore only equations in their final form

sre listed. For the frame of Fig. D7,

L2 : 24Qa (L — a)]

eA = ~3P — R + s (21)
128ET [ 12 J
12 { 3Qa(L — a)]

0p = ——— P+ 3R -, (22)

128ET 12 s
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L 120Qa(L — a)
Myp = — [15P - 3R — — 16pL| , (23)
192 L 12
= 24)
Map = Myp (24)
L 24Qa(L — a) :
My, = — [3P-—.l5R— + 16pL| , (25)
192 12 -
Mpe = Mgy | (26)
o D 3 2 27 _
+ § EI8, = 53¢ (—17PL? + 72Qal? + 120Qa®L
— 3RL3 - 256Qa® + 4pL*) , (27)
. = 1 T 3 3 _ - — BT 28
+ | EI8 = 75z (17RL? + 3PL% — 24Qa(L — &)L — 4pL4) ., (28)
= 1 3 3 4 )
Kol - - . _ 29
" EIBg . T53g [6PL? + 6RL 48Qa(L — a)L + 4pL~] | (
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Fig. D1. Basic Rigid-Frame Models Used in Stress Analysis of NS SAVANNAH Fuel-
Element Containers. .
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Fig. D2. Steps in Developing the Slope -Deflection Method.
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Fig. D4. Bending Moment Diagram by Parts for
Half of Beam AF for Basic Frame of Case I.
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Fig. D5. Bending Moment Diagram by Parts for
Half of Beam €0 for Basic Frame of Case I.
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Appendix E
A BEAM ON . AN ELASTIC FOUNDATION

The analysis of the spacer bar "beam" in Appendix G required the con-
‘sideration of a semi-infinite beam on an elastic foundation-loaded simul-
taneously with a concentrated load, a uniformly distributed load, and a
triangularly distributed.load under certain prescribed end conditions.

The desired beam and conditions were obtained by starting with the beanm
shown in Fig. El without the load P .and the moment M " which are. shown

Adashed

A Beam of Infinite Length

Solutions are listed by Hetenyilgforan.infinitely'ldng beam on an
elastic foundation carrying a concentrated load, & uniformly distributed
load, or & triangular load. As long as the elastic limit.is not.exceeded
in either the beam or the foundation, the solution for a beam carrying
any combination of such loads may be obtained by superposition provided
proper -attention is paid to algebraic signs. . For the infinitely long
beam loaded with'the”concentrated lcad P, the uhiformly distributed load
of intensity q, and the triangular load of maximum intensity 9, (but not
Po.and Mo), the expressions for the deflection y, the slop,dy/dx, the
moment M, and the shear Q at a point x units to the right of the origin

A are as follow:

= EA T P -
Y = ok Mx—e | T 28 B 7 Dy T Da(px)]

qo.
ZE LOA( z-x) — 2MD

* N\

+4N2e - x)1.,

1M, Hetenyi, Beams on FElastic Foundation, pp. 2—17 The University
of Michigan: Press, Ann Arbor, Michigan, 1946.




dy _ ., PN aA

x - Tx B?\’x—el Ty [A7\x B A7\(£fx')] ’
F 22 + Dy + NMA,_ —2]
2ke “TAN(£—=x) x A ’
P a
M= ~— Cx + —— [B,_ + B ]
4 %]x—el 402 Ax AN L—x)
o B, ]
— A Al 2NLB
"o e T T BB
and
Q==x= + (c,. —¢C ]
2 %'x—e' AN TN NN o)
qo [ . \ ]
— — |B,_ + B — NC .
47\22 X )\(ﬂ_X) x

The first terms in the equations for dy/dx and Q are positive for x < e

and negative for x 2 e. In these expressions,

A, =™ (cos Ax + sin Ax)

AX
A = -%[x-e!( A in Al )
A Jx—e| € t\cos IX—e' + sin '-x—e‘
B?\x = e-?\X sin Ax
B}\IX_el = e-%!x-ef sin AJx - e]
C7\X = 6-7\X (cos Ax — sin Ax)
7\|X-e5v = e'7\lx'el (cos 7\,}( - elf — sin }\lx — eD
}
. Dﬁ - e_>\X tos Nx
D = e-?\lx-el cos 7\|x - el
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1/4
A= |2
4ET ‘
k = the foundation modulus (in pounds per lineal inch of beam per inch

_of deflection).

The fuhctions Ax’ Bx’ Cx’ and Dx have been evaluated. and tabulated® for
.0 < x < 8. Use of these values greatly facilitates the longhand numerical
evaluation of a beam on an elastic foundation.. |

The deflection, slope, moment, and shear at point A of the infinite
beam are obtalned by setting x = 0. For x = O, AO = CO = Do =1 and
Bo = 0. Therefore, '

il q( ) Yo ( )
Y, =—A, +— (1 -~D,,) + (Cy, =1 + 2AL) ,
Ao e o N ks M
ay P)? ah S
T TR e Top (BB Yo (O m 1D,

. Ln 2 1-ay)
M, = —C, +—B  +- 1—-4a ),
A e 2 M g3y Al
and
DL ( ) % ( )
Q, =-+— (1 -C {B ~ Al
Ao N e N

The Semi-Infinite Beam with Hinged End

To convert the infinite beam to a semi-infinite beam simply supported
at A, it is necessary to apply an end-conditioning force and moment at

A such that the resulting deflection and moment at A will be zero.? 1In

2Ibid., pp. 219-239.
3Ibid., pp. 22-23.
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other words, it i1s necessary to add a force, Po’ and a moment, Mo’ at

A, as indicated by the dashed force and couple in Fig. El, so that

PO%
yo + — =0
AT oy
and
Po Mo
M, + — 4+ —=0.
LS

o ( A = = ( )
P =-—PA - C -1 4+2M) —=(1—-0D
o} e N2 7\E. A N
and
i o A ) b )
M ==B, 4+ ——(D,, + M—1), —(1—-A
O \ Ae 2}\3£ N 2}\2 LY/

The addition of these loads to the
to the semi-infinite beam shown in

-ment, and shear are now due to the

infinite beam of Fig. El1 converts it
Fig. E2. The deflectibn, slope, mo-
three original loads plus the effect ‘

of PO and MO and by superposition are given as functions of x and {x —ej;

they are
PA P Mo7\2
vE—A, |+ T AL+ =
ok METel Ty Ty
9
+

Ny

—_— [cMﬂ_x) - Cy, — RMDy L ANe = x)],
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dy PA? POAZ Mox3 aA
— =+ — B | - By, + ——Cy_ +— [A,_ ~ Ay, 17
dx K N x-e| K Ax X M T NL-x)".
%o N 2]
+ —— [D + D, + -21,
- AN £-x) A Ay
. P P M q
M= Cx{x-et v =2 Cag ¥ = Do+ 75 (B + Br(2-x)’
75N N 2 402 *
q
+ 0O

and

P P M_A q
Q=¢ ; D%!x-er - ;_ DAX - jg_ Ak * Z; [Ckx - C%(E-x)]

q'O
[B7\X+ B?\(ﬂ—x ] .

ey

The first terms in the equations for dy/dx'and Q are positive for x < e

and negative for x = e,

The Semi-Infinite Beam with Fixed End

To convert the infinite beam of Fig. ElAto é semi-infinite beam
fixed at A, it is necessary to apply an end-cénditioning force and mo-
ment at A such that the resulting deflection and slope at A will be zero.
In other words, the magnitudes of the force PO and moment Mo in this case

must saﬁisfy the following two equations:

P A
0
+ 2

ox -9

I
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and

dy

Simultaneous solution of these two equations yields:

P PA %o (Chy — 1 + 2M8) q( )
= - : - ')\z'— + -— - l_D u
o) e oAy A N
and
: = - A)
M = —— - — (1 -4,) - D, —1 +
© A e 22 A VIR ‘

The expressioné above for PO and Mb are respectively'identical to
negative of the corresponding expressions for the previous case.
dition of these loads to the infinite beam of Fig. El converts it

semi-infinite beam shown in Fig. E3.

and the
The ad-
to the

The deflection, slope, moment, and

shear are again due to the three original loads plus the effect of PO

and M .
o)

The expressions for them differ from those for a beam with a

hinged end only because of the difference in the expression for the mo-

ment M‘.
o}
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Fig. E1. A Beam of Infinite Length on an Elastic Foundation.
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Appendix F

ANALYSES OF THE FUEL-ELEMENT . CONTAINERS AT MID-HEIGHT
QF THE CORE FOR FUEL ELEMENTS OF CORE II TYPE

The Ré values tabulated on page 17 for ship motions indicate that
the most severe combination of normal motions is that of the 30° roll,
0.7-g lateral heave (assumed normal to the ship's longitudinal vertical
plane of symmetry), and 0.3-g vertical heave. This is the normal condi-
tion assumed in this appendix. In the analyses that follow, a 1l-in.
length of the fuel-element container is assumed ﬁorconstitute.the rigid

frame under consideration.

Rigid-Frame Calculations for Column 2 when Subjected to Simultaneous
-30° Roll, 0.7-g Lateral Heave, and 0.3-g Vertical Heave

The deflection of the spacer bar between the top and intermediate
fuel-element containers (see Fig. Fl) may be expressed in terms of the
deflection of either container -at the point of contact with the spacer

bar. Therefore,

In evaluating this equation, the deflection caused by’beam action was
neglected, because, as shown on page 38, Qith the ship on its side and
subjected to a vertical acceleration of 2 g, the deflection amounts to
only 0.033 in., with the spacer bars neglected. Furthermore this approxi-
mate value would appear 'in both members of the equation and tend to can-

cel out. From D(13)%*,

67PL> 9 31 Q® pL* R
+ [ EI8, = - + —— Qal? + — Qa?L - + +

. J
T 7680 320 : 320 6 240 2560

*The letter indicates the appropriate_appendix; the number in pa-
renthesis, the equation in that appendix. ‘ '
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where p; = +7 psi. Since there is no load at NT’ R =0 in this equation.
From D(20), l
PL? Qal® Qa’L Qa® poL*

+ | EI&. =+ - - + -
U 120 40 10 6 240

2

where pp = -4 psi. Since there are no fuel element loads on the upper
part o% the intermediate fuel-element container, Q@ = 0 in this equation.
Tlie term EI, which actually should be D = EI/(1 — u?), is the same in

- voth expressions above, and the solution of the equation D&KT = DBJU for
P follows.

- From page 17 the load applied by the fuel bundle on the containér
walls is R, = 513 1lb. As shown on pages 18 and 19, this is distribuled
over a 12-in. length of the container wall. The result is then divided

between the two "pads" in contact with the deflected container wall “o

obtain the value Q = 21.375 1b. The wall dimensions L and a were ob%ained

as explained on pages 33 and 40. Equating the deflections gives

67PL°  9Qal? 31Qa’L Qa® piL* PL?  poL* :
- + + - + = 4+ — — (1)
7680 320 320 6 . 240 120 240
or
(165.061)(7680)
P = - = 13.8 1b .
(131)(702.595)
With the value of P thus determined, Eqs. D(7) and D(8) are used to
“ determine MAF in the bottom of the top container: '
31 31 Qa(L —a) 17pI?
M, = — — PL 4+ — — +
AF 30 40 L 240
= 46 lb-in,

In line with the sign conventions explained on page 43, this moment

produces tension in the top fibers of the beam and hence is negative



64

according to the usual beam conventions. The model beam and bending-
moment diagram are shown in Fig. F2. The bending-moment diagram shows
the maximum moment to be approkimately -46 1b-in. and indicates thaf the
‘maximum defiection is at KT, the mid-point of the span.

The defleqtion of KT (or of JU) 1s due to the deflection of the
container as a unit, which will be called beam action and designated 3,
plus the additional deflection caused by plate action of the container

wall, which will be designated 8. The term.3; is given by the equation

5 \“(beam length)?3
'Rg + gwe} 48 ’

EIBl =

as developed on page 36. Using the appropriate values for Rp and,We as

tabulated on page 18,

5

' : ’ 3
EIdy = {él3 + 5 (135{{ 80

48

If it is assumed that the moment of inertia I is directly proportional to
the thickness t of the container wall, I = 423t in.*, since it was shown

on page 34 that I = 44.8 in.* when t = 0.106 in. Hence,

_0.00137 .,
151 ——_t_ll’l.

It is to be nqted that this neglects the 12P = 165.6 1lb upward force and
is therefore conservative.
From D(20),

since Q = 0. Here the EI is replaced by
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D=——= 1,091,270t3

since the bending of a plate 1s involved. Consequently,

PL?>  poL*
DBy = — —~
120 240

184.896 1b-in.? ,

and

184.896 0.000169
182 = = in.
1,091,270t = 3

Thé total deflection. in inches of éither‘KT or Jﬁ'is therefore

©0.00137  0.000169
+ l 5, = +

g 3

It is to be noted that this neglects the deflection caused by the dynamic
-effect of the plafe weight, but this.is <O.OOOOOB53/t2 in. and therefore
negligible if t = 0.1.

With due regard for signé, the value P = 13.8 1b and D(17) and D(18)
are again used to determine MAF in.the top of the third-pass container:

" PL _ 17
AF T T0 " 240 P

|

o 17

1}

34,660 1b-in.

It is again noted that the positive value indicates tension in the top

at A. The model beam and bendihg-momént diagram are shown in Fig. F3.
Data for the top of the upper sechd—pass'container are of inter- ,

est because the predominanf effect is, By far, that from pressure, as

can be seen by observing the relative magnitudes of the terms in the
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equation D(14) following. For all practical purposes it may be said that

. pressure alone determines the shears, moments, and deflections here. The
value P = 13.8 1b, previoﬁsly determined, is used to obtain data which
follew for the member CD of the top frame. The model beam and bending-
moment diagram are shown in Fig. F4.

For member CD of the top frame,

PL3 Qal? Qa’L pL*
- + - - D(14)
2560 320 320 240

+ °l Do

=3.787 + 6.995 — 1.043 — 182.177

—180.012 1b-in.3 ,
and it was indicated above that D = 1,091,270t>; therefore,

180.012 0.000165

8 = = ————— = — —— in.
1,091,270t2 3 :
As on page 64,
ey = 20T 4y,
Hence,
0.00137 0.000165
+ rlaN = - in.
T t £3

Also

PL Qa(lL —a) 17
Moy = - — - pil? , . D(12)
P 320 40L 240

-39.4 1b-in. ,

which indicates tension in the bottom.



67

The'procedure described above is then used to analyze the container
walls adjacent to the lower spacer bar. Again, the deflection of the
spacer bar between the intermediate and bottom fuel-element: containers
may be expressed in terms of the deflection of either container at the

point of contact with the spacer bar. Therefore, §JL.= SNB. .From D(20),

PL? Qal? QL Qa® ppL*

+ 4 EIBJ = - + S+ + L
L 120 40 10 6 240

where pp ‘= -4 psi. From D(14),

67PL° Qal? Qa?L p,L*
+ ] EIs, = + + - - "
B 7680 320 320 240

where pp = +7 psi. As before, EI, which actually should be D =-EI/(l - uz),

is the same in both expressions, and the solution of DSJ ;='D8N for P
‘gives L fB

o _ 1583.137 _

P= 11,984 12,8 1b .

This value of P is used to obtain the data of the following four items.

1. For the bottom of the third-pass container (see Fig. FS),

PL 8Qa(L —a) 17
M,_ = —— + — + poL? D(18)
: 10 10L 240

+=14.5 1b-in. ,

which -indicates tension in-the bottom.

2. . For the deflection of the spacer bar,

- 0.00137 .
1‘ 81=T71n-,
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as on page 64,

_ 67PL3 | Qal?  Qa’L _ 74

* 1 D% = 5o t 3200 7320 T 240 D(24)
'=—98 1b-in.> ,
98 0.00009
52 = - - = = - in.
1,091,270t% 3

(see p. 65 for value of D),

0.00137  0.00009
+} 5. = - in. o
JL £ +3 v

3. For the top of the lower second-pass container (see Fig. F6),

1 Qa(L —a) 31PL  17p12
Mop = = — -+ - D(12)
40 L 320 240

—-28.8 1lb-in. ,

which indicates tension in the bottom,

4. For the bottom of the lower second-pass container (see Fig. F7),

31 Qa(L —a) PL 17
Myp = — - + p1L? D(8)
40 L 320 © 240

= 57.5 1b-in. ,
which indicates iension in the top,

0.00137 .- .
1 8, = ==5=Lin
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as on page 6%,

.- . P 9 31 Q? p L4
+ } Doy = + ——.Qal? + — Q8L — — + D(13)
' 2560 320 320 6 240 C o

N

3.507 + 62.953 + 32,318 — 8.287 + 182.177

0

273 1b-in.? ,

1273 0.000250
By, = 3 in.. .
1,091,269t3 £3

(see p. 65 for value of D),

0.00137  0.000250
l SK L= + ; iIl., 1
- OB t - +3

The results of this sectioh, along ﬁith the bending-moment diagrams
of the vertical walls (Fig. Fl1) of the fuel-element cOntainers‘were sum-+
‘marized in Fig. 4. The significant maximum values are shown in Fig. F16

(see page 100).

Rigid-Frame Calculations for Column 1 when Subjected to Simulténeous
30° Roll, 0.7-g lateral Heave, and 0.3-g Vertical Heave

The analysis of the column 1 model parallels that of the column 2
model, with the exception that a different basic frame analysis is em-
ployed. The deflection of the top spacer bar (see Fig. F8) equals
BGq = Opp. The expressions for Ddg and Dbgy are given bvaqs{,D(27)
and D(28), respectively. If it is assumed that the spacer bars are sub-

jected to. the same compressive  load ?, the equaﬁion_D&GT = D&Hi follows:

AL 3 o o5 gerp- @2 RLE
T A e S T-7)

o 171 | PL? _ Qal? | Qe?L  pL*
1536 = 512 64 64 384
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The solution of this equation yields

P=22.51b .

This value of P is used to obtain the data of the following four

1. For the bottom of the top container (see Fig. F9),

=
1]
|

.
|

+

AD

1
~
!
o
'.—I
o'
]
H-
B

.

items.

D(24)

which indicates tension in the top. The bending-moment diagram shows

the maximum moment to be 45.6 lb-in. and indicates that the maximum de-

flection is at G.

2. For the deflection of the spacer bar,

. 0.00137 .
181 = —x in.,

as on page 64,

17PL°  3Qal® 5Qa®L _ Qa’ . pL*

+

+ 1 D8 = = T3+ T 6% 6

1}

55.7 1lb-in.? ,

55.7 0.000051
& = = in.
1,091,269t t3

(see p. 65 for value of D),

0.00137  0.000051
l s, = + : in.
G % 43

384

D(27)
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3. For the top of the intermediate second-pass container (see

Fig. F10),

PL 5 Qa(L —a) pI?

Mp, =~ — + — RL + = _
64 64 8L 12

-30.6 lb-in. ,

which indicates tension in the bottom.

4. For the top of the top second-pass container (see Fig

.0.00137 .
——l

.161' t n. ,

as on page 64,'

PL? _'Qel? , Qa?L _ pL*

+ 108 = 25 = S e Sz

]

~113 1b-in.? ,

113 0, 000104

+ 162 g

: in.
1,091,270t3 t3

(see p. 65 for value of D),

0.00137 0. 000104
+ d. = - in.
l Hy t 3 ’

PL Qa(L —a) pI?

Mpg == —+ =

64 8L 12

—%6.2 1b-in.,

which indicates tension in the bottom.

D(26)

.. F11),

:D(28)

D(26)
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The deflection of the lower spacer bar equals BGI = SHB. The ex-
pressions for DBGI and DSHB are given by D(27) and D(28), respectively.
The solution of D&GI = DSHB for P, where R = P, gives

P =22.51b .

By using this value of P, data were obtained for the following five
items. '

1. TFor the bottom of the intermediate container (see Fig. F12),

\ 5PL. RL 5Qa(L —a) ©PL? .
M = — + — + + D(24)
AD e 64 aL 12

48.7 1lb-in. ,

which indicates tension in the top. The bending-moment diagram in Fig.

F1l2 indicates that the maximum deflection is not at the mid-point, GI'
The point of maximum deflection will be at the point of zero slope, which
was found to be 0.23 in. from GI' The maximum deflection was found to

be larger than the mid-point deflection by a negligible amount, if

t 2 0.14 in. The deflection at G. was therefore computed.

I
2. For the deflection of the spacer bar,

: __lmr® 3 5 .5 oo2p _ B2 _@a3 pL*
+ 1D = - igem + 57 el 57 el - 55 - -+ 55z D(27)
= 29.8 1b-in.> - : *
29.8 0. 000027
O = = in.
1,091,270t3 t3

(see p. 65 for value of D),

0.00137 |
] 8 = = in.,
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as on page 64,

0.00137 0.000027
8, = + in.
Gr t 3

3. For the top of the bottom container (see Fig. F13),

5 . Qa(L —a) pL? . §
— RL + - -iD(26)
64 8L 12 '

My

—27.46 1b-in. ,

which indicates tension in the bottom. - Calculations proved that.the
maximum deflection occurs at the mid-point,-HB, even though the bending-
moment diagram indicates that this is not necessarily so. The maximum
defleqtion is the same as that calculated fqr SQI above.

4. TFor the bottom of the bottom container (see Fig. Fl4),

RL 5Qa(L —a) pL? ‘ -
— + +— D(24)
64 8L 12

=
l

AD

1

64.28 1b-in. ,
which indicates tension in the top,

-_0,00137 .,
Loy = 22 in,

as on page 64 ,

RL? Qa’ N pL#*
512 6 387

+ ] D&, =%Z Qal? + 2—4 QalL — D(27)

= 104.922 + 26.06 — 30.87 ~ 8.287 + 113.86

= 205.68 1b-in.> ,
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205.68 0.000188
8 = = in..
1,091,270t3 3
(see p. 65 for value of D),
0.00137 0.000188
18, . = + in.
Gp t t2

5. For the sides of the containers (see Fig. F8),

<+
— P> BRI’

Qa(L — a)L  pL*

DBE = + - + .
256 256 32. 384
For the top container, R = 0, and tlierefore
— .
D5, = 116.1 lb-in.?
K
T
and
— 116:1 - 0.000106
BE = = in.
T 1,091,270t> £3

(see p. 65 for value of D). For

IS} =

=

and for the bottom container

—
B, =
EB

as for the top container.

the intermediate container,

0.000163

—_—,

t3

0.000106

t3

D(29)
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Although the above values for 6ET’ SEI’ and SEB are not necessarily

the maximum horizontal deflections for the respective container walls,

" they do indicate that the maximum horizonﬁal defiection will be approxi-

mately 0.06 in., which is not excessive. These quantities were not con-
sidered further. _

The results of this section, along with the bending-moment diagrams
of the vertical walls (Fig. F8) of the fuel-element containers are sum-

marized in Fig. 3. The significant maximum values are shown in Fig. Fl15.

Determination of Fuel-Element Container Wall Thicknesses Based on
Bending Moments in the Intermediate Fuel-Element Container

By referring to Figs. F15 and F16 it may be seen that the maximum
bending moments at the corners and mid-spans of the walls of the inter-
mediate containers are 48.7 and 35.5 lb-in. per unit width, respectively.
These moments will be used in establishing the wall thickness, since ad-
ditional support can be provided for the peripheral walls.' With an as-
sumed allowable stress of 17,000 psi, the required thickness is approxi-

mated by the elementary flexure formula.

where the nomenclature is as given in Appendix C. At the corner of the

intermediate container of the column 1 model,

(48.7)(t/2) 292.2
17,000 = =
(1/12)(1)t3 t3-

and t = 0.1311 in. A thickness of 0.14 in. was assumed.

The properties of a repeating section of the container wall at mid-
span were calculated using this assumed thickness. The mid-span section
is shown in.Fig. F17. The neutral axis of the cross section is located
by §, which was found to be 0.0672 in. . The moment of inertia I of sec-
tion A-A with respect to the neutral axis was found to be 0.000156 in.%.
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In order to check the adequacy of the wall thickness of 0,14 in.,
the three principal stresses were determined. The direct pressure
stresses are negligible throughout the core. The primary stress in the

longitudinal direction is found from Eq. C(2),

We Lec
O'£=(R2+——.
2 4T

From page 18, w, = 135 1b for t ~0.10 in. and Ry, = 513 1lb. Since t will
be ~0.14 in., We was assumed to be 190 1b., The moment af inertia ‘I was
assumed to be 423t = 59.2 in.% (see page 64), and 4 was assumed to be
80 in. while c was 4.445 in., Use of these values gives o, = 913 psi;
say, 900 psi. These are principal stresses, as are the transverse
stresses determined later, since, at mid-height of the core, the total
shear and consequent shearing stresses are zero.

The symbols Gp, o,, and o, are used to represent, respectively, the

Y/ t
stresses from pressure, from bending in the longitudinal direction, and

from bending plus the axial load in the transverse direction.

Point A of Member AD in the Intermediate Fuel-Element Container of the
Column 1 Model

A free body of the member AD of the intermediate container of the
column 1 model for the 30° clockwise roll is shown in Fig. F12. TFor the
30° counterclockwise roll, the free-body diagram is the same as that ob-
tained by inverting Fig. F10.

The primary stress in the trénsverse direction on the interior sur-
face is the sum of the bending stress Mc/I and the axial stress P/A. At

A, the maximum primary stress in the transverse direction is

(48.7)(0.07) 33.1
= — + = 14,900 + 236 ~ 15,100 psi .
(1/12)(1)(0.14) 0.14

o)
max

Similarly, at A, the minimum primary stress in the transverse direction

on the interior surface is
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(30.6)(6) 29.1
T = + = 9360 + 208 ~ 9600 psi..
nt (0.14)2  0.14

The values 33.1 and 29.1 used above were obtained by considering free-
body diagrams of appropriate portions of Fig. 4.

Primary Stress Intensity, The principal stresses and the stress

differences, 8. = o_ — o, are tabulated below:
Xy X v

Principal Stresses Stress Differences

Fuel-Element Angle - (psi) (psi)

Container of . . 3 g ‘g
Surface Roll %o Y t 3o/ bt Ttp
Interior 30°8 0 900 15,100 =900  -14,200 15,100

30°F 0 -900 - 9,600 900  -10,500 .9,600

' Exterior 30°FY 0 900 -14,700 -900 15,600 -14,700

30°0 0 -900 -9,200 900 8,300 -9,200

The primary stress intensity is seen to be 15,600 psi. This is ‘less
than the allowable Sm value of 17,600 psi and is therefore acceptable.

Combinations of Steady-State and Transient Conditions. Stress

quantities needed other than those listed above are the stress ranges,

S /2, and the

S ; the alternating stress differences, S =
rxy - alt xy rxy

basic mean stress differences, 'S’ _+_..r These-are giveh below:
Tmean; Xy’ ¥
Interior Surface Exterior Surface
Stresses (psi) Stresses (psi)
oY/ 2t tp pé £t tp
ery 1800 ,3,700_ 5,500 1800 7,300 5,500
Salt Xy 900 1,850 2,750 900 3,650 2,750
/ S
Smean xy 0. 12,350 12,350 0 11,950 11,950
. /7 i = = y - i
Since Smean Xy + Salt xy < 48,500 psi - Sb : Sy of cold-worked Zircaloy,

/ = §
mean Xy nmean Xy
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Obviously, S = 11,950 psi and Salt'= 3650 psi'constitute the signifi--

mean
cant set of values. This point.is in the "safe" area of Fig. H3b (see
Appendix H), and the wall thickness of 0.14 in. is adequate for the

corners of the intermediate fuel containers.

Point JL of Member AF in the Intermediate Fuel-Element Container of the
Column 2 Model '

N

A free-body diagram of the member AF of the third pass of the column
2 model for the 30° clockwise roll is shown in Fig. F5. For the 30°
counterclockwise roll, the free-body diagram is the same as that ob-
tained by inverting Fig. F3.

At JL, the maximum primar& stress on the interior surface in the

transverse direction for a wall thickness of 0.14 in. is

(35.5)(0.0728)  18.4

0.000156 0.0985

g
max

I

16,566 — 187 ~ 16,400 psi .

The corresponding minimum primary stress at J_ on the interior surface

L
in the transverse direction is

(25.1)(0.0728) 11.6

min 0.000156 0.0985

I

11,713 — 118 ~ 11,600 psi .

The stresses for the exterior surface are obtained by replacing 0.0728
with 0.0672. ' '

Primary Stress Intensity. The principal stresses and the strese:dif—

ferences, S = g_— o, are tabulated below:
Xy X y
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Principal Stresses

- Stress Differences

Fuel-Element  Angle _(ps1) (psi)

Container of . - - g g g
Surface Roll P 2 t s 2t Ttp
Interior  30°% 0 900 16,400 ‘=900 —15,500 16,400

30°J 0 =500 11,600 +900 —12,500 11,600
Exterior 30°Y 0 +900 15,500 =900 +16,400 —15,500
30°Y 0 =00 -11,000 +900 410,100 —11,000

The primary stress intensity is 16,400 psi (for t.= 0.14 in.). This is

‘less than the allowable S value of 17,600 psi and is therefore. acceptable.

Combinations of Steady-State and Transient Conditions.

gquantities needed in addition to those listed above are S

7

mean Xy

The most critical set of values above is Sm = 13,250 psi and Sa

psi.

rxy’

tp

4,500
2,250
13,250

Stress

Salt xy’

and. S/ , as for the previous case. These are shown below:
mean Xy
Interior Surface Exterior Surface
Stresses (psi) Stresses (psi)
P Lt tp oY/ 4t
S 1800 3,000 4,800 .1800 . 6,300
TRy
Salt xy 900 1,500 2,400 900 3,150
S/ 0 14,000 14,000 0 13,250
mean xy
.83 g/ . _ s =
Slnce/Smean xy + Salt Xy_< 48,500 psi Sb

= Sy of cold-worked Zircaloy,

S .
mean Xy

1t = 3150

This point is within the "safe" area of Fig. H3a and is acceptable.

A thickness of 0,14 in. is sufficient here.

Transverse Sections of the Peripheral Fuel-Element Container Walls

The summaries of Figs. F15 and F16 show that the corners of the "bot-

tom" frames of column 1 and column 2 models are subjected to bending mo-

ments of 64.3 and 57.5.1b-in., respectively.

moments are -34.2 and -41.0 1b-in., respectively.

The corresponding mid-span



80

On page 76 it may be seen that a stress of ~15,100 psi results from
a moment of 48.7'lb-in. at a corner of a frame. Hence, the maximum per-
missible moment at a corner of a frame, as limited by a stress of 17,000
psi, is (17,000/15,200)(48.7) or ~54 1b-in. Some support or reinforce-
ment or both must therefore be provided for the exterior walls of the
peripheral containers. Preliminary investigations-indicated that sup-
ports limiting deflections would be necessary to limit the bending mo-
ments at the corners and'that the connecting plates would need to be
wider or heavier than those on the existing reactor. Symmetrical con-

struction is considered desirable and was assumed.

Member AD, Bottom Frame, Column 1 Model

If it is assumed that BGB is limited to 0.05 in., an upward load of
such magnitude as will produce an upward deflection of 0.028 in. must
be applied at GB’ since with no load at GB the downward deflection of

e is 0.078 in., as shown in.Eig. F15. From Eq. D(27),

where D = 3000 1b-in.? for t = 0.14 in. (see p. 65). From this,

(1536 ) (3000) (0.028)
P = — = 10.8 1b .
(17)(702.6)

The horizontal deflection of E_ caused by P = 10.8 1b is found by

] B
utilizing a portion of Eq. D(29), '
e P
— . SEB = 556D —/0.0099 in.

On page 74, SEB is given as 0.000106/t> or 0.0386 in. (t = 0.14 in.) and

is leftward with no load at GB or EB' With the upward load of 10.8 1b
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at G the unrestrained deflection of EB is

B)

- :
SE = 0.0386 + 0.0099 = 0.0485 in.
B

-With deflectioné limited to 0.05 in., the wall at Eg is still unrestrained.
From Eq. D(24) it may be seen that an upward force P at Gp decreases

the end moment of the member AD by 5PL/64 1b-in. Hence, the moment of

64.3 1b-in., shown on Fig. Fl15 is reduced by 7.5.1b-in. to 56.8 1lb-in.,

This is greater than the goal of 54 lb-in., but the bending-moment dia-

-gram of Fig. F18 and the analyses which follow are based on values of

10.8 1b-and 56.8 1lb-in. for P and M,., respectively. '

AD
Point.A of Member AD. The transverse principal stresses at point A

were calculated by using bending moments of 56.8 and.46.2 1lb-in., as
shown in Figs. F18 and Fll (or Fl5), respectively. The principal stresses

and stress differences for point A are listed below:

. Principal Stresses Stress Differences
Fuel-Element Angle (pSI) _ _ (psi)
¢ontainer of . - - S g g
Surface Roll P 2 t Dl £t tp
Interior .30°) O 4900 +17,600 -900 -16,700 17,600
' - 30°7 0 -900  +14,300 +900 —15,200  .14,300
Exterior 30° 0 4900 -17,200 =900 18,100 —17,200 -
30°) 0 =900 -13,900 +900  .13,000 —13,900

The primary stress intensity here is 18,100 psi. This exceeds the al-
lowable 17,600 psi by ~2.8% but is not considered serious, since it is
far below the allowable primary plus secondary stress intensity of 31,700
psi, which may well be permissible here because of the stress-relieving
part played by the connecting member as it carries more :and more of the
load as the fuel-eiement container wall deflects. Additional stress
quantities néeded for the combinations of steady-stéte-and transient

-stress conditions follow:
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Interior Surface Exterior Surface
Stresses (psi) Stresses (psi)
vl £t tp ph 2t T tp
ery 1800 1,500 3,300 1800 5,100 3,300
Salt Xy 900 '750- 1,650 900 2,550 1,650
s/ 0 15,950 15,950 0 15,550 .15,550
mean xy .
Since S’/ + 8 < 48,500 psi, the critical values are S =

mean xy alt xy mean

15,600 psi and Salt = 2600 when rounded up to the next hundred, . This
point is in the "safe" area of Fig. H3b, and the thickness of 0.14 in.
is adequate for point A.

Point Gp of Member AD. The transverse principal stresses at point

GB were obtained from the bending moments of 16.5 and 22.9 1lb-in. shown

on Figs. Fl8 and Fll, respectively. The principal stresses and stress

differences follows

Principal Stresses Stress Differences
Fuel-Element Angle (psi) _ (psi)
Container of ' : .
Surface Roll 8p Ty % "Spﬂ. ' sﬂt Stp
Interior 30°4 0 4900 7,500 -900 - 8,400 —7,500
.30°% 0 =900 '-10,500 +900 9,600 —10,500
Exterior 30°2 0 4900 47,300 =900  —6,400 7,300
30°7 0 —900 10,100 +900 -11,000 10,100

The primary stress intensity of 11,000 psi (which is less than the al-
lowable 17,600 psi) is acceptable, The stress quantities needed for
the combinations of steady-state and transient stress conditions are

listed below:

Interior Surface - Exterior Surface -
Stresses (psi) Stresses (psi)
vl £t tp pL £t tp
S ey 71800 "1200 3000 1800 4600  .2800
S 900 600 1500 900 2300 1400
. alt xy
57 - 0 9000 2000 0 8700 8700

“mean xy
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/ i ’ - C s
mean }Cy + Salt < 48) 500 pSl) Smean }{y_ Smean }W. The Slgnlfl

cant set of values Smean = 8700 psi and Salt'z 2300 psi falls in the

Since S

"safe" area of Fig. H3a, and a thickness of 0.14 in. is adequate here.

Member AF, Bottom Frame, Column 2 Model

If it is assumed that SKB'is limited to 0.06 in., a force sufficient
to produce an upward deflection of'Q.04 in. must be applied at Kﬁ, since
with no load at-Ké the downward deflection. is 0.10 in., as shown in Fig.
Fl6. From Eq. D(13), '

To limit the deflection tq.0.06 in. requires a value of 19.6 1b for P.
From Eq. D(8), it is seen that the magnitude of M, will be decreased by

. AF
31PL/32O or 16.9 1lb-in. to 4Q.6 1b-in. The bending-moment diagram of:
Fig. F19 was obtained using P.= 19.6-1b and MAF = 40.6 lb-in. '

Point A of Member AF. The transverse principal stresses at point A

were obtaihed from bending moments of 40.6 and 39.4 1b-in., as shown in
Figs. F19 and F4 (or F16), respectively. The principal stresses and

stress differences are as follow:

Principal Stresses Stress Differences

Fuel-Element Angle "~ (psi) . (psi)
Container - of — . ‘
Surface Roll o) o) o3 S S S

o) 1 t pl it tp

Interior 30°2 900 12,600 -900 -11,700 12,600
30°) '—900  +12,300 900 -13,200 12,300

0
0
Exterior - 30% 0 900 —12,200 —900 413,100 -12,200
- 30°% 0 —900 -11,900 900 411,000 ~-11,900

The pfimary stress intensity is 13,200 psi (i.e., <17,000 psi) and is
satisfactory.' Other stress quantities needed for the combinations of

steady-state and transient conditions are:



84

Interior Surface Exterior Surface
Stresses (psi) Stresses (psi)
Pl £t tp s34 £t tp
Srxy 1800 1,500 300 1800 2,100 300
S 200 750 150 300 1,050 150
alt xy _ :
/ -
S can xy 0 12,450 12,450 0 12,050 12,050
: , o o . -
Since S/ xy ¥ 8.1t Xy < 48,500 psi, the significant point (Smean

12,100 psi, and S_;, = 1100 psi) lies in the "safe" area of Fig. H3b,
and the 0.14 in. thickness is adequate for point A.

Point Kg of Member AF, ¢ = 0.1l4 in. Shown To Be Inadequate. The

transverse principal stresses at point K, were obtained through the use

B
of the bending moments of 13.4 and 29.7 1b-in. shown in Figs. F19 and F4
(or F16), respectively. The principal stresses and stress differences

are as follow:

Principal Stresses Stress Differences
Fuel-Element  Angle (psi) (psi)

Container of & 6 - s s s
Surface Roll £ t © Tpl Lt tp
Interior 30°/ 0 +900 —6£,100 200 7,000 —6,100

30°% 0 —900 13,700 4900 12,800 -13,700
Exterior 30°%/ 0 +900 +6,000 900 -5,100 +6,000
30°7 6] —900 13,000 +900 —13,900 +13,000

The primary stress intensity is 13,900 psi (i.e., <17,600 psi) and is
satisfactory. Other stress quantities needed for the combinations of

steady-state and transient conditions are:

Interior Surface Exterior Surface
Stresses (psi) Stresses (psi)
192 Lt - tp Pl Lt tp -
rxy 1800 5800 7600 1800 8800 7000
] 900 2900 3800 900 4400 3500
alt xy
S’/ 0 9900 9900 0 9500 9500

mean Xy



85

Since S/ = 16,000 psi (i.e., <48,500 psi), S/ =

mean Xy * Salt Xy mean Xy

S ean x5 The critical point (Smean = 9500 psi, 5 ;. = 4400 p81) lies
outside the "safe" area of Fig. H3a, and a wall thickness of 0.14 in. is
not adequate here.

Point Kp of Member AF, t = 0.22 in. Subsequent to the preceding

analyses of the fuel-element container'walls, it was decided to use a
wall thickness of 0.22 in. (sée p. 118, Appendix G) at the points of
fuel~element container walllattaChment_to the spacer bars and connecting
members, since tﬁe 0;14 in. thickness was found inadequate in the pre-
ceding paragraph and on page 117. ‘For a thickness of 0.22 in., thé 0.06-
in. dimension. in.Fig. F17 becomes 0.14 in., §>is 0.107 in., and I =

0.000617 in.%. The tfansverse bending moments and stresses are:

Container Surface

Angle Bending Stress (psi)

of  'Moment
Roll (1b-in.) . Interior Exterior
30°4 13.4 2450 2320
30°7 - 29.7 —5430 5150

These values must be.combined with the ~200-psi axial stress, as was
done on page 76. The‘resultant transverse stresses were rounded off

and all pfincipal stresses and stress differences are listed below:

Principal Stresses Stress Differences

Fuel-Element Angle . (psi) (psi)
Container of ' — =
Surface Roll Gp Gl Gt Spl SZt Stp
Interior  30% O 900 —2300 =900 3200 —2300
- 30°7 0 —900 = —5400 900 4500 —5400
Exterior 30%) 0 900 2500 —900 —1600 2500
30°% 0 —900 5400 9QOT —-6300 5400

The primary stress intensity is 6300 psi and is acceptable.
The stress quantitigs needed for the combinations of steady-state

and transient_conditions are:
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Interior Surface Exterior Surface
Stresses (psi) Stresses (psi)
ol It tp ol It tp
ery 1800 1300 3100 1800 4700 2900
s 900 650 1550 900 2350 1450
alt xy .
/ 0 3850 3850 0 3950 3950
mean Xy
Since S/ +8 < 48,500 psi = S,_, S/ =8 . The
mean Xy alt xy , . b’ "mean Xy mean xXy
significant point (smeaLn = 3950 psi, 8,14 = 2350 psi) falls well within .

the "safe" area of Fig. H3sa, and the 0.22-in. thickness is quite adequate.

As a matter of factz.the'0,22-in; thickness at Ké is adequate to carry -
the normsl mid-span moments without any support. and only minor support

is required at mid-span in order to assure that the stresses at the ends

of the span are within limits.

Unusual: Ship Motion

The unusual condition of the ship being on its side and being sub-
jectéd to a vertical heaﬁé»of 2- g was investigated in a manner similar
fo that used in the first part of this appendix. Since it was stated A
that control rod insertion would Be the only concern in such a condition,
the deflections were'the'primary interest. Inspection of Figs. F15 and
F16 shows that the column.2 model exhibits the greatest deflections.
This particular investigation was therefore limited to the column 2 model. 4 -
The results are-summarized'in.Fig.-FZO, where it may be seen that the
maximum deflection in a gbntrol rod region is 0.10 in. This is well

within the limits set (see p. 2) and is therefore satisfactory.

The Connecting Members

If was shown on pages 80 and 81 that limiting the mid-span deflec-
tion to 0.05 in. in the.member AD of the bottom frame of the column 1
model gives a primary stress ofi 18,100 psi at the corner of the frame.
Therefore the connecting member must be either rigid enough to restrict

the mid-span deflection of the member of 0.05 in. or strong enough to
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carry additional load in the event of yielding at the corners of the
frame, The connecting member extending the full length of the fuel-
element container was therefore designed as & structural component. This
was done by treating this component as a beam on an elastic foundation.
The deflection of either Gp (see Fig. F15) or Ky (see Fig. F16)
may be resolved into three parts, as follow: (1) the deflection caused
by the longitudinal bending of the fuel-element container-as a uni£ when
subjected to fuel-element loads, (2) the deflection caused by. transverse
bending of the fuel-element container wall as a result of pressure, and
-(3) the deflection caused by the transverse bending of thé fuel-element
container wall when subjected to fuel-element .loads, It was aésumed for
the analysis below that the elastic foundation provided by the fuel-.
element container wall was perfectly straight.aftef the application of
loads (1) and (2) above ‘and that the deflection caused by load (3) was

due solely to the deflection of the beam.on an elastic foundation.

Connécting Member for AD, Bottom Frame, Column 1 Model

From Eq. D(27) on page 73, it may be seen that removal of the fuel-
element loads (Q's) gives D& = 83 1b-in.2. With D = 3000 .1b-in.? for
t = 0.14 in. (see p. 65), 8, = 0.0277 in. . On page 64, however, it may
be seen that for t = 0,14 in., 8 = 0.00137/t = 0.0098 in. with the fuel-
element .loads (Q's) on the fuel-elementlcontainers. Thus, the deflection
of part (3) above must be restricted to [0.05 — (0.0098 + 0,0277)].=
0.0125 in. in order to meet the deflection limit of 0.05 in,

The modulus k of the elastic foundation .is defined as the force

per unit length required to cause & deflection of 1 in. From Eq. D(27),

_17pL3 .
1536’

_E;SG'=

substitution of EI. = D = 3000 1b-in.?, L2 = 702.6 in.3, and & = 1 in.
gives -P = 386 1b. Thus, k = 386 1b/in.-in. If it is assumed that this
"beam" carries the 154-1b load, as determined on pagellO,ifor an infiﬁite
beam on an elastic foundation the deflection under a concentrated locad

is PN/2k (see Appendix E). Hence,
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 154A
0:0125 = ———
2(386)

and
A = 0.0627 in. "1

Now, A = k/4EI. 'Since the area in which this member is to be used :s

ocutside the active core area, stainless steel was assumed for the memnber.
Therefore, I = k/4EN*, where k = 386 1b/in.-in., E = 29,000,000 psi, and
A = 0.0627 in.~1, Substitution of these values gives I = 0.216 in. %, ' »

Any section having a moment of inertia of 0.216 in.%

would be satisfactory,
but one having an I section is more economical. A possible section is
shown in Fig. F21.

Since this is a beam of two materials, the section shown is trans-

formed into an equivalent steel sectiont

for analysis purposes. The
transformed'section is shown in Fig. F22, in which the width of the
Zircaloy is one-third of its actual width, since its modulus of elas-
ticity is about one-third that of steel. For the equivalent transformed
steel section, y = 0.775 in., I = 0.32 in.%, and A = 0.0567 in." L.

From Appendix E it may be seen that the maximum bending moment in

the connecting member is

The longitudinal bending stress at any point in the transformed section

is given by o, = My/f, where y is the distance from the neutral axis,

2
N.A., in Fig. F22, to the point under consideration. Values of 9, at ~
elevations marked .1,(2) and(4)on Fig. F23 are, respectively, -2010,
-1540, and +1650 psi. Use of the bending moments of 16.5 and 22.9 1lb-in.

shown in Figs. F18 and F1l and the properties of the 0.22-in.-thick

1S. Timoshenko, Strength of Materials, p. 217, Part I, 3rd Ed.,
D. Van Nostrand, New York, 1955.
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repeating section listed on page 85 gives the transverse stresses listed

below in a fatigue analysis tabulation:

Container Interior Container Exterior
Wall Stresses (psi) Wall Stresses (psi)

% v, 9 'Up _ o, T
30°) Roll 0 =010 -2800 0 =1540 +3100
30°% Roll 0 0 =4000 0 0 +4200

Spr S Stp Sps 5ot Sep
30°) Roll 2010  +790 2800 1540 —4640 3100
30°} Ro11 O  +4000  —4000 0 4200 4200

o 2t tp pf . 4t tp
S, 2010 3210 1200 1540 440 1100
814 11005 1605 600 770 220 550
s/ 1005 2395 3400 770 44207 4750

mean ‘ ‘

The primary stress intengity shown above is 4640 psi. In all cases,

Séean + Saltv%148;500 psi.and hence 8 = Séean' CAl11 pointsv(Smean,
‘Salt) fall well within the "safe" zone of Fig. H3a, and the design ap-
pears to be ultraconservative.

As a chéék on this apparent ultraconservatisﬁ in the design of the
connecting member, the problem was considered in another way. The terms
P'and'MAD for a pressure load of 7 psi alone were calculated and found to
be 13.5 lb-and 48 1lb-in., respectively. It was shown on page-80. that
.a bending moment of approximately 54 1lb-in. causes no difficulty in the
corners of the fuel-element containers. The fuel-element container con-
necting member design is obviously adequate if any loads in addition to
~the 7-psi load are carried by a structural member. The connecting mem- -
ber was therefore assumed loaded as shown in Fig. F23. The lO—lb/in.
triangularly distributed loading was obtéined by the same procedure
used on pagel09 to obtain the 36 1b per lineal inch value, and the 154-
1b load is taken from pagell0. The 77-1b load is the fuel element load
near the top. There is also a 77-1b fuel-element . load near the bottom,

but it has been omitted because the reduced pressure loading enables



90

the fuel-element container to carry it without difficulty. The connecting
member has been considered as a simple beam because this gives the maximum
bending moment and deflection in the central portion of the span, since -
the top end will be only partially fixed and, also, excessive yilelding at
the ends of a fixed ended beam causes it to function as a simple beam.
Values of RL and RR were calculated and found to be 317 and 114 1b,
respectively. The maximum longitudinal bending moment occurs at mid-
. span and is 4580 lb-in. With y = 0.775 in. and I = 0.32 in.%, values of
o, at elevations marked(1),{2}, and(3)on Fig. 22, are, respectively, -13,500,
-10,350, and ~-6800 psi.
The stresses of -13,500 and -10,350 psi in the transformed sectioﬁ
are equivalent to -4500 and -3450 psi, respectively, in the Zircaloy.
The transverse bendiﬁg moments of 34.2 and 22.9 1lb-in., as shown in
Fig. F15 for unrestrained deflection, and the properties of the 0.22-in. -
thick section were used to determine the oL stresses listed below in the
- fatigue analysis of the Zircaloy portion of the section shown in Fig. F21

when this section is used as the simple beam of Fig. F23:

Container Interior Container Exterior
Wall Stresses (psi) Wall Stresses (psi)

g g ag g g

P £ t P £ t
30°2 Roll 0 —4500 —6100 0 —3450  +6100
30°7 Roll 0 0 —4000 0 0 +4200

Spﬂ Szt Stp sz Szt stp
30° Roll 4500 1600 6100 +3450 -9550  +6100
30°7 Roll 0 4000 —4000 0 —4200  +4200
rxy 4500 2400 2100 3450 5350 1900
S 2250 1200 1050 1725 2675 950
alt xy
S/ 2250 2800 5050 1725 .6875 5150 .
mean Xy : .

The primary stress intensity in the Zircaloy is 9550 psi, which is less
than 17,600 psi, and is therefore satisfactory. The significant point

for the fatigue analysis is Sm = 6900 psi and Salt = 2700 psi (rounded

ean
up to the next hundred). This falls in the "safe' zone of Fig. H3a and

is satisfactory.

a
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In the upper flange of the steel I section, the transverse bending
stresses are found using the bending moments. of 34.2 and 22.9 lb-in.,
as for Zircaloy. The longitudinal stresses are listed on page 90. The
following is the fatigue analysis tabulation for the top flange of the
steel portion of the section shown in Fig. F21 when this section is_used

as the simple beam of Fig. F23:

Stresses at Top of: = . Stressés atoBottom of
Flange (psi) ‘ ' Flange (psi)
cp o, o, Up o, o
30°3 Roll 0 -10,350 —4200 0 -6,800 -+4600
30°7T Roll 0 0 =2700 0 0  +3100
S_. ] S S S, S

e 4t tp o34 ot -?P

30°¥ Roll 10,350 6,150 =200 6800 —11,400 4600

30°J Roll 0 2,700  —2700 0 =3,100 3100
S ey 10,350 18,850 1500 6800 8,300 1500
8.1t 5,175 4,425 750 3400 4,150 750
S/ can xy 5,175 1,725 3450 3400 7,250 3850

The primary stress intensity is- 11,400 psi. This exceeds the 11,000 psi
and the 9000 psi allowed for AISI types 304 and 304L stainless steel,
respectively, at 600°F by the Navy Code.? A sfronger.stainless steel,
ATSI type 347, having an allowable primary stress intensity of 14,000.3
psi at 600°F was therefore specified.? The significant point for the

fatigue analysis iS'Sme = 7250 .psi and Salt = 4150 psi, which is satis-

an
factory since it would fall in the "safe" zone of a figure constructed
for steel similar to that constructed for Zircaloy in Fig. H3a. The

cross section shown in Fig. F21 is therefore satisfactory here.

2"Pentative Structural Design Basis for Reactor Pressure Vessels

and Directly Associated Components," p. 26, PB151987, 1 December 1958
Revision, Department of Commerce, Office of Technical Services.

3Ibid., p. 27.



Connecting Member for AF, Bottom Frame, Column 2 Model

With a thickness of 0.22 in. at mid-span; the fuel-element container
wall is adequate at mid-span without support. In order, however, for
the stresses at the corner to be considered secondary (see p. 81), sup-
port is needed at the mid-span that is either rigid enough to restrict
the mid-span deflection or strong enough to carry additional load in the
event of yielding at the corner of the fuel-element container. For this
purpose, the use of the same connecﬁing member as for the preceding case
is assumed.

Referring to page 69, it may be seen that because of pressure alone
D8, = 182 1b-in.”?. With D = 3000 1b-in.? (see p. 80), &, = 0.0606 in. »
On page 64, 8; is given as 0.00137/% = 0.0098 in. On page 108, the founda-
tion modulus, k, for this beam is found to be 490 1b/in.-in. With
E = 29,000,000 psi and I = 0.32 in.%, |

B L -
A= (m) = 0.0605 in. R

and the third component (pp. 77-87) of the total deflection is (pp. 48-57)

_PA
S ~ 5k
(154)(0.0605)
= . = 0.0095 in. 4
280 , -
Hence, the total deflection of -
SK = 0.0606 + 0.0098 -+ 0.0095 = 0.08 in.
B

By reviewing the calculations on page 83, it may be seen that limit-
ing the deflection of KB to 0.08 in. will reduce the end bending;moments
to approximately 50 1lb-in., and the design appears to be adequate. A
check such as that on pages 89-91 wbuld again show that the connecting

member is adequate here.
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Appendix:G

ANALYSES OF THE FUEL-ELEMENT CONTAINER ASSEMBLY AT OR NEAR
THE TOP OF THE CORE FOR FUEL ELEMENTS OF CORE I TYPE

. The critical elevation in the fuel—element containers for core 1

type fuel elements will be in the upper portion of the core, either near

where the fuel-element loads are applied and where p; and pp are +9.2

and -5.6 psi, respectively, where the deflection is a maximum. Although
in the analysis of the fuel-element containers at mid-height for core II
type_fuelw€1em@nts the spacer bars were assumed to provide no structural

strength, they may make a significant contribution here, for the spacer

bars are actually beams on elastic foundations with supports providing

some degree of fikity at the ends. A conservative cross section of the
spacer bar "beam" which utilized the transverse dimensions of the stain-

less steel spacer bar was therefore. assumed.

Ny : : . —
Geometrical and Physical Constants of the Spacer Bar "Beam" -

The walls of the_fuel-elemeht;containers ere'bolted‘to-the spacer
bars and therefore serve in somewhat the sameré&paeityuascever plates on
structural beams. It is'assumed that the'speEer=baf.”beam” is composed
of the spacer bar and a cover plate consistiﬁg of a portion of the fuel-
element container wall. It is assumed further that the AISC specifica-

1 requiring-that the cover plate area not exceed 70% of the fotal

tion
flange area is applicable. The net area of the flange of the spacer bar
is (1.375 — 0.5)(0.15) = 0.13125 in.?%. Therefore, the permissible cover

plate area is (0.70/0.30)(0,13125) = 0.30625 in., and the allowable net

width of the cover plate is 0.30625/0.14 = 2.19 in. It is noted that

2

this width also complies with the ATSC specification< limiting the prof'

In order that the cross section be a conser&ative one, the net width of

1steel Construction, p. 297, 5th Ed., American Institute of Steel
Construction, New York, 1950,

2Tbid., p. 289.
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the cover plates was taken as 2 in. Hence, the assumed cross section of
the spacer bar "beam" is as shown in Fig. Gl, and the moment of inertia
with respect to its neutral axis, N.A., is 0.132425 in.%. Subsequent
modifications made the c¢fross section more conservative.

It was realized that the fuel-element container walls will not be
subjected to uniform compression along one edge in a direction parallel
to a perpendicular edge; however, it was considered advisable to deter-
mine the critical value of the compressive stress for the walls acting
as rectangular plates if they are to serve as "cover plates” for the
spacer bar "beam."

For a rectangular plate simply supportea on all fbur sides, the ' .

critical value of the compressive stress is given‘by the equation3

in which  is a constant depending on the length-to-width ratio and

T2Et2 .

€ 12p2(1 - p2)

Y P

where t is the thickness of the plate and b is its width. If it is as-
sumed that the sides of the containers consist of two plates, each of

which is 4.5 in. wide and 80 in. long, it is found that ‘ .o

(9.87)(11,000,000) (0.0196) o
© 12(20.25)(0.84)

10,400 psi .

A good approximation3 for Q is 4, since the length-to-width ratio

3S. Timoshenko, Strength of Materials, p. 195, Part II, 3rd Ed.,
D. Van Nostrand, New York, 1956.
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exceeds 3. Therefore,

0. = 4(10,400) = 41,600 psi .

For a rectangular plate simply supported along three sides and free
along the fourth side, which is parallel to the direction of compression,

the equation

72D

cr b3t

gives the critical value of the compressive stress,* where

¥ = 0.456 + (b/a)?,.

b = width of plate,
a = length of plate (parallel to compressive stress),
t = thickness of plate,
3
p=—2C
12(1 = p?)

u = Poisson's ratio.

If it is assumed again that the sides of the containers consisf of two

plates, each of which is 4.5 in. wide and 80 in, long,

2
¥ = 0.456 +\{§5§J' = 0.459

and

(0.459)(9.87)(11,000,000) (0.002744)

er (20.25)(0.14) (12) (0. 84)

47,900 psi .

1l

_ 43, P. Timoshenko and J. M. Gere, Theory of Elastic Stablllty,
p. 362, 2nd Ed., McGraw-Hill, New York, 1961.
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The membrane stress of 17,000 psi allowed for Zircaloy is well below
either of these buckling stresses, and any load condition satisfying
the 17,000-psi limitation will not cause buckling in the container walls.
Utilization of a portion of the container walls as cover plates is there-
fore acceptable. v

The modulus k of the elastic foundation is defined here as the force
per unit length required to cause a deflection of 1 in. Fof the upper

container adjacent to the upper spacer bar,

__ e7pL?
D6KT T~ 7680

from Bq. D(13). With
D = 1,091,270t = 3000 1b-in.?
for t = 0.14 in. (see p. 64),

(7680) (D) (1)
P=- = =490 = 490 1b | .-
67(703)

For the lower container adjacent tc the upper spacer bar,

PL>
Do, = o,
Iy 120
from Eq. D(20), and
(120)(D) (1)
P = fo—im—e = 512 10 | .
703

The modulus k of the elastic foundation of the spacer bar "beam'" is
therefore ~1000 psi. '
It was necessary to determine the loéd resulting from the pres-

sures in pounds per lineal inch of spacer bar since throughout most of
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the length of the bar there is no fuel-element load. This wag done by
multiplying thé épacer bar deflection from pressure by the k factor Jjust
determined. ' ' N |
At the bottom of the core the effective pressures in the second-
and third-pass containers are +4.5 and -2 psi, respectively. Utiliz-

ing equations D(13) and D(20),,it is found that

_—67PL2 | 4.5L%

DBKT = Tgg0 T 220

and

where the terms involving the fuel element loads @ have been omitted.
With D = 3000 lb-in,z, simultaneous solution of these equations yields
& = 0.028 in. Mnltiplying this:value by the k factor of 1000 psi gives
a load per lineal inch of ~28 lb. This is the value of q (see Figs. El,
E2, or E3), which is the intensity 6f the uniformly distributed load on
the beam. ' |

At the top of the core the effective pressures in the second- and
third-pass containers are f9.2 and -5.6 psi, respectively. ‘Proceeding
as for the bottom of the core gives a load of ~64 1b per lineal inch,
and 64 — 28 = 36 1b per lineal inch is the value of qo (see Figs. E1,

'E2, or E3), which is the maximum intensity of the triangularly distrib-

uted ‘1éad.’on..the -beam. .

The values 28 and 64 1b may also be approximated by considering
the spacer bar to carry half of the lcad applied by pressure to the con-
tainer walls. At the bottom and at the top of the core it is found that
(1/2)(4.5 + 2)8.891 = 28.89 and (1/2)(9.2 + 5.6)8.891 = 65.79 1b per
lineal inch of spacer bar; these values are réasonably nlose checks on
28 and 64 psi. E /
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The value of P (see Figs. E1l, E2, or E3), the concentrated load ap-
plied by the fuel:bundle, was approximated by a method suggested by the
previous paragraph and as indicated in Fig. G2. By considering each half

of the container wall to be a simply supported beam, it is found that
P = 154 1b..

Moments and Deflections in the Spacer Bar "Beams'

As was statedlin’the first paragraph of this appendix, the spacer
bar "beams" are partially fixed at the ends, but the degree of fixity is
unknown. The "beams'" were therefore analyzed for two boundary condi-
tions; they were considered to be simply supported, as shown 1in Fig. E2,
for one condition and cémpletely fixed, as shown in Fig. E3, for the
other.

The values of P, g, and 4, as shown in Figs. E2 and E3, and the
values of k and I were determined earlier in this appendix. The dis-
tance e from the point of support to the fuel-element load was assigned
values of 3 and 5 in., after it was observed that this distance was dif-
ferent for the core I and core II type fuel elements. The deflections
and bending moments at l-in. increments aiong the beam were then deter-
mined by an IBM-7090 computation.* The maximum moments and deflections
are listed in Table Gl for 18 different cases involving three values of
the net "cover plate” width b. The different values of b were used to.
check the effect of the '"cover plate” width on the moments and deflec-
tions. It is noted that the effect is much more evident in the maximum

- bending moment than in the maximum deflection.

Transverse Sections of the Intermediate
Fuel-Element Container Walls

All frames of column 1 are subjected to the same internal pressure

at any particular elevation in the core and therefore tend to support

*The author is indebted to D. Griffin, Math Panel, Oak Ridge
National Laboratory, for writing the program.
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Table Gl. Moments and Deflections in the
Assumed Spacer Bar "Beam"

End e b I A A Mmax Smax

Condition (in.) (in.) (in.%) (in.-1) (1b) (1b-in.) (in.)
Hinged 3 0 0.024323 0.174837 154 558.90 0.06637
' 2 0.132425 0.114458 154 971.05 . 0.06133
4 0.240527 0.098593 154 1234.3  0.05968
5 0 0.024323 0.174837 154 599.69 0.06974
2 0.132425 0.114458 154 1136.1  0.06264
4 0.240527 0.098593 154 1388.6  0.06060
o0 0  0.024323 0.174837 0 334.99 0.06255
2 0.132425 0.114458 O 787.43 0.05973
4 0.240527 0.098593 0 1061.6 0.05845
Fixed 3 0 0.024323 0.174837 154 -1265.8 0.05968
2 0.132425 0.114458 154  -2614.0 0.05570
4 0.240527 . 0.098593 154 -3395.4 0.05401
5 0 0.024323 0.174837 154 -1286.6 0.06095
2 0.132425 0.114458 154 -2703.8 0.05603
4 0.240527 0.098593 154 -3508.2 0.05423
o 0 0.024323 0.174837 0 -1004.7 0.05921
2 0.132425 0.114458 0 -2292.7 0.05554

40 0 0

. 240527 .098593 0 -3056.7 .05390

‘each other at mid-span through the spacer bar. An increase in the ef-
fective préssﬁre as the top is approached will increase (positively)

the bending moments at A for both clockwise and counterclockwise roll
so that the bending moment differentials should change little, if any.

A similar statement appliés at G Futhermbre, as the top of the core

is approached, the spacer bar ”biams" support, to a certain extent, the
walls of the fuel-element containers so that the column 1 model becomes
somewhat like the column 2 model. Hence, this part of the investiga-

tion was limited to the region between the top second-pass and the ad-

Jjacent third-pass containers in column 2.

Transverse Section at the Point of Maximum Deflection

Réferring again to Table Gl, it may be observed that the maximum de-
flection for b = 2 in. is 0.06264 in. A check of the machine output

showed this deflection to occur at 16 in. from the hinge providing
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simple support. At this location the remote fuel-element loads at the
bottom of the core were assumed to have no direct effect on the model
frames, and the pressure in the second-pass container is +8.2 psi. By

using Eq. D(13),

_ 67pL3 9 o . 3 2. _Qa®  pL*  RL?
IEISy = = 7550~ * 330 L° + 535 @@L — 5 * 75 * 560

and the above data, it is possible to calculéte the magnitude of the
force P exerted on the second-pass container by the spacer bar "beam."
Substitution of & = 0.06264 in., EI = D = 3000 1b-in.? (see p. 80), and
of p = +8.2 psi yields P = 4.25 1b, since R is assumed to be zero. Use
of Eq. D(8),

31PL RL . 31Qa(L — a) . 17pL?

My ==30 "3t o0 T T20
gives MAF = 42.2 1b-in. The values were used to construct the bending-
moment diagram for the bottom of the second-pass contalner shown in
Fig. G3a.

Inspection of the IBM-7090 output indicated that roll reversal and
the attendant reversal of the fuel-clement loads change the deflection
at 16 in. from the assumed simple support at the top of the core to
0.05624 in. The corresponding values of P and MAF are 7.2 1b and
39.7 1lb-in., respectively. With these values the bending-moment dia-
grém of Fig. G3b was constructed.

In the third-pass container at the point of 0.06264-in. deflection, -

the pressure is -4.9 psi. From Eq. D(20), with @ = O, the equation

_ b} pL

EId; =135 ~ 20

D = 3000 1b-in.?, & = 0,06264 in., and
P = -4.9 psi yields P = 10.3 1lb. From Eq. D(18), with @ = O,

is obtained; substitution of EI
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B _ 17 .2
Map = 30 ~ 270 PL

With p = -4.9 psi and P = 10.3 1b, solution of this equation gives

Mip = 36.5 1b-in. The above values were used to construct the ben@ing-

moment diagram for the top of the third-pass container shown in Fig. G4a.
As-poinfed out on pége 112, roll reversal causes the deflection at

this section to change to 0.05624 in. Corresponding values of P and MAF

are 6 1b and 32.7 lb-in., respectively. With these values the bending-

momeht diagram of Fig. G4b was:constructed. ‘

- It is noted that ﬁhe stress conditions at this. section of maXimum
deflection, 16 in. from the simple support, afe less.severe than those
shown to be satisfactory on pages 78—79 and 81-82. The bending-moment
diagrams indicate that the maximum deflection occurs at mid-éban, where
the deflection is 0.06264 in. Hence, thisléection in the intermediate

fuel-element containers is satisfactory.

Transverse Sections Near the Top Point of Application of the Fuel-
Element Loads ‘ )

The adequacy of the interior fuel-element containers near the top
point of applicétion of the fuel-element loads was established by in-
vestigating five different conservative load and position conditions.
Because of the proximity of the support, the fuel-element loads were
distributed over a length of 2e, e inches on.each side of ‘P (see Figs.
El, E2, or E3). | '

At Top End of Spacer Bar "Beam," e = 3 in. At the top end of the’

1

spacer bar "beam," a transverse section of the fuel-element container is

subJjected to the same loads irrespective of the end conditions assumed.

- for the "beam,"

and the deflection is zero. The most severe condition
for this transverse section is that for e = 3 in. The fuel element loads
are Q = 2(21.375) = 42.75 1b (see p. 63), and the effective pressures in
the second- and third-pass containers are +9.2 and -5.6 psi, respectively.
For the bottom of the second}pass fuel-element container; the above

data and Eq. D(13) were used to obtain P = 67.4 1b, and then, from
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Eq. D(8), MAFFV= 30.8 1b-in. These data were used to obtain the bending-
moment diagram for clockwise roll shown in Fig. G5a for the bottom of
the second-pass fuel-element container. For counterclockwise roll, thé
necessary data were obtained in a similar way. The bending-moment diagram
is, shown in Fig. G5b. T

For the top of the thirdeass fuel -element confainef, Eqs. D(20)
and D(18) were solved, after substituting the above values for pressures,

defleétion, and Q, to obtain

P =-24.9 1b

and

MAF = +9.15 1b-in.

The use of these data permitted the construction of the bending-moment
diagram for the top of the third-pass container shown in Fig. Géa for
clockwise roll. The diagram shown in Fig. Géb for coﬁnterclockwise roll
was similarly obtained.

Examination of Figs. G5 and G6 shows that the end conditions are
satisfactory, since they are less severe than those shown to be satis-
factory on pages 76~78, 81-82, and 83-84. The mid-span condition in
Fig. G5 is slightly more severe, because of the stress range, than that
shown on pages 78-79 to be satisfactory. The analysis on pages 85-86
for t = 0.22 in. indicates, however, that the mid-span region of the
second-pass container as well as of the third-pass container is satis-
factory. The maximum deflections in the beams of Figs. G5 and G6 do not
occur.at mid-span. The deflection of the beam shown in Fig. G6 is ob-
viously less than that of the beam shown in Fig. G5. The maximum de-
flection for the beam of Fig. G5a was calculated by area moment methods
and found to be 0.0105 in. at a point approximately 1.9 in. from either

end of the span. Hence, it is concluded that this section is adequate.l

Section at 10 in. from Simply Supported End of Spacer Bar "Beam,"
e =5 in. For e = 5 in., the deflection at 10 in. from the simple sup-

port for 30° clockwise roll is 0.0566 in., based on the IBM-709C output.
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For 30° counterclockwise roll it is 0.0456 in. At this same elevation
the effective pressures in the second- and third-pass containers are,

respectively, +8.6 and -5.2 péi. The Q‘loads (see p. 63) are 12/10 of
21.375 or_25.65 1b. Use of Eq. D(13) and D(8) yields P = 25.9 1b and
MAF = 48.3 1b~in., respectively. These values of P and MAF were used
to construct the bending-moment diagram of ¥Fig. G7a. The diagram of

Fig. G7b was similarly obtained. Equations D(20) and D(18) yield, re-

spectively, P = 5,95 1b and 34.4 1lb-in., and the bending-moment diagram

shown in Fig. G8a for the top of the third-pass container was constructed - .

through use of this data. The diagram shown in Fig. G8b for 30° counter-
clockwise roll was similarly obtained.

For this location and load condition, that is, 10 in. from the sim-
ple support with e = 5 in., the stress conditions are less severe than
those shown on pages 76~78 and 78-79 to be acceptable. As can be deter-
mined by referriﬁg to the moment diagrams in Figs. G7 and G8, the maxi-
mum deflection occurs at the spacer bar. This maximum deflection is
0.0566 in., which is permissible. The design is therefore adequate for
this section.

Section at 10 in. from Fixed End of Spacer Bar "Beam," e = 5 in.

For e = 5 in., the deflection at 10 in. from the fixed support  for 30°
clockwise roll is 0.0360 in., based on the IBM-7090 output. For 30°
counterclockwise roll it is 0.0312 in. As for the preceding case, the
Q loads and the effective pressures in the second- and third-pass con-
tainers are 25.65 1b, +8.6 psi, and -5.2 psi, respectiveély.

Equations D(13) ‘and D(8) were used to obtain, respectively, P = 36
1b and M, = 39.6 lb-in., and with this data the diagram of Fig. G9a was
constructed. The diasgram of G9b was similarly obtained.

Equations D(20) and D(lS) were used to obtain, respectively,

P = -4.6 1b = 4.6 1bf and M, = 25 1b-in. The diagram of Fig. GlOa was |
constructed through_use.gf_this’data, and the diagram of Fig. G10b was

obtained in a similar way.

Section at 6 in. from Simply Supported End of Spacer Bar '"Beam,"

.e€ =3 1in. - For e = 3 in., the deflection at 6 in. from the simple sup-

poft for 30? clockwise roll is 0.040 in., based on the IBM-7090 output.
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For 30° counterclockwise roll it is 0.0327 in. For this elevatioﬁ and
loading the effective pressures and Q loadings are +8.9 psi, 75.3 psi,
and 42.75 1b, respectively. Only the end resulis are shown in Figs. Gl1
and Gl12.

Section at 6 in. from Fixed End of Spacer Bar "Beam,"

e = 3 in.

For e = 3 in., the deflection at 6 in. from the fixed supporf for 30°
clockwise roll is 0.0182 in., based on the IBM-7090 output. For 30°
counterclockwise roll it is 0.0162 in. As for the preceding case, the
Q loads .and the effective pressures in the second- and third-pass con-
tainers are 42.75 1b, +8.9 psi, and -5.3 psi, respectively. Only the
end results are shown in Figs. G13 and Gl4. ‘

Comments. Comparison of the mid-span moments of Figs. G9 through
Gl4 with the transverse moments used in the ahalysis on pages 85-86 and
of moments at other points with the end moments used in the analysis'on
pages 76—78'indicates that these last three.cases are satisfactory stress-
wise. Checking Fig. Gl3a against Fig. G5a and the lower part of page 114,
it may be seen that the deflection is not a critical item. It is con-

cluded that these last three cases are satisfactory.

Spacer Bar "Beam" at Top of Core

By referring to Table Gl, it is observed that the maximum bending
moméﬁt occurs in the beam with the fixed endvin all cases, as was ex-
pected. Using the flexure formula, o = Mc/I, with M = 2703 lb-in. and
¢ =0.5075 in., it is found that the maximum flexure strésses in the
beam are 7400, 10,360, and 19,440 psi for values of b, the net "cover
plate" width, of 4, 2, and O in., respectively.

For a roll such as that indicated on the left in Fig. F16, P (as
" shown in Fig. G15) is positive, and the longitudinal stresses 0T
thrbugh Ol¢, &S indicated in Fig. G15 for a'fixed end beam, are +10,360,
+7500, +4440, -4440, -7500, and -10,360 psi, respectively, if M is
taken as 2703 1lb-in. For the same condition, the transverse bending
moment . (in a plane perpendicular to the axis of the sﬁacer bar) in the

v

second-pass container wall at the bolt centerline is dbtained from

»
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Fig. GbSa and is -22.1 1b-in, /in. ‘Because of this moment the stresses
GTi and °T2 are 10,200 and -9400 psi, respectively, if the reinforcing
effect of the spacer bar flange is neglected. '

For a roll such as that indicated on the right in Fig. F16, P is
negative, that is, it acts u?ward, and the stresses oLl through»016 are,
respectively, +7220, +5220, +3090, -3090, -5220, and -7220 psi; the
stresses oTl and GT2 are +3600 and -3320 psi, respectively.

The fatigue analysis was based on a fuel-element container wall
thickness of 0.14 in. and on the assumption that the appropriate fore-
going stresses could be developéd at points on the suffaces of the second-
pass container wall. The following is the fatigue analysis of the spacer
bar region of the second-pass container wall near the top of the core
with the spacer bar "beam" fixed at that end and a wall thickness of
0.14 in.:

Container Interior Wall Cpntainer Exterior‘Wall

Stresses (psi) Stresses (psi)

0'p ’ GZ O'_t 0'p O'g O't
30% Roll 0 10,360 10,200 0 7,500 =9400
30%%  Roll 0 7,220 3, 600 0 5,220 -3320

) Set, Sep Spe S0t Stp
30°% Roll  -10,360 160 10,200  -7500 16,900 -9400
30°%" Roll  -7,220 3,620 3,600  -5220 8,540 -3320
Sy 3,140 3,460 6,600 2280 8,360 6080
Salt 1,570 1,730 3,300 1140 4,180 3040
Sl ean 8,790 1, 890 6,900 6360 12,720 6360

Since 8/.an * Sa1t < 48,500 psi = Sy, = Sy of cold-worked Zircaloy,
, ~ .

Smean - S

of values Spoan = 12,800 psi and Sg1¢ = 4200 is equivalent to an al-

mean Lprough the use of Fig. H3a, it is found that the set
lowable alternating stress intensity, S, of 5500 psi. This exceeds

the endurance limit of 4800 psi obtained by using a factor of safety

of 2.4, as explained on page 136.
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Subsequent to the foregoing analysis'it was decided to increase
the thickness of the fuel-element container walls at mid-span to 0.22 in.
(see p. 85 ). With this increased thickness, the transverse stresses GTl
and 0T2 are, respectively, 4310.and -3570 psi for 30° clockwise roll and
+1550 and -960 psi for 30° counterclockwise roll, if account is taken
of a stress of +260 psi as a result of the axial load in the member.

Use of the previous wvalues for Ob and , which is conservative, per-

(o)
£
mitted the following fatigue analysis of the spacer bar region of the

second-pass container wall near the top of the core with the spacer bar

"peam" fixed at that end and t = 0.22 in.:

Container Interior Wall Container Exterior Wall
Stresses (psi) Stresses (psi)

o, o, A o, o, o,
30°¢ Roll 0 10,360 4310 0O 7,500  -3570
30°) Roll 0 7,220 1550 0 5,220 =960

Spe Spt Stp Spe Spt Sto
30°% Roll  -10,360 6,050 4310  -7500 11,070  -3570
30°7  Roll ~7,220 5,670 1550  -5220 6,180 -960
Sp 3,140 380 2760 2280 4,890 - 2610
Salt 1;570 190 1380 1140 2,445 1305
. Shean 8,790 5,860 2930 6360 8,625 2265
Since Sfcan * Salt < 48,500 psi and therefore Sfiean = Speans the signifi-

cant set of values for Speap @nd Sg1t are 8700 and 2500 psi, respectively.
This point lies in the '"safe' zone of Fig. H3a, and the wall design is
adequate. ‘ B

Sound construction requires that the thicknesses of the flanges
- and of the web of the spacer bars be approximately 0.25 in. Such a
flange thickness would leave only 0.075 in. beﬁween the backs of the
flanges, since the fuel-element container walls at the points of attach-
ment to the spacer bars are now 0.22 in. thick. Bars of rectangular

~cross section, 0.575 in. by 1.325 in., are therefore being specified.
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Use of the mid-span moments of -33 and -14 lb-in. was also checked.
It was found that the significant point (10,300 psi, 2500 psi) was also
satisfactory.

The transverse moment at the edge of the spacer bar is found to be
~12 lb-in./in. from Fig. G5a. If this moment is assumed to be developed
by tension in the bolt, the tensibn is 12/0.3515 = 34 1b and the tensile
stress in the bolt is 34/(w/64) = 693 psi. The shearing stress and bear-
ing stress in the bolt head will be less, and the bolt is adequate here
and elsewhere in the containers. |

'Figure G6 shows that the transverse moments and hence the tfénsverse
stressesvare much less for the third-pass container wall than for the '
second-pass containér wall. The longitudinal stresses are the same as
for the corresponding locations in the second-pass container wéll. These
facts .dictate that the Sy values must be less in this area than the re-
spective values in the area of the second-pass container wall. Fatigue
analyses were not done because it was evident that the design was ade-
quate for the spacer bar-spacer bar flange-third-pass container wall

area.

Transverse Sections of Peripheral Container Walls

The transverse sections of the peripheral container walls were ana-
lyzed for core II type fuel elements on pages 79-92, but pages 87-92
seem most pertinent here.' If it is assumed that the loads other than
the 7-psi pressure load, which the fuel container can safely carry, are
carriedvby the same connecting member, the beam loaded as shown in
Fig. Gl6 is obtained.

Fof‘the beam shown above, R; and R, are 321 and 187 1lb, respectively.
The maximum bending moment occurs 25.7 in. to the right of R, and is
2250 1lb-in. This is less than half the maximum bénding moment of 4580
1b-in. in the beam of Fig. F24, for which the connecting member of
Fig. F22 was shown to be adequate. The connecting member is therefore

adequate for fuel elements of either core I or core II type.
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UNCLASSIFIED
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Fig. Gt. Cross Section of Spacer Bar "Beam" First Assumed.
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Fig. G2. Simple Beam Mode!l of Fuel-Element Container Wall,
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UNCLASSIFIED
ORNL-LR-DWG 77623

Myp=42.2 lb=in. e 8.2 psi \MFA=42.2 Ib-in.
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Fig. G3. Model Beams and Bending-Moment Diagrams for the Bottom
of the Upper Second Pass Fuel-Element Container in Column 2, 416 in. from the
Assumed Simple Support at the Top of the Core, for Core I Type Fuel
Elements .
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Fig. G4. Model Beams and Bending-Moment Diagrams for the Top
of the Third Pass Fuel-Element Container in Column 2, 416 in. from the Assumed
Simple Support at the Top of the Core, for Core I Type Fuel Elements.
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_ Fig. G5. Model Beams and Bending-Moment Diagrams for the
Bottom of the Upper Second Pass Fuel-Element Container in Column 2, at the
Top of the Core, for Core 1 Type Fuel Elements, with e=3in.
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Fig. G6. Model Beams and Bending—Moment Diagrams for the Top
of the Third Pass Fuel-Element Container in Column 2, at the Top of the
Core, for Core I Type Fuel Elements, with e=3 in.
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Fig. G7. Model Beams and Bending—Moment Diagrams for the
Bottom of the Upper Second Pass Fuel—Element Container  in Column 2, 10 in.
from the Assumed Simple Support at the Top of the Core, for Core I
Type Fuel Elements, with e=5 in.
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Fig. G8. Model Beams and Bending —Moment Diagrams for the Top
of the Third Pass Fuel-Element Container in Column 2, 10 in. from the
Assumed Simple Support at the Top of the Core, for Core I Type Fuel
Elements, with e=5 in. ' :
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Fig. G9. Model
Bottom of the Upper Second Pass Fuel-Element Container in Column 2, 40 in.
from the Assumed Fixed End at the Top of the Core, for Core I Type Fuel

with =15 in.
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Fig. G10. Model Beams and Bending—Moment Diagrams for the Top
of the Third Pass Fuel—Element Container in Column 2, 40 in. from the

Assumed Fixed End at the Top of the Core, for Core I Type Fuel Elements,
with e=5 in.
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Fig. G41. Model Beams and Bending-Moment Diagrams for the

Bottom of the Upper Second Pass Fuel-Element Container in Column 2, 6in.
from the Assumed Simple Support at the Top of the Core, for Core I Type

Fuel Elements, with e=3in.
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Fig. G12. Model Beams and Bending—Moment Diagrams for the
Top of the Third Pass Fuel-Element Container in Column 2, 6 in. from the
Assumed Simple Support at the Top of the Core, for Core 1 Type Fuel
Elements, with e=3in.
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Fig. G43. Model Beams and Bending—Moment Diagrams for the
Bottom of the Upper Second Pass Fuel-Element Container in Column 2, 6 in.
from the Assumed Fixed End at the Top of the Core, for Core I Type Fuel

Elements, with e =3 in.
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Fig. Gi4. Model Beams and Bending-Moment Diagrams for the
Top of the Third Pass Fuel-Element Container in Column 2, 6 in. from the
Assumed Fixed End at the Top of the Core, for Core I Type Fuel Elements,
with e=3in.
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Appendix H

STRESS AND FATIGUE STRENGTH DATA*

The structural integrity of the proposed Zircaloy-2 fuel-element
containers was evaluated in accordance with the preliminary design basis
developed by the Navy.l In using the Navy Code for a problem of this
type, two separate types of stresses musp be recognized and considered;
these are pfimary and secondary. The primary stresses are direct or
shear stresses developed by the imposed loading which are necessary to
satisfy only the simple laws of‘equilibrium of external and internal
forces and moments., Simple membrane pressure stresses in a thin_shell
are an example of primary stresses. The stresses developed in a canti-
lever beam by a load applied at the end of the beam are a second example
of primary stressegg. . Secondary stresses are direct or shear stresses
developed by the constraint of adjacent parts or by self-constraint of
the structure. These differ from primary stresses in that they may be
relaxed by.yielding of the material. Stress concentrations are neg-
lected in both primary and secondary stresses.

When the analysis of stresses in a member reveals a biaxial or tri-
axial stress condition, it is necessary to make some assumption régard-
ing the failure criterion to be used. The Navy Code uses the maximum
shear theory of failure. The stresses upon which limitations are estab-
lished are defined as the "equivalent intensity of combined stresses”
and are numerically equal to twice the maximum shear stress. The pri-
mary membrane stress intensities are not to exceed 62.5% of the'yield
strength in tension or 33.3% of the ultimate strength in tension, which-
ever is less. The primary-plus-secondary stress intensities are not to
exceed 90% of the yield strength in tension, or 60%'of the ultimate
strength in tension, whichever is less. In additién‘to the above al-

lowable stress limits, the Navy Code specifies that the primary-plus-

#The author is indebted to J. M. Corum for the writing of this
appendix. _ :

1"Pentative Structural Design Basis for Reactor Pressure Vessels
and Directly Associated Components," PB 151987, 1 December 1958 Re-
vision, Department of Commerce, Office of Technical Services.
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secondary stresses, together with stress concentrations and thermal
stresses, éhall be evaluated in accordance with a modified Goodman fa-
tigue diagram. A discussion of thé allowable stress 1imits for the
Zircaloy-2 fuel containers and a description of the applicable modified
Goodman diagram are given below.

The Zircaloy-2 material for the fuel containers.'was taken to be ap-
proximately 15% cold-worked, and the operating temperature for the fuel
containers was taken as 600°F. The tensile properties for the materiai
were taken from a report by Whitmarsh.? The ultimate tensile strength
and the yield strength (0.2% offset) in tension for annealed Zircaloy-2 -

at 600°F are given below:

Ultimate Strength Yield Strength

(psi) (psi)
Transverse ' 27,000 20,000
Longitudinal 30, 500 17,000

For 15% cold-ﬁorked material, the ultimate strength is increased by é
factor of approximately 1.96 over the ultimate strength for annealed
material, and the yield strength is increased by a factor of approxi-
mately 2.85 over the yield strength for annealed material. By apply-
ing these factors to the minimum values of ultimate and yield strength
given in the above table for annealed material, the representative ulti-
mate and yield strength values used herein were obtained: '

Ultimate strength 52,900 psi
Yield strength 48,500 psi

- Based on these values, the allowable primary membfane stress intensity,

. which is designated by 8,, is 17,600 psi. The allowable primary-plus-

secondary stress intensity, which is designated by Sp» is 31,700 psi.
A plot of the allowable amplitude of alternating stress intensity,
Sg» versus number of cycles for annealed Zircaloy-2 at 600°F is shown

in Fig. Hl. The curve is based on Navy Code requirements and wés

2c. L. Whitmarsh, "Review of Zircaloy-2 and Zircaloy-4 Properties
Relevant to N.S. SAVANNAH Reactor Design," USAEC Report ORNL-3281,
Oak Ridge National Laboratory, July 9, 1962.
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derived from mechanical strain-cycling data and rotating-beam stress-
fatigue data.? The strain-cycling data were converted to stress ampli-
tude versus cycles to failure by multiplying the total strain range by
E/2, where E is the modulus of elasticity (11.0 X 10% psi at 600°F).

As specified in the Navy Code, the curve representing the allowable am-
plitude of alternating stress intensity versus the number of cycles has
a factor of safety of at least 20 based on cycles to failure, or a fac-
tor of safety of at least 2 based on strain range (see B.l.4.1, page
126, ref.1). The design fatigue strength curve for 15% cold-worked ma-
terial would be slightly higher than the curve for annealed material.
Since no fatigue data were available, however, for cold-worked material,
the curve in Fig. Hl was used. ,

The modified Goodman diagram may be constructed from the tensile
data and the data in Fig. H1, but stress concentration factors must be
considered at some points in the construction. For pﬁre bending of a
finite-width plate with a transverse hole, where the hole diameter-to-
plate thickness ratio is 1.8 and the hole diameter-to-plate width ratio
is 0.3, a stress concentration factor of 1.63 based on the net section
is obtained.? The concentration of stress from a 1load aﬁplied through
a pin fitting in a hole in a flat plate was studied by Frocht and Hill,4
and their results were shown by Murphy,5 For a hole diameter-to-plate
width ratio of 0.3, the stress concentration factor in thenperforated
prlate loaded by a pin through the hole is approximately 1.5 times the
stress concentration factor in the same plate subjected to tension. The
stress concentration factor in a perforated plate subjected to bending
by a load applied by a pin in the hole was thus taken to be 1.5 X 1.63
or 2.4.

3R. E. Peterson, Stress Concentration Design Factors, p. 102,
John Wiley and Sons, New York, 1953,

“M. M. Frocht and H. N. Hill, "Stress Concentration Factors Around
a Central Circular Hole in a Plate Loaded Through a Pin in the Hole,"
J, Appl. Mech., pp. A5-A9, March 1940.

G, Murphy, Advanced Mechanics of Materials, p. 98, Mchéw—Hill,
New York, 1946.

0
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‘Manson® presents experimental evidence to substantiate the theory
that, regardless of the theoretical stress concentration faétors, all
fatigue strength cﬁrves converge to a common point and that the full
theoretical stress conééntration factor should be applied only to the
endurance limit. The curve in Fig. Hl was replaced by two sﬁraight lines
and redrawn in Fig. H2. The endurance limit for a piece with a stress
concentration factor of 2.4 is 11,500/2.4 .or 4800 psi. The correspond-
ing design fatigue strength curve was obtained by drawing a straight
line from the point of convergence, which was arbitrarily taken at ten
cycles, to the reduced endurance limit at the abscissa of the knee of
the curve from Fig. Hl. 'The lower curve in Fig. H2 is thus the design
fatigue strength Curve'for points subject to stfess concentration fac-
tors.

Modified Goodman fatigue diagrams for no stress concentration fac-

~tor and for a stress concentration factor of 2.4 are shown in Fig. H3.

The curves were constructed in accordance with the Navy Code by first
drawing a line between the allowable amplitude of alternating stress,
Sy, plotted on the ordinate and the ultimate strength plotted on the
abscissa. The S, values correspond to the endurance limit. Next, the
limit of elastic behavior, which is the larger of the endurance limit
or the yield strength, was located on the abscissa, and a 45-deg line
was drawn .to intersect the pfevious line. All points to the left of
and below the solid lines in Fig. H3 will safely withstand an infinite

number of cycles.

65. S. Manson, "Part 22 — Cumulative Fatigue Damage," Machine
Design, 160-166 (#fugust 1960).
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