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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, 1 permitted the sizing of components so that under 
conservative loading conditions both stress and deflection 
limitations would be met. The necessary des modifications 
were specified for the fuel-element container assembly. 

INTRODUCTION 

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. Since consideration is being given to replacing the stainless 

steel fuel-element containers with similar containers of Zircaloy, a 

study was undertaken to determine the wall thickness required to main

tain structu~al integrity and to limit deflections to tolerable values 

during operation. 

DESIGN INFORMATION 

It was stipulated that the fuel-element container assembly design 

should be adequate for future NS SAVANNAH reactor cores. It was also 

recognized that the design must be conservative 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 Tennessee. 

l"Tentative Structural Design Basis for Reactor Pressure Vessels 
and Directly Associated Components, l! PB151987, 1 December 1958 Revision, 
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 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! 

1. 30° roll with a 14-sec period, 

2. 7° pitch with a 7-sec period, 

3. 0.25-g fore and aft acceleration, 

4. O. lateral heave, 

5. 0.3-g vertical heave. 

The simultaneous oCCurrence of any combination or of all these mo

tions is considered a possibility. In addition, the unusual circumstance 

of the 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 deflection and di

mension limitations are: 

1. The outside dimensions of the fuel-element containers shall re

main the same as-those in the exist 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-

creas 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 lying on its side and having a 

vertical heave of 2 g. Outward movement is defined as a movement toward 
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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 Babcock and Wilcox Drawings No. 10423F-4 

and 10424F-10, respectively, permit inward deflections whose sum is 0.145 

in. for a container wall thick.ness of 0.14 in. 

Fuel-Element Weight and Load Application 

A weight of 760 lb 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), 

2. one-half the load at the mid-height of the fuel-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 

T:te de 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. For 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 

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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Tl:.ermal Loading 

Temperature differentials between the second and third passes cause 

both stresses 8...'1.d deflections in the separator bars and walls of the fuel

element containers. A maximum temperature differential of 6.04°F betwee!:1 

the two flanges of the separator bar was used. 2 

Allowable Stresses 

The allowable stress intensities consistent with the Navy Code 1 for 

15% cold-worked Zircaloy were determined as explained in Appendix H. 

They are as follow: 

S , the allowable membrane stress intensity 
m 

17,600 psi, 

Sp' the allowable primary plus secondary stress inten
sity 31,700 

The design fatigue strength curve and fatigue diagrams are also included 

in Appendix H. 

SUMMARY OF STRUCTURAL ANALiSIS 

Ship Motions and Loadings 

Normal Ship Motions and Loadings 

Of the ship motions considered and listed above under Design I~for

mat ion, the 30° roll in 14 sec combined with simultaneous 0.3-g vertical 

~~d 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 

. D. Anderson, "A Thermal Analysis of Zircaloy Fuel Element Con
tainers for the NS SAVANNAH Reactor," USAEC Report ORNL-TM-197, Oak 
Hidge National Laboratory, November 16, 1962. 
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conditions the maximum total load is 1026 lb. 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 ways: 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 distrib

ute 50% 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 differentials 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 these 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 2 (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 2 (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 2, which may be ignored 

when compared with 0.7 g, or 22.54 ft/sec 2 • Since, the dynamic loads 

from the angular acceleration of the ship's roll were negligible, they 

were not considered further. 
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Deflections and Stresses from Temperature Differentials. It was 

believed that the temperature differentials between the second- and 

third-pass containers would induce 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 lb, rather than 1026 lb. 

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 subjected 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 conservative 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. 
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Models for Investigation of Deflections and Stresses from Flexure of the 
Wliole Unit 

Three different models were considered for determining 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 not the strengthening effect of the spacer bars con

sidered) was treated 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-pass containers and one for a column 

consisting of a second-pass container at top and bottom with a third-pass 

container in 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 III. 

s.pacer-Bar ItBeam" Models 

For either 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. For 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 r'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 0.3-g vertical and 0.7-g lateral heaves (assumed to be nor

mal to the ship's longitudinal vertical plane of symmetry) constituted 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 Ii'uel Elements - Normal Ship Motions 

The critical elevation in the core for core II type fuel elements 

is either 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 

II elements and therefore was not examined for core II 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 ~nalyzing the container assembly models 

shown in Figs. Fl 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 Figs. 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 colllilli~ 1 model and is 

100 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

~arrying capaCity, the connecting member (see Figs. 1 ~~d F21), as now 

deSigned, will limit 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 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 secondary 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. was 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. and86) indicated that a fuel-element con

tainer wall thickness of 0.22 in, WOllld 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 spacer bars. It was decided to make 

the spacer bar solid, since little space would be left between the 

flanges. 

It should be noted that the fatigue analyses of the container walls 

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 joints be conducted as a 

final check to determine whether the thicker edges on the walls 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 they 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

jected to a vertical heave of 2 g. Since the connecting members tend to 

convert the column 1 model into a column 2 model and since inspection of 

Figs. F15 and F16 indicates that the coluw~ 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 

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

Core I Type Fuel Elements • 

As stated on page the analysis of core I type fuel elements was 

limited to the region between the top second-pass and the adjacent third

pass containers in the column 2 model. The spacer bar between the two 

containers was treated as a Y"heam iV 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 different 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. Fl and pp. ll6 and 11'1) at the to!:: of the core for core I fuel 

elements. The fatigue analysis on pages and .l.18 indicates that a f'tlel-

element container wall thick~ess 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 belt spacing, dis-

tance, and size shall conform to those in the exist 

core structure. The main brace at the top of the core 

stainless steel 

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 be used in welding 
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the bolts in the fuel-element container wall connections. Otherwise the 

effect of cold working may be lost. 

• 
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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-e~e

ment loads under the different operating conditions specified in the 

Design Information on page 3 . 

Magnitudes of the Loads Under Specified Conditions 

The fuel-element weight specif~_ed was 760 Ib, and for core II t;ype 

fuel elements the free-body diagram indicated in Fig. Al was assumed. 

The values of R2, 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 chip motions; 

30° roll} [380 sin 30° (1/2)] 

30° roll and O. lateral heave (heave 
assumed perpendicular to fuel bundle), 

190 + ~ 7~0 (0.7g) 
o 

30° roll and 0.3-g vertical heave, 

190 + ~ 7:0 (0. ) sin 30° 

7° pitch and 0.3-g vertical heave, 

190 

456 

247 

2rSO sin 7' I~ll + ~ 7~0 (0. sin 7' 60.2 

Fore and aft acceleration of 0.25 g, 

~ 7:0 (0.25g; 

Ship on its side and with 2-g vertical 
heave, 

- 760 + l 760 (2g) 
2 2 g 

95 

1140 
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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 R2 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 We were obtained 

in the same way as were the values of R2, and both are tabulated in 

Table Al. 

Table Al. Ship Motions and Fuel-Element Container Loads 

Ship Motion R2 (lb) 

30° roll 190 

30° roll and 0.7-g lateral heave (heave 456 
assumed perpendicular to fuel con-
tainer) 

30° roll and 0.3-g vertical heave 247 

7° pitch and 0.3-g vertical heave 60 

Fore and aft acceleration of 0,25 g 95 

Ship on its side and. with 2-g vertical 1140 
heave 

30° roll, 0.7-g lateral heave, and 0.3-g 513 
vertical heave 

7° pitch, 0.3-g vertical heave, and 155 
O.25-g fore and aft acceleration 

50 

120 

65 

16 

25 

300 

135 

41 

Distribution of the Fuel-Element Loads for Frame Analyses 

The concentrated loads R2 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, 0, of a flat rectangular plate 

of width L &~d length b (where b ~ ~) simply supported on all four edges 

to -be equal to the deflection of a simply supported beam of width a and 

span length L where both are loaded by a concentrated load normal to the 

-~~deflected surface at its midpoint (see Fig. A3). In the following 

.. 
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expressions, a 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,l 

5 max 

where, for b/L ~ ~, a = 0.1849. For the beam2 

where 

Hence, 

5 max 48EI 

I = ~ at 3 
12 

E~uating the two values of 5 yields 

a = 1.355L . 

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

length over which to distribute the R2 loads. 

12.0 in. is the 

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

2p. 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 

MISCELLANEOUS LOADINGS AND DEFLECTIONS 

Dynamic 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, two approximations 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 

maximum. 

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, 0:, 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, 

w ~ (cos e - cos ¢) 

and 

f de \2 3 
\ dt ) ::;: L g (cos e - cos ¢) , 

where 

e ::;: angular displacement (in radians) at time t, 

¢ ::;: maximum angular displacement (rr/6), 

d 2e 
ex ;:: ::;: angular acceleration (in radians/sec2 ), 
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I = mass moment of inertia of rod with respect to horizontal axis 
o at 0 

= l!'!. L2 3 g , 

W = weight of rod (in Ib), 

L := length of rod (in ft), 

g := gravitational acceleration (32.2 ft/sec 2 ), 

t = time (in sec), 

T period of oscillation (14 sec). 

The separation of variables and. affixing of appropriate limits give 

3g \1/2 T/4 
I f dt i-I 

L· 0 

de 
, 

(cos e - cos ¢)lj2 

from which 

T de 
= 

4 (cos e - cos ¢)1/2 

From the procedure outlined by Sokolnikoff and Redheffer, 1 

T := 4 2L 1/2 f Tr/2 _ _d_f' ___ _ 

3g 0 (1 - K2 sin2 f')1/2 

sin (0/2) 
is obtained where K = sin 15° and sin f' = 

K 
From the C.R.C. Standard Mathenatical Tables,2 

Tr/2 dfj 
fo -------- := 1. 5981 . 

(1 - K2 sin2 ~)1/2 

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

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

• 



Therefore, 

For T = 14 sec, it is calculated that L = 231. 67 ft, the length of rod 

re~uired to have a 14-sec period and a maximum deflection angle of 30°. 

From EM = I a W ~ sin e = - ~ ~ L2a and a = - 3g sin e it is 
o 0' 2 3g' 2L' 

found that when e = 30°, 

a = - 0 .104 radian/ sec2 • max 

Harmonic Motion Approximation 

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

The general solution to this e~uation is 

from which 

and 

e A sin (Kt + B) , 

de = AK cos (Kt + B) 
dt 

If it is assumed that e = 0 when t = 0, and e = ~/6 and de/dt = 0 when 

t = T/4, it is found that B = 0, K 2~/T, and A = ~/6. Hence, 

e = ~ sin 2~ t 
6" T 
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and 

1T (21T 1,'1 2 21T sin - t 
6 ,T • T 

The period T is 14 sec and the maximum acceleration occurs when t = 3.5 

sec. Hence, 

1T 121T12 21T (3.5) 
\
--' sin = a 

6 141 14 max 

and 

a = -0.105 radian/sec2 . 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 ~ 4a . 

Either value of a (0.104 or 0.105) gives 

a ~ 0.4 ft/sec 2 , 

which may be ignored when compared with 0.7 g = 22.54 ft/sec 2 • 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 bars thus apply line 

*The author is indebted to S. E. Moore for the analysis contained 
in this section. 
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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 
Di stri bution 

The deflection of a beam on an elastic foundation with a temperature 

distribution linear through the thickness and arbitrary with the length, 

T Ky f (z), can be treated as the sum of the free deflecti on produced 

by the temperature w
t 

and the deflection caused by the resistance of the 

fOtllldation wf ' 

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 

(2 ) 

Integrating twice 

(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 

3S. 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. 



26 

along the spacer bar4 (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 the se data by the method of least squares , giving a 

linear temperature distribution through the beam at each cross section 

of the form 

T. A.x + B.y + C. , 
111 1 

with A. identically zero because of symmetry. The four planes define the 
1 

following axial temperature function: 

(4) 

The unrestrained temperature deflection for a beam with pinned ends is 

then 

-, 

sin 
2/TZ i 
-z J + azz (5) 

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, 

k 
- -- w 

EI 
x 

(6 ) 

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

4T . 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. 



in the nonhomogeneous equation for the beam on an elastic foundation: 

d 4w k 
-+-w 
dz 4 EI x 

4~ act 21TZ = - ---- sin 
U3l )2 

The solution to this equation is 

where 

134 

Nl 

N2 = 

N3 = 
N4 = 

A n 

k 
4EI , 

x 

e sin 

e -i3z cos 
ei3z sin 

e i3z cos 

4 

w L 
n=l 

i3z (see 

i3z, 

i3z, 

i3z: 

AN n n 

ref. 

-----sin 

5) , 

arbitrary coefficients. 

21TZ 

(7) 

(8; 

Since no stresses are produced by the temperature deflection, the mo~ent, 

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

M( z) = -EI 
x 

where 

4 

13
2 L 

n=l 
A NIl + 

n n 
41T4 i32 

i 1T4 + (i3l)4 

NIl = 
n 

1: aO: sin 21TZ + 
l 

5These functions and their der:Lvatives are tabulated for values of 
(i3z) from 0 to 10 in "Stress Analysis of Cylindrical Shells," by F. J. 
Stanek, USAEC Report ORNL CF-58-9-2 J 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 consta~ts of the temperature 

function (Eq. 4) are listed below. 

Temperature Constants 

Material 

Bl == ~.49605 

C1 514.08785 

a == 1.37692 

Constants 

E 12.4 X 106 pSi, 

:::: 11.2 X 106 pSi, 

v 0.4, 

B4 15.60867 

C4 510.82823 

l == 72 

transverse at 500°F, 

longitudinal at 500°F, 

ex 3.71 X 10-6 in.jin. per of. 

Geometric Constants 

k :::: 1000 Ibjin.·in. 

0.156 in.- 1 

0.0374 in.4 

11.25 

Since the dimensionless quantity pl is greater than 2~, the beam may be 

considered to be semi-infinite. Therefore the arbitrary constants for 

the pinned-end case are 

aBl 

2 

o . 

In order to consider the effect of the pin at z 

lated to z == l by the variable change 

PTl p l -

l, the origin is trans-

6C. L. Whitmarsh, !1Review 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. 



The complete deflection equation is then 

CXB1 CXB4 ~(t3Z)2aCX 2rrz 
sin --w = - Nl(~Z) + - Nl(~rl) 

2 2 rr4 + (t3Z)4 l 

The maximum deflection is 

w = 9.3 X 10-6 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 restrai~ed. 

Stresses in the Spacer Bar 

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

where c is one-half the depth of the beam, from which the maximum 

ITb = 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 

The maximum b.T 6.04°F; thus the maximum stress is 

IT = 250 psi . 
tmax 

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

sum 
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w',jch is less than of the allowable primary stre ss 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 0 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 t~e 

other end, and subjected to the load of 1140 lb 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 lb-in. 

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

where 

Mt torQue (in lb-in. ), 

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

G modulus of rigidity (in psi), 

7S. Timoshenko, Strength of Materials, p. 249, Part II, 3rd Ed., 
D.Van Nostrand, New York, 1956. 
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A == area enclosed by mid-surface of container wall (in. 2 ), 

h thickness of container wall (in.). 

For the container loaded as shown in Fig. B4, 

Mt == 5060 lb-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. 2 , 

G 5.22 X 106 psi. 

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

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 torsion 

areB T U = Mt /2Ah, where the previous nomenclature holds. The norn~l 

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. 

BIbid., p. 248. 
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Appendix C 

SELECTION OF MODELS FOR ANALYZING THE FUEL CONTAINERS 

The significant stresses and deflections in the fuel-element con

tainers are caused by the fuel-element 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 Whole 

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 BO 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 106 psi was assumed. l 

3. POisson's ratiO, ~, was assumed to be 0.4. 

4. The weight of the fuel containers was assumed to be 100 lb. 

5. The spacer bars and cover plates were assumed to weigh 9.5 lb 

each. 

6. The cross-sectional dimensions used were those shown in Fig. Cl, 

which were taken from Babcock and Wilcox drawing No. 10423F-4 and 

Massachusetts Institute of Technology drawing No. EPS-X-42B. 

Stresses and Deflections Obtained by Treating the Core Assembly as a Unit 
and Considering It To Be SimEly SUEEorted 

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

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

IC. L. Whitmarsh, I!Review of Zircaloy-2 and Zircaloy-4 Properties 
Relevant to N.S. Savannah Reactor Design,1I USAEC Report ORNL-32Bl, Oak 
Ridge National Laboratory, July 9, 1962. 



of the cross section and the load of the whole assembly must therefo:::,e 

be determined. 

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 

vJi th respect to the neutral axis. The basic dimensions are shown in 

Fig, Cl. Minimum dimensions giving cross-sectional areas of 3.5(,9 and 

3.053 in.2, respectively, for the second- and third-pass fuel-element 

containers were used in calculating the required moment of inertia. The 

moment of inertia, I , of the cross section of a second-pass fuel-clement 
x 

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

fl 
Ix - 2\12 (0.106)(6.52)3~ + 2[(6.52)(0.106)(4.438)2] 

l J 

+ 4 JTr/2 (1.178 sin 8 + 3.26)2 (0.106)(1.178) de 
o 

Similarly, for the third-pass fuel-element container, I ~ 38.7 in.4. 
x 

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. 4 . 

The weight of the whole assembly, including the spacer bars, is 

28,200 lb. The maximum shear in the builtup beam consisting of the fuel

element containers and separator bars is therefore 

v = ~ (28,200)(3) = 42,300 Ib 

when the ship is on its side and subjected to a vertical heave of 2 g. 
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The maximum shearing stress is given by2 

T max 
= VQ 

Ib ' 
(1) 

':r max = shearing stress (in psi) at the neutral axis, 

V = total force acting on the cross section parallel to the cross 

section (in lb), 

Q = the first moment of that area of the cross section on either 

side of the neutral axis with respect 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 T = 1020 psi. This stress occurs in the 
max 

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, W , of the fuel-element containers and 
e 

spacer bars is W £/8. The resultant bending moment is e 

2p. G. Laurson and W. J. Cox, Mechanics of Materials, p. 137, 3rd 
Ed., John Wiley and Sons, New York, 1954. 



36 

The resultant maximum flexure stress at mid-span is given by3 

Mc 
IT I 

where 

IT flexure stress (in psi), 

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

c distance from the neutral axis of the cross section to the point 

in the cross section most distant from the neutral axis (in in.), 

I moment of inertia, as previously defined. 

Hence, the resultant bending stress for a simply supported beam subjected 

to a concentrated load, R2) at mid-span and a total uniformly distributed 

effective load of W is 
e 

(2) 

The maximum deflection will also occur at mid-span and is the sum4 

5W Z3 
e 

384EI 

that is, the sum of the deflections due respectively to the concentrated 

and the total uniformly distributed effective loads. The resultant de

flection is 

':Ibid., p. 129. 

4 Ibid., p. 407. 

5W
e

) + --
8 

Z3 

(3) 
48EI 

• 
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Here, for the ship on its side and subjected to a vertical heave of 2 g, 

where t and I are as previously noted, 

R2 = 1140(32) = 36,480 Ib (from Appendix A, p. 17), 

W ::; (3850)3 = 11,500 Ib, including 52 spacer bars and 16 cover e 
plates, 

c ::; 28.78 in., 

cr = 900 psi, 

Q ::; 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, 

(see ref. 5), 

if it is assumed that the maximum deflection from R2 and Ware coinci
e 

dent. 

For the beam shown in Fig. C3, the equations for the maximum bending 

moment and the maximum deflection are 

M ::; (R2 + We) t max . 
2 4 

5American Institute of Steel Construction, Steel Construction, pp. 
369-370, 5th Ed., New York, 1950. 



and 

as determined above. 

5 
max 

o u 

Comparison of the values of M and 5 for the models shown :Ln 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: 

(J 
max psi , 

o 0,033 in. 
max 

T ::= 460 psi 
max 

Comparison of the Two Simply-Supported l\1odels 

The values of the stresses and deflections for the whole assembly 

and for a single fuel-element conta:Lner 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 900 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 

" 
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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 0 and max 
5 for the unusual condition of the ship on its side with a vertical max 
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 CJ max 
and 5 at the core mid-height will be smaller than those computed above max 
because there will be no concentrated load at the core mid-height. 

Selection of a Model 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 also 

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 0 clockwise roll and that one is looking at Section A-A in Fig. C4. 

Column 1 consists of second-pass containers only, and column 2 consists 

of four intermediate third-pass containers with second-pass containers 

at top and bottom. 

The second-pass containers are all subjected to a positive internal 

pressure and their left faces receive no support from an adjacent container. 

Simple 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, 



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 pages 30 to 31 that ex

treme nonsymmetrical loading in the form of torsion causes no appreciable 

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 substitute for 

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. Cl 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 dimension a was assumed to be equal to 

1.325 in. and was obtained from General Electric Sheets No. 101F544 en

titled "Bottom Tie Plate" and No. 585D189 entitled "Top Tie Plate. II 
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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. Dl. 

Method of Analysis 

These frames were analyzed by the slope-deflection method wherein, 

by properly associating the rotations of the tangents to the elastic curve 

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 

moment rotations, and deflections. The nomenclature and conventions 

used are those suggested by Carpenter. 1 Definitions of the nomenclature, 

conventions, and a brief outline of the method are given by utilizing 

Fig. D2, where 

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

fixed; a clockwise moment on joint A is positivej 

~A the bending moment at joint B in the beam AB, assuming both ends 

fixed; a clockwise moment on joint B is positive; 

BA the angle of rotation (in radians) of joint A; clockwise rota

tion of the joint is positive; 

BB the angle of rotation (in radians) of joint Bj 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; 

IS. T. Carpenter, Structural Mechanics, pp. 189-198, 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 syn~etrical 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 as 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 ~ and ~, which are respectively positive and negative as 

shown in Fig. D2b. 

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

wise moment MiB is added at A to cause the assumed clockwise rotation BA 

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

that the magnitude of MAE = 4EIeA/L and that the moment at B is increased 

in magnitude by MiB/2 or 2EleA/L. The resultant moments at A and Bare 

now 

rl - M' 
:A.B :A.B 

and 

as shown in Fig. D2c. 

3. With the moments unchanged, B is unlocked. A clockwise moment 

MBA is then applied to cause the assumed clockwise rotation eB of the 

final configuration at B. Again, by area moment methods, it can be shown 

that the magnitude of MBA = 4EleB/L and that the moment at A is decreased 

by MfA/2 or 2EIeB/L, while eA remains unchanged. The resultant moments 

at A and B are now 
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MAB = ~ -MiB 
~ ---

2 

~ 
4EIeA 2EIBB 

= -
L L 

and 

- (~A + 

M' 

MBA) ~A = AB . -r- + 
2 

-(~A + 

2EIeA 4E:BB) .• = + 
L 

It is to be noted that the angles BA and BB are both assumed to be posi

tive, as shown, so that the sign convention will be a general one and 

will ensure that any computed value of an angle may be interpreted cor

rectly. For other members of the ,frame, the moments M . . may also be ex-
lJ 

pressed in terms of B. and e. in a similar way, and all moments are ex-
1 J 

pressed in terms of fixed-end moments and angles of rotation. At A, 

MAC + MAB = O. Corresponding equations may be written for other joints, 

and the method reduces to solving a system of n equations in n unknOlms. 

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 ~A indicates compression in the top of the member AB at B. 

In constructing the bending diagrams, the simply supported beam conven

tion is used unless otherwise noted, that is, tension in the bottom fibers 

is considered positive. Hence, a negative value for MAB (tension in bot

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 f:i.rst 

of this appendix are obtained by the method outlined briefly above. 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 

~F 
Qa(L - a) PL pL2 

:= +-
L 8 12 

~B =-~ 48 

F pL2 

MBA "" -;- 48 , 

{C 
;: -~ 

48 

F p12 

MCB 
::: 

+ 48 

I{D :;:: -;- R1 _ r!I} 
8 12 

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

2EI p12 8EleA 4EleB p12 

MAB 
;: - (-28 - 8 ) 

__ c:: --
1/2 A B 48 1 1 48 

2EI p12 4EI8A 8EI8B p12 

~ ::: - (-28 - 8 ) +- +-
A 1/2 B A 

, 
48 1 1 48 

2EI Qa(1 - a) P1 
M := - (-28 - 8 ) 

AF 1 A F 
-+ -------+ 

L 8 12 
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2E18
A 

Qa(L - a) PL pL2 

MAF .- - ----- + ....... _,--_._,- -.- - '-'- -1- -_.- ; 

L L 8 12 

2EI pL2 8EIe
B 

4EI8
C 

pL2 

M
BC 

:: -- (-28 - 8 ) --- = ----------
L/2 B C 48 L 

2EI pL2 4EI8B 
MCB '" - (-28 - e ) +- :; -----

L/2 C B 48 L 

M ;:: - 2EI (-28 - 8 ) -t RL _ E.!:: 
CD LCD 8 12 

and, since eD = - 8C' 

M :: 
CD 

2EI8
C 

L 

RL pL2 

+ --. 
8 12 

, 
L 48 

8Er8 
C 

pL2 
+ -, 

L 48 

By setting the sum of the moments at any joint equal to zero, three equa~ 

tions are obtained in terms of the slopes 8A, 8B, and eC: 

For MAB + MAF = 0, 

BEIeA 4EI8B pL2 2EI8A Qa(L - a) 
-'--- -------+ -----+-:; ° , L L 48 L L B 12 

---+----+-- (1) 
16EI 2EI 32EI 

(2 ) 



(3) 

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

for SA' BS' and Be in terms of the applied loads: 

L2 r 72Qa(L - a)] 
SA :;; 640E~ l~P -t- R + --.--.-- -t- 4PL~ 

L2 f 8Qa(L - a) 
l • 

e = -- : P - R - - _I ' 
B 256EI L L2 

(5 ) 

L2 l 8Qa (L - a) I 
e C := 9R - P - 4pL + : . 

640EI I} 
(6) 

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

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

L [ r744Qa(L - a) ] 
M = - 93P -t- 3R - - - 68pL , 

AB 960 L2 
(7) 

(8) 

L [ 48Qa(L - a) J' 
M ::;;: - 6P + 6R - - pL 

BA 240 L2 
(9 ) 

~C ::;;: -MBA' (10) 

L [ 24Qa( L - a) 1 
MCB ;:: - -3P - 93R + + 68PL .. 1 ' 

960 L2 _ 
(ll ) 



(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, 

hy parts, are needed for only the left halves of these beams. Beams AF 

and CD and their respective diagramE: and elastic curves are shown in 

Figs. 1)4 and D5. The upward vertical displacement of end A of beam AF 

with respect to the horizontal tangent at K, 0A/tanK' is equal in ma€;ni

tude to the downward vertical defleetion of K, OK" A similar statement 

may be made for beam BC. Through use of the Second Area-Moment Proposi

tion,2 the vertical deflection of the mid-points of the beams may be de

termined. 

From Fig. 1)4, 

+ T EI~ / = + (Q1 + ~ _ P1) !!!! - M !!!! 
vA tanK 2 4 4 4 3 AF 2 4 

Q[(1/2) - a]2 1 + a p12 1 31 
------------ ----- - --- - --

2 3 868 

From Fig. D5, 

(14) 

2p. G. 1aurson and W. J. Cox, Mechanics of Materials, p. 169, 3::-d Ed., 
John Wiley and Sons, 1954. 



The procedure of case I was followed in the analysis of case II. 

Only the final forms of the s , moment, and deflection equations are 

listed. For the frame shown in Fig. D6, 

Case 

l60EI 

'16Qa(L - a) -; 
---.------- - 2P + pL I 

L2 

L 192Q,a(L - a) 
--- ' 2t+P - --.--------- - 17pL 

i. L2 -

-MAB ' 

L I 96Qa(L - a) 
,12P - --.------ - '01' 

240 L L2 - .! 

(15) 

(16) 

(17) 

(L8) 

(19 ) 

The used for case III was t':1e same or similar to that fo:[' 

the previous two cases, and t':1erefore only equations in their final form 

aTe listed. For the frame of Fig, D7, 

e 
B 

r 2 4Qa (L - a) 'j 
,-3P - R + J ' 

l28EI L L2 

L2 r 

--- Ip + 3R 
l28EI l 

:3Qa(L - a) i 
I 

(21 ) 

(:22 ) 
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L [ 120Qa(L - a) 1 
M = - 15P - 3R - - 16pL , 

AB 192 L2 
(23 ) 

(24) 

L [ 24Qa(L-a) 1 
~ = - 3P - 15R - . + 16pL } 

192 L2 
(25 ) 

(26 ) 

+ r EIoH = 1;36 [17RL3 + 3PL3 - 24Qa(L - a)L - 4pL4 ] J (28) 

+ 
I- EIoE = 1;36 [6PL3 + 6RL3 - 48Qa(L - a)L + 4pL4 ] • (29) 

• 
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Fig. D1. Basic Rigid-Frome Models Used in Stress Analysis of NS SAVANNAH Fuel
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Half of Beam CD for Basic Frome of Case I. 
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dy =:; + !:,,2 B . + Q" [A A ] 
dx - k "Ix-e I 2k Ax - ,,(,e-x) 

P Q 

M = '4" C"IX-el + 4,,:; [BAx + B,,(,e-x)] 

and 

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

and negative for x ~ e. In these expressions} 

-,,!x-el ;: e . ,( cos " Ix - e i + sin "I x - e j) 
:::: e -Ax sin Ax 

C
Ax 

=:; e -Ax (cos Ax - sin Ax) 

-" Ix -e I I I I I C I ,;:: e (cos " x - e - sin " x - e ) 
"lx-ej 

-Ax :::: e cos Ax 

cos 
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= (~)1/4 
A 4EI 

k the foundation modulus (in pounds per lineal inch of beam per inch 

of deflection). 

The functions A } B } C } and D have been evaluated and tabulated2 for x x x x 
o ~ 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 obtained by setting x = O. For x O} A = C = D = 1 and 
000 

B = O. Therefore} 
o 

PA 
y ::::-A 
A 2k Ae 

dy PA2 

q qo 
+- (1 - DAl ) +--

2k 4Akl 

qA 
-=-B dX

A 
k Ae + -2k (1 - AAl) 

qo 
+ 2kl 

P q qo 
MA - - C + -- B +--

- 4A Ae 4A2 Al 8A3 l 

and 

P q qo 
QA :::: - +- (1 - CAl) ---

2 4A 4A2 Z 

(CAL - 1 + 2Az) } 

(DAl - 1 + Al) } 

(1 - AAl) } 

(BAl - AZ) 

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. 3 In 

2Ibid .) pp. 219-239. 

3Ibid.} pp. 22-23. 



other words, it is necessary to add a force, P , and a moment, M , at o 0 

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

and 

P A 
o 

YA + - = 0 
2k 

P M 
o 0 

MA+-+-=O. 
4A 2 

Solution of these two equations for and M yields 
o 

and 

qo q 
P = - PA"l.e - -- (c - 1 + 2M) - - (1 - D ) 

o 1\ 2A2 £ A£ . A A£ 

M = 
o 

The addition of these loads to the infinite beam of Fig. El converts it 

to the semi-infinite beam shown in Fig. E2. The deflection, slope, mo

ment, and shear are now due to the three original loads plus the effect 

of Po and Mo and by superposition are given as functions of x and Ix - e!j 

they are 

PA PAM A2 q 
y = - A· I· + -2._ A + _0_ B + [2 - D"I. .. - D"I.( f) -x)] 

2k A ix - e 2k Ax k Ax 2k I\X 1\ )j 

• 



, 
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dy p,,2 
± -- B I , 

k "jx-ej 

M ,,3 q" 
..2 __ C + -- [A"-x - A,,( .e-x)] 

k "-x 2k 
-= 

dx 

P P, M q 
M = -- C I I + ~ C + ~ D + [B ... + ~(.e-x)] 4" "x-e 4" M 2 M 4,,2 I~ 

and 

P 

Q = ± ; D"Jx-e, 

PM" q 
o D - -2-~ ~ [C ... - C,,(.e_x)] 

2 M 2 I 4" M 

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. El to a semi-infinite beam 

fixed at A, it is necessary to apply an end-conditioning 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 P and moment M in this case 
o 0 

must satisfy the following two equations: 

P i\ 
o 

YA + 0 2k:;:: , 
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and 

dy M 1\3 
0 o . 

dX
A k 

Simultaneous solution of these two equations yields 

and 

M 
o 

p 
::; - - B 

1\ I\e 

The expressions above for P and M are respectively identical to and the o 0 

negative of the corresponding expressions for the previous case. The ad-

dition of these loads to the infinite beam of Fig. El converts it to the 

semi-infinite beam shown in Fig. E3. The deflection, slope, moment, and 

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

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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Fig. E2. A Beam of Semi-Infinite Length, Hinged at One End, 

and on an Elastic Foundation. 
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Fig. E3. A Beam of Semi-Infinite Length, Fixed at One End, 

and on an Elastic Foundation. 
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Appendix F 

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

The R2 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 l-in. 

length of the fuel-element container is assumed to constitute the rigid 

frame under consideration. 

Rigid-Frame Calculations for Column 2 when Subjected to Simultaneous 
30° Roll, O.7-g Lateral Heave, and O.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, with 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 )*, 

67PL3 9 31 Qa3 P1 L4 RL3 
; - ----- + --- QaL2 + --- Qa~L - --- + ---- + 

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 PI +7 psi. Since there is no load at NT' R = 0 in this equation. 

From D(20), 

+--------+ 
120 40 10 6 240 

where P2 ::; -4 psi. Since there are no fuel element loads on the upper 

part of the intermediate fuel-element container, Q = 0 in this equat:Lon. 

THe term EI, which actually should be D EI/(l - J.!2), is the same in 

lJoth expressions above, and the solution of the equation D5:KT ::; DOJU fOT 

P follows. 

From page 17 the load applied by the fuel bundle on the container 

walls is R2 = 513 lb. As shown on pages and 19, this is distribu.:;ed 

over a l2-in. length of the container wall. The result is then divided 

between the two "pads If in contact W:L th the deflected container wall '::'0 

obtain the value Q : .375 lb. The wall dimensions L and a were ob~::,ained 

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

or 

---+--+ ------+---+-----
7680 320 

P ::; 

o 6 240 120 240 

(165.061)(7680) 

(131) (702. 595 ) 
== 13.8 Ib , 

(1) 

With the value of P thus determined, Eqs. D(7) and D(8) are used to 

determine MAF in the bottom of the ~op container: 

31 31 Qa(L - a) 
PL + -,---- + ---

40 L 240 

46 Ib-in. 

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

produces tension in the top fibers of the beam and hence is negative 
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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 approximately -46 lb-in" and indicates that the 

maximum deflection is at KT, the mid-point of the span. 

The deflection of KT (or of JU) is due to the deflection of the 

container as a unit, which will be called beam action and designated 51, 

plus the additional deflection caused by plate action of the container 

wall, which will be designated 02' The term 51 is given by the equation 

as developed on page 36. 

tabulated on page 18, 

Using the appropriate values for R2 and W as e 

If it is assumed that the moment of inertia I is directly proportional to 

the thickness t of the container wall, I = 423t in.4, since it was shown 

on page 34 that I :;: 44.8 in.4 when t :;: 0.106 in. Hence, 

0.00137 
tin. 

It is to be noted that this neglects the 12P 

is therefore conservative. 

From D(20), 

EI5
J 

:;: EI52 
U 120 240 

since Q :;: O. Here the EI is replaced by 

165.6 lb upward force and 

.. 



65 

EI 

1 _ ~2 
09l,270t 3 , D = = 

since the bending of a plate is involved. Consequently, 

and 

D52 =----
120 240 

= 184.896 Ib-in. 3 

184.896 
!52 = -----

1,091, 270t3 

0.000169 
:---- in. 

The total deflection in inches of either KT or J U is therefore 

0.00137 0.000169 
+ !5lL =---+---

-'1' t t 3 

It is to be noted that this neglects the deflection caused by the dynamic 

effect of the plate weight, but this is <0.00000353/t2 in. and therefore 

negligible if t ~ 0.1. 

With due regard for signs, the value P == 13.8 Ib and D(17) and D(18) 

are again used to determine MAF in the top of the third-pass container: 

= 34.660 lb-in. 

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

at A. The model beam and bending-moment diagram are shown in Fig. F3. 

Data for the top of the upper second-pass container are of inter

est because the predominant 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 Ib, previously determined, is -u.sed to obtain data which 

follow for the member CD of the top frame. TLe model beam and bending

moment diagram are shown in Fig. F4, 

For member CD of the top frame, 

PL3 QaL2 Qa2L PIL4 

+ l Do2 ::::---+--------
2560 320 320 240 

D(14) 

= -3.787 + 6.995 - 1.043 - 182.177 

= -180.012 Ib-in. 3 

and it was indicated above that D :::: 1,091, 270t 3 j therefore, 

180.012 0.000165 

As on page 64, 

0.00137 in. 

0.00137 0.000165 
+ ~ ON ;:: ---

T t 
in. 

Also 

PL Qa(L - a) 17 

MCD :=-- - - P1L2 , 
320 40L 240 

D(12) 

;:: -39.4 Ib-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, 8
JL 

= ~E' From D(20), 

=---+--+-----+--, 
120 40 10 6 240 

where P2 = -4 psi. From D(14), 

+ 1 El8N = + + -- - -- - --
B 7680 320 320 240 

where PI = +7 psi. As before, El, which actually should be D = EI/(l - ~2), 

is the same in both expressions, and the solution of DaT = 
gives 

P = ;;;15;;.,;;3;"';'..:;1;,;;;.5.:,..7 ::;; 
11.984 

<)L 

12.8 1b . 

D8
N 

for P 
B 

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. F5), 

PL 8Qa(L - a) 17 
MAF = --+ + -P2 L2 

10 10L 240 
D(18) 

= -14.5 1b-in. , 

which indicates tension in the bottom. 

2. For the deflection of the spacer bar, 

",,-0;;.,;. 0;;.,;0;.,;;1;;;;.,3.:,..7 1 81 ;;:: - tin. , 
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as on page 64, 

D(14) 

= -98 1b-in. 3 , 

98 0.00009 
02 = - ----- ::: - --- in. 

1,091,270tJ t 3 

(see p. 65 for value of D), 

0.00137 0.00009 
---- in. 

t t 3 

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

1 Qa(L - a) 31PL 17P1 L2 

---- + -- - --- D(12 ) 
40 L 320 240 

::: -28.8 Ib-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 
M ::: - ----- - - + - PIL2 

AF 40 L 320 240 
D(8) 

= 57.5 Ib-in. 

which indicates tension in the top, 

0.00137 
t in~ 
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as on page 64, 

PL3 9 31 Qa3 P1L4 

+ • D02 == - + - QaL2 + - Qa2L - - + -- D{ 
2560 320 320 6 240 

== 3.507 + 62.953 + 32.318 - 8.287 + 182.177 

== 273 Ib-in. 3 , 

273 0.000250 
02 :;;:: ----- i& ---- in. 

l,091,269t3 t 3 

(see p. 65 for value of D), 

0.00137 0.000250 
! oK == --- + ---- in. 

B t t 3 

The results of this section, along with the bending-moment diagrams 

of the vertical walls (Fig. Fl) 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 Simultaneous 
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 

oGT = ~I' The expressions for DOGT and DOHI are by Eqs. D(27) 

and D(28), respectively. If it is assumed that the spacer bars are sub

jected to the same compressive load P, the equation DOGT == DOffr follows: 

17PL3 3 5 Qa3 pL4 
~,.;;;- + - QaL2 + - Qa2 L - - + ;;;; 1536 64 64 6 384 
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The solution of this eQuation yields 

P = 22.5 Ib • 

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

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

5PL 5 Qa(L - a) pL2 

M =--+- +-
AD 64 8 L 12 

D(24) 

= 45.6 lb-in. , 

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

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

flection is at G. 

2. For the deflection of the spacer bar, 

0.00137 = tin. 

as on page 64 , 

; _ 17PL3 + 3QaL2 5Qa2 L Qa3 pL4 

+ ! D52 1536 64 + 64 - ~ + 384 D(27) 

= 55.7 Ib-in. 3 , 

55.7 0.000051 
52 = ----- = ---- in. 

1,091,269t3 t 3 

(see p. 65 for value of D), 

0.00137 0.000051 
1 DG =: --- + - in. 

T t t 3 
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3. For the top of the intermediate second-pass container (see 

Fig. FlO), 

PL 5 Qa(L - a) 
MBC = - - + - RL + 

64 64 8L 
D(26 ) 

12 

= -30.6 1b-in. , 

which indicates tension in the bottom. 

4. For the top of the top second-pass container (see Fig. F11), 

= -=-0;;.,..;. 0;;.,,;0;.,;;;1;;;;,.3..;..7 - tin. , 

as on page 64, 

D(28 ) 

= -113 1b-in. 3 , 

113 0.000104 
+ 1 02 ::; - = - in. 

1,091,27Ot3 t 3 

(see p. 65 for value of D), 

0.00137 0.000104 
+ 1 oR ::; in. , 

T t t 3 

PL Qa(L - a) pL2 

=--+------ D(26) 
64 8L 12 

= ~6.2 1b-in., 

which indicates tension in the bottom. 
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The deflection of the lower spacer bar equals 0GI "" oRB' The ex

pressions for DOG and DaR are given by D(27) and D(28), respectively. 
I B 

The solution of DOG
I 

= DaRB for P, where R = P, gives 

P 22.5 Ib . 

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

items. 

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

5PL RL 
-- + - + 

64 

48.71b-in. 

5Qa(L - a) 

8L 

pL2 

+ --
12 

D(24 ) 

which indicates tension in the top. The bending-moment diagram in F~g. 

F12 indicates that the maximum deflection is not at the mid-point, G
I

. 

The point of maximum deflection will be at the point of zero slope, which 

i.;as found to be 0.23 in. from G
I

. The maximum deflection was found to 

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

t ~ 0.14 in. The deflection at G
I 

\vas therefore computed. 

2. For the deflection of the spacer bar, 

17PL3 3 2 5 2 RL3 Qa 3 ~ 
1536 + 64 QaL + 64 Qa L - 512 - ~ + 384 D(27) 

:: 29.8 Ib-in. 3 

29.8 0.000027 
------ = ---- in. 
1,091,270t3 

(see p. 65 for value of D), 

0.00137 
t 

in. 
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as on page 64, 

0.00137 0.000027 
1 0G = --- + ---- in. 

I t t 3 

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

5 Qa(L - a) pL2 

~C = - RL + --
64 8L 12 

~ 
D(26) 
• 

= -27.46 Ib-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 

deflection is the same as that calculated for oar above. 

4. For the bottom of the bottom container (see Fig. F14), 

RL 5Qa(L - a) pL2 

M =-+ +-
AD 64 8L 12 

= 64.28 Ib-in. 

which indicates tension in the top, 

as on page 64 J 

= 0.00137 
t in. 

1 3 2 5 2 RL3 Qa3 pL4 
+ D02 ;: 64 QaL + 64 Qa L - 512 - 6 + 384 

= 104.922 + 26.06 - 30.87 - 8.287 + 113.86 

;: 205.68 Ib-in. 3 
J 

D(24) 

D(27) 
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205.68 0.000188 

°2 :::: :: in. 
1,091,270tJ t J 

(see p. 65 for value of D) , 

0.00137 0.000188 
1 ° :::: + in. GB t t J 

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

D5
E 

== - + - - ----- + -
256 256 32 384 

D(29 ) 

For the top container, R ~ 0, and therefore 

-DOE :::: 116.1 Ib-in.J 
T 

and 

116:1 0.000106 
----- :: ---- in. 
1,091,270tJ 

(see p. 65 for value of D). For the intermediate container, 

_ 0.000163 

°E :::: 
I t 3 

and for the bottom container 

0.000106 

as for the top container. 
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Although the above values for 0ET' 0EI' and are not necessarily 

the maximum horizontal deflections for the respective container walls, 

they do indicate that the maximum horizontal deflection 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. F15. 

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 Ib-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 

Mc 
IT = I 

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 ------------ = -----

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 y, 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.4. 
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In order to check the adequacy of the wall thickness of O. 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), 

From page 18, 

be r--O. in. , 

assumed to be 

w = 135 Ib for t r--O.10 in. and R2 = 513 lb. Since twill 
e 

W was assumed to be 190 lb. The moment af inertia I was 
e 

423t = 59.2 in.4 (see page 64), and £ was assumed to be 

80 in. while c was 4.445 in. Use of these values 

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 ~p' ~£' and ~t are used to represent, respectively, the 

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. For the 

30° counterclockwise roll, the free-body diagram is the same as that ob-

tained by inve Fig. FlO. 

The primary stress in the transverse direction on the interior sur

face is the sum of the bending stress MC/I and the axial stress pIA. At 

A, the maximum primary stress in the transverse direction is 

~ max 

( 48 . 7 )( 0.) 33 . 1 
--------------- + ---- = 
(1/12)(1)(0.14)' 0.14 

14,900 + 236 ~ 15,100 psi 

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

on the interior surface is 

• 



amin = 
(30.6)(6) 

(0,14 )2 

77 

29.1 
+ -- = 9360 + 208 '" 9600 psi. 

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, S = a- - a- , are tabulated below: xy x y 

Principal Stresses Stress Differences 

Fuel-Element Angle (psi) (psi) 

Container of 
Sp£ S£t Stp Surface Roll cr cr£ crt p 

Interior 30o~ 0 900 15,100 -900 -14,200 15,100 
30°}' 0 -900 9,600 900 -10,500 9,600 

Exterior 30o~ 0 900 -14,700 -900 15,600 -14,700 
30°' 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 S value of 17~600 psi and is therefore acceptable. 
m 

Combinations of Steady-State and Transient Conditions. Stress 

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

Srxy' the alternating stress differences, S lt = S /2, and the a xy rxy 
basic mean stress differences, SI .. These are given below: mean xy 

S rxy 
S alt xy 
S' mean xy 

p£ 

1800 

900 

Interior Surface 
Stresses (psi) 

£t tp 

3,700 5,500 

1,850 2,750 

0 12,350 12,350 

Exterior Surface 
Stresses (psi) 

p£ £t tp 

1800 7,300 5,500 

900 3,650 2,750 

0 11,950 11,950 

Since S' + S < 48,500 psi = Sb = S of cold-worked Zircaloy, mean xy alt xy y 

S' = S mean xy mean 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 I1safe" 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 

Col umn 2 Mode 1 

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 J
L

, the maximum primary stress on the interior surface in the 

transverse direction for a w~ll thickness of 0.14 in. is 

(35.5)(0.0728) 18.4 
cr = -------------------max 0.000156 0.0985 

= 16,566 - 187 ~ 16,400 psi 

The corresponding minimum primary stress at J
L 

on the interior surface 

in the transverse direction is 

(25.1)(0.0728) 11.6 

0.000156 0.0985 

= 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 stress dif

ferences, S = cr - cr , are tabulated below: xy x y 
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Principal Stresses Stress Differences 

Fuel-Element Angle (psi) (psi) 

Container of 
Sp£ S£t Stp Surface Roll cr cr£ crt p 

Interior 30°), 0 900 16,400 -900 -15,500 16,400 
30 0 Y 0 -900 11,600 +900 -12,500 11,600 

Exterior 30°' 0 +900 -15,500 -900 +16,400 -15,500 
30°" 0 -900 -11,000 +900 +10,100 -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 
m 

psi and is therefore §.cceptable. 

Combinations of Steady-State and Transient Conditions. Stress 

quantities needed in addition to those listed above are S J S It rxy a xy' 
and S' , as for the previous case. These are shown below: mean xy 

Interior Surface Exterior Surface 
Stresses (psi) Stresses (psi) 

p£ £t tp p£ £t tp 

S 1800 3,000 4,800 1800 6,300 4,500 rxy 
S alt xy 900 1,500 2,400 900 3,150 2,250 

S' 0 14,000 14,000 0 13,250 13,250 mean xy 

Since S' + Salt < 48,500 psi = Sb = S of cold-worked Zircaloy, mean xy xy y 

S' = S 
mean xy mean xy 

The most critical set of values above is Sm = 13,250 psi and Salt = 3150 

psi. This point is within the ttsafe fl area of Fig. IDa 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 Ib-in., respectively. The corresponding mid-span 

moments are -34.2 and -41.0 Ib-in., respectively. 



Interior Surface Exterior Surface 
Stresses (psi) Stresses (psi) 

p.e .et tp p.e .et tp 

S 1800 1,500 300 1800 2,100 300 rxy 

S alt xy 900 750 150 900 1,050 150 

S/ 0 12,450 12,450 0 12,050 12,050 mean xy 

Si.nce SI + S It < 48,500 psi, the significant point (S mean xy a xy mean 
12,100 psi, and Salt :::;; 1100 psi) lies in the "safe" area of Fig. H3b, 

and the 0.14 in. thickness is adeqlli~te for point A. 

Point KB of Member AF, G =:: 0.14 in. Shown '1'0 Be Inadequate. The 

transverse principal stresses at point KB were obtained through the use 

of the bending moments of 13.4 and 29.7 Ib-in. shown in Figs. F19 and F4 

(or F16), respectively. The principal stresses ann stress differences 

are as follow: 

Principal Stresses Stress Differences 

Fuel-Element Angle (psi) (psi) 

Container of 
Sp.e S.et Stp Surface RoH 

(J (J.e (Jt p 

IClterior 30°, 0 +900 -6,100 -900 7,000 -6,100 
30°' 0 -900 -13,700 +900 12,800 -13,700 

Exterior 30 0 J 0 +900 +6,000 -900 -5,100 +6,000 
30°:' 0 -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: 

S rxy 
S alt xy 
SI 
mean xy 

Interior Surface 
Stresses (psi) 

p.e .et tp 

1800 5800 7600 

900 2900 3800 

0 9900 9900 

Exterior Surface 
Stresses (psi) 

p£ .et tp 

1800 8800 7000 

900 4400 3500 

0 9500 9500 
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Since SI + S lt ~ 16,000 mean xy a xy 
psi (i. e., <48,500 psi), S 1 = mean xy 

S mean xy 
The critical point (S mean = 9500 pSi, Salt = 4400 psi) lies 

outside the IIsafe ll area of Fig. H3a, and a wall thickness of 0.14 in. is 

not adequate here. 

Point KB 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. (see p. 118, Appendix G) at the points of 

fuel-element container wall attachment to the spacer bars and connecting 

members, since the 0.14 in. thickness was found inadequate in the pre

ceding paragraph and on page 117. For a thickness of 0.22 in., the 0.06-

in. dimension in Fig. F17 becomes 0.14 in.} y is 0.107 in.) and I = 

0.000617 in.4, The transverse bending moments and stresses are: 

Container Surface 
Angle Bending Stress (psi) 

of Moment 
Roll (lb-in. ) Interior Exterior 

300 J 13.4 -2450 2320 
300 j 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 principal stresses and stress differences are listed below: 

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

Surface Roll rJ rJZ rJt SpZ SZt Stp p 

Interior 30°) 0 900 -2300 -900 3200 -2300 
30°,. 0 -900 -5400 900 4500 -5400 

Exterior 30°.1 0 900 2500 -900 -1600 2500 
30°, 0 -900 5400 900' -6300 5400 

The primary stress intensity is 6300 psi and is acceptable, 

The stress quantities needed for the combinations of steady-state 

and transient conditions are: 
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Interior Surface Exterior Surface 
Stresses (psi) Stresses (psi) 

pl lt tp pl lt tp 

S 1800 1300 rxy 3100 1800 4700 2900 

S alt xy 900 650 1550 900 2350 1450 

8 1 0 3850 3850 0 3950 3950 mean xy 

Since SI + 8 It < 48,500 psi = Sb' 8 1 = 8 The mean xy a xy mean xy mean xy 
signific~~t point (S = 3950 psi, 8 It = 2350 psi) falls well within mean a 
the "safe" area of Fig. H3a, and the 0.22-in. t:r..ick..~ess is Quite adequate. 

As a matter of fact, the 0.22-in. thickness at KE is adequate to carry 

the normal 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 sp&~ are wi thin limits. 

Unusual 8hip Motion 

The unusual condition of the ship being on its side and. being sub

.jected to a vertical heave of 2 g was investigated in a manner similar 

to that used in the first part of this appendix. Since it was stated 

that control rod insertion would be the only concern in such a condition, 

tb.e deflections were the primary interest. Inspection of Figs. F15 and 

F16 shows that the cohu!ln 2 model exhibits the greatest deflections. 

'1'h1s particular investigation ,-las therefore limited to the column 2 model. 

The results are summarized in Fig. F20, where it rray be seen that the 

maximum deflection in a control rod region is 0.10 in. This is well 

wi thin the limits set (see p. 2) ~"1d is therefore satisfactory. 

The Conneeting Members 

It was shown on pages 80 and 81 tllat limiting the mid-span deflec

tion to 0.05 in. in the member AD of the bottom frame of the colu.mn 1 

model gives a primary stress of 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 a structural component. This 

was done by treating this component as a beam on an elastic foundation. 

The deflection of either GB (see Fig. F15) or KB (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 unit 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 the fuel-element 

container wall when subjected to fuel-element loads. It was assumed for 

the analysis below that the elastic foundation provided by the fuel

element container wall was perfectly straight after 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. 

connecting 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 D02 = 83 lb-in. 3. With D = 3000 lb-in. 2 for 

t = 0.14 in. (see p. 65) , 02 = 0.0277 in. On page 64, however, it may 

be seen that for t = 0.14 in. , 01 = 0.00137/t = 0.0098 in. with the fuel-

element loads (Q1s) on the fuel-element containers. 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 a deflection of 1 in. From Eq. D(27), 

17PL3 

1536 ; 

substitution of EI = D = 3000 lb-in. 2, L3 = 702.6 in. 3 , and 0 = 1 in. 

gives -P = 386 lb. Thus, k = 386 lb!in •. in. If it is assumed that this 

"beam" carries the 154-lb load, as determined on pagellO,1'or an infinite 

beam on an elastic foundation the deflection under a concentrated load 

is PA/2k (see Appendix E). Hence, 
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154"A 
0.0125 '" 

2(386) 

and 

"A == 0.0627 in. -1 . 

Now, "A4 == k/4EI. Since the area in which this member is to be used :~s 

outside the active core area, stainless steel was assumed for the menber. 

Therefore, I := k/4E"A4 , where k == 386 Ib/in.·in., E = 29,000,000 psi, and 

A ::: 0.0627 in. -1. Substitution of ·,~hese values gives I :::: 0.216 in.4. 

Any section having a moment of inerl~ia of 0.216 in.4 would be satisfactory, 

but one having an I section is more economical. A possible section j.s 

shown in Fig. F21. 

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

formed into an equivalent steel section1 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

tici ty is about one-third that of steel. For the equivalent transformed 

steel section, y == 0.775 in., I == 0.32 in.4, and "A == 0.0567 in.-1 . 

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

the connecting member is 

P 154 
M::: - == ----,- - 680 Ib-in. 

4"A 4(0.0567) 

The longitudinal bending stress at any point in the transformed section 

is given by J£ = My/I, where y is the distance from the neutral axis;, 

N.A., in Fig. F22, to the point under consideration. Values of J£ at 

elevations marked 1,~2) and 4.Jon Fig. F23 are, respectively, -2010, 

-1540, and +1650 psi. Use of the bending moments of 16.5 and 22.9 Ib-in. 

shown in Figs, F18 and Fll 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 

below in a fatigue analysis tabulation: 

30°Jr Roll 
30 0 t Roll 

300~ Roll 
30 0t Roll 

S 
r 

Salt 
SI 
mean 

Container Interior 
Wall Stresses (psi) 

Cf Cf,e Cft p 

0 -2010 -2800 
0 0 -4000 

S p..e S..et Stp 

2010 +790 -2800 
0 +4000 -4000 

p..e ..et tp 

2010 3210 1200 

1005 1605 600 

1005 2395 3400 

the transverse stresses listed 

Container Exterior 
Wall Stresses (psi) 

Cf Cf,e 
P 

0 -1540 +3100 
0 0 +4200 

Sp..e S,et Stp 

1540 -4640 3100 
0 -4200 4200 

p..e ..et tp 

1540 440 1100 

770 220 550 

770 4420 4750 

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

Sf + Salt ~ 48,500 and hence S = SI . All points (S , mean mean mean mean 
Salt) fall well within the "safel! zone of Fig. H3a, and the design ap-

pears to be ultraconservative. 

As a check on this apparent ultraconservatism 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 Ib-in., respectively. It was shown on page 80 that 

a bending moment of approximately 54 lb-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 10-lb/in. 

triangularly distributed loading was obtained by the same procedure 

used on page 109 to obtain the 36 Ib per lineal inch value, and the 154-

lb load is taken from page 110_ The 77-lb load is the fuel element load 

near the top. There is also a 77-lb fuel-element load near the bottom, 

but it has been omitted because the reduced pressure loading enables 
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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 yielding 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 Ib, 

respectively. The maximum longitudinal bending moment occurs at mid

span and is 4580 Ib-in. With y:: 0.775 in. and f:: 0.32 in.4, values o~ 

up, at elevations marked~:V,,2.:\, and.}) on Fig. 22, are, respectively, -13,500, 

-10,350, and -6800 psi. 

The stresses of -13,500 and -10,350 psi in the transformed section 

are equivalent to -4500 and -3450 psi, respectively, in the Zircaloy. 

The transverse bending moments of 34.2 and 22.9 Ib-in., as shown in 

Fig, F15 for unrestrained deflection, and the properties of the 0.22-in,

thick section were used to determine the O-t stresses listed below in the 

fatigue analysis of the Zircaloy po:::-tion of the section shown in Fig. F21 

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

30 0 J Roll 
30 0 y Roll 

30°) Roll 
30 0J Roll 

S rxy 

Salt xy 
Sf 

mean xy 

Container Interior 
Wall Stresses (psi) 

U 
P 

o -4500 
o 0 

4500 
o 

4500 

2250 

2250 

1600 
4000 

2400 

1200 

2800 

U
t 

-6100 
-4000 

Stp 

-6100 
-4000 

2100 

1050 

5050 

Container Exterior 
Wall Stresses (psi) 

(T 
p 

o -3450 
o 0 

-r3450 
o 

3450 

1725 

1725 

-1)550 
-4200 

5350 

2675 

6875 

+6100 
+4200 

Stp 

+6100 
+4200 

1900 

950 

5150 

'I'he 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 S :: 6900 psi and S It == 2700 psi (rounded mean a 
up to the next hundred). This fallB in the "safe " zone of Fig. H3a and 

is satisfactory. 

• 
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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 Ib-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 Stresses at Bottom of 
Flange (psi) Flange (psi) 

0" 0"£ O"t 0" 0"£ O"t p p 

30° ~ Roll 0 -10,350 -4200 0 -6,800 +4600 
30 0 r Roll 0 0 -2700 0 0 +3100 

Sp:.e S£t Stp Sp£ S£t Stp 

30° ~ Roll 10,350 -6,150 -4200 6800 -11,400 4600 
30° r Roll 0 2,700 -2700 0 -3,100 3100 

S 10,350 8,850 1500 6800 8,300 ·1500 
rxy 

Salt 5,175 4,425 750 3400 4,150 750 

S' 5,175 1,725 3450 3400 7,250 3850 mean xy 

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. 2 A stronger stainless steel, 

AISI type 347, having an allowable primary stress intensity of 14,000 

psi at 600°F was therefore specified. 3 The significant point for the 

fatigue analysis is S = 7250 psi and S It = 4150 psi, which is satis-mean a 
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!1Tentative Structural Design Basis for Reactor Pressure Vessels 
and Directly Associated Components, If p. 26, PB151987, 1 December 1958 
Revision, Department of Commerce, Office of Technical Services. 

3Ibid., p. 27 • 
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Connecting Member for AF, Bottom Frame, Column 2 Model 

Wi th a thickness of 0.22 in. a1~ mid-span, the fuel-element container 

wall is adequate at mid-span vlithout 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 restriet 

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 connecting member as for the preceding case 

is assumed. 

Referring to page 69, it may be seen that because of pressure alone 

D02 :;;; 182 Ib-in. 3 • With D = 3000 Ib-in. 2 (see p. 80), 52 := 0.0606 in, 

On page 64, 51 is given as 0.00137/t := 0.0098 in. On page 108, the founda

tion modulus, k, for this beam is found to be 490 Ib/in .. in. With 

E 29,000,000 psi and I := 0.32 in.4, 

( 
k }1/4 

A:= 4EI :;;; 0.0605 

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

5
C 

:;;; 
PA 
2k 

( 154 ) ( O. 0605 ) 
:= :; 0.0095 in. 

980 

Hence, the total deflection of 

5
K 

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 Ib-in., and the design appears to be adequate. A 

check such as that on pages 89-91 ifOUld 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 I 

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

where the fuel-element loads are applied and where PI and P2 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 fuel elements 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 fixity 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. 

Geometrical and Physical Constants of the Spacer Bar "Beam" 

The walls of the fuel-element containers are bolted to the spacer 

bars and therefore serve in somewhat the same ity as cover plates on 

structural beams. It is assumed that the spacer bar "beam l1 is composed 

of the spacer bar and a cover plate consisting of a portion of the fuel

element container wall. It is assumed further that the AISC specifica

tion l reguiring that the cover plate area not exceed 70% of the total 

flange area is applicable. The net area of the flange of the spacer bar 

is (1.375 - 0.5)(0.15) = 0"13125 in. 2. 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 

this width also complies with the AISC specification2 limiting the pro

jection of a plate beyond the rivets to 16 times the plate thickness. 

In order that the cross section be a conservative one, the net width of 

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

2Ibid. J p. 289. 
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the cover plates was taken as 2 in. Hence, the assumed cross section of 

the spacer bar "beamfl is as shown in Fig. Gl, and the moment of inertia 

with respect to its neutral axis, NoA., is 0.132425 in.4. Subsequent 

modifications made the cross 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 flcover plates" for the 

spacer bar "beam. II 

For a rectangular plate simply supported on all four sides, the 

critical value of the compressive stress is given by the equation3 

cr = ncr cr e 

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

(J 

e 

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 

(J = 
e 

(9.87)(11,000,000)(0.0196) 

12( 20, 25)( 0.84) 

= 10,400 psi. 

A good approximation3 for n 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, 

rr == 4(10,400) = 41,600 psi cr 

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 

rr 
cr 

gives the critical value of the compressive stress, 4 where 

w = 0.456 + (b/a)2, 

b = width of plate, 

a == length of plate (parallel to compressive stress), 

t == thickness of plate, 

Et 3 
D == -"";;";""'--, 

12(1 _ ~2) 

~ = Poisson's ratio. 

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

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

and 

rr == cr 

[
4.5 \2 

W == 0.456 + -rKJi = 0.459 

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

(20.25)(0.14)(12)(0.84) 

:: 47,900 psi . 

4S. P. Timoshenko and J. M. Gere, Theory of Elastic Stability, 
p. 362, 2nd Ed., MCGraW-Hill, New York, 1961. 



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. 

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

per unit length required to cause a deflection of 1 in. For the upper 

container adjacent to the upper spacer bar, 

fyom D( 13). With 

D 

67PL3 

= ~. 7680-

30001b-in. 2 

for t 0.14 in. (see p. 64), 

P = 
(7680)(D) (1) 

67(703) 
490 Ib 1 ' 

For the lower container adjacent tc the upper spacer bar, 

from Eq. D(20), and 

( 120)( D)( 1) 
P = ---------,- = 

703 
512 Ib 1 . 

The modulus k of the elastic foundation of the spacer bar flbeam" is 

therefore ~1000 psi. 

It was necessary to determine the load 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 was done by 

multiplying the spacer bar deflection from pressure by the k factor just 

determined. 

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 

D8
KT 

-67PL3 4.5L4 
= 7680 + 240 

and 

PL3 (-2)L4 

D8
J U 120 240 

where the terms involving the fuel element loads Q have been omitted. 

With D = 3000 lb-in. 2, simultaneous solution of these equations yields 

8 = 0.028 in. Multiplying 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 of the uniformly distributed load on 

the beam. 

At the top of the core the effective pressures in the second- and 

third-pass containers are +9.2 and -5.6 ps respectively. Proceeding 

as for the bottom of the core gives a load of ~4 lb per lineal inch, 

and 64 - 28 = 36 lb per lineal inch is the value of ~ (see Figs. El, 

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

uted load on the beam. 

The values 28 and 64 lb may also be approximated by considering 

the spacer bar to carry half of the load 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 lb per 

lineal inch of spacer bar; these values are reasonably close checks on 

28 and 64 psi. 
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The value of P (see Figs. El, E2, or E3), the concentrated load ap

plied by the fuel bQ~dle, 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 ::;;: 15/+ Ib . 

Moments and Deflections in the Spacer Bar "Beams ". 

As was stated in the first paragraph of this appendix, the spacer 

bar t'beamslf 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 in E2, 

for one condition and completely fixed, as shown in Fig. E3, for the 

other. 

The values of P, q, and q , as shown in Figs. E2 and E3, and the 
o 

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 along the beam were then deter

mined by an IBM-7090 computation. * The maximum moments and de.flections 

are listed in Table Gl for 18 different cases involving three values of 

the net "cover plate" width b. 'rhe different values of b were used to 

check the effect of the Hcover platelf 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. 

'rransverse 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 

*'rhe author is indebted to D. Griffin, Math Panel, Oak Ridge 
National Laboratory, for writing the program. 
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Table G1. Moments and Deflections in the 
Assumed Spacer Bar "Beamtt 

End e b I' A P Mmax omax 
Condition (in. ) (in. ) (in.4) (in. -1) (lb) (lb-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 

00 0 0.024323 0.174837 0 334.99 0.06255 
2 0.132425 0.114458 0 787.43 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 
0 0.024323 0.174837 0 -1004.7 0.05921 
2 0.132425 0.114458 0 -2292.7 0.05554 
4 0.240527 0.098593 0 -3056.7 0.05390 

each other at mid-span through the spacer bar. An increase in the ef

fective pressure 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 applies at Gr' Futhermore, as the top of the core 

is approached, the spacer bar "beams ff 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

jacent third-pass containers in column 2. 

Transverse Section at the Point of Maximum Deflection 

Referring 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. 3y 

using Eq. D(13)) 

1 ~ 67PL3 9 2 31 Q 2L Qa 3 pL4 RL3 
EIuK = - 7680 + 320 QaL + 320 a - 6 + 240 + 2560 J 

and the above data) it is possible to calculate the magnitude of the 

force P exerted on the second-pass container by the spacer bar "beam. Ii 

Substitution of 5 = 0.06264 in.) EI = D = 3000 lb-in. 2 (see p, 80)) and 

of p = +8.2 psi yields P = 4.25 lb) since R is assumed to be zero. Use 

of Eq. D( 8), 

M = 31PL RL 31Qa(L - a) + 17pL~ 
AF - 320 - 320 + 40L 240 

gives MAF = 42.2 lb-in. The values were used to construct the bendi::1g

moment diagram for the bottom of the second-pass container shown in 

Fig. G3a. 

Inspection of the IBM-7090 out-put indicated that roll reversal and 

the attendant reversal of the fuel-element 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 lb and 

39.7 lb-in.) respectively. With these values the bending-moment dia

gram 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 Q = 0) the equation 

is obtainedj substitution of EI = D = 3000 lb-in. 2) 5 0.86264 in.) and 

p -4.9 psi yields P 10.3 lb. From Eq. D( 18) J with Q 0) 
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PL 17 2 
MAF == 10 - 240 pL 

With P -4.9 psi and P 10.3 Ib, solution of this equation gives 

MAF 36.5 Ib-in. The above values were used to construct the bending-

moment diagram for the top of the third-pass container shown in . G4a. 

As pointed out on page 112, roll reversal causes the deflection at 

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

are 6 Ib and 32.7 Ib-in., respectively. With these values the bending

moment diagram of Fig. G4b was constructed. 

It is noted that the stress conditions at this section of maximum 

deflection, 16 in. from the simple support, are 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-span, where 

the deflection is 0.06264 in. Hence, this section 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 application 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, orE3). 

At Top End of Spacer Bar !lBeam, If e == 3 in. At the top end of the 

spacer bar !1beam, II a transverse section of the fuel-element container is 

subjected to the same loads irrespective of the end conditions assumed 

for the I!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 lb (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 Ib, and then, from 
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Eq. D(8), MAF = 30.8 Ib-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, the 

necessary data were obtained in a similar way. The bending-moment diagram 

is shown in Fig. G5b. 

For the top of the third~pass fuel-element container, Eqs. D(20) 

and D(18) were solved, after substituting the above values for pressures, 

deflection, and Q, to obtain 

and 

MAF = +9.15 Ib-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. G6a for 

clockwise roll. The diagram shown in Fig. G6b for counterclockwise 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. 

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-7090 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 psi. The Q loads (see p. 63) are 12/10 of 

21.375 or .65 lb. Use of Eq. D(13) and D(8) yields P 25.9 Ib and 

MAP = 48.3 Ib-in., respectively. These values of P and MAP 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 Ib and 34.4 Ib-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-

pIe 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 referring 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, II 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 Ib, 6 ps and -5.2 psi, respectively. 

Equations D(13) and D(8) were used to obtain, respectively, P 36 

Ib and MAP = 39.6 Ib-in., and with this data the diagram of Fig. G9a was 

constructed. The diagram of G9b was similarly obtained. 

Equations D(20) and D(18) were used to obtain, respectively, 

P = -4.6 Ib 4.6 Ib i and MAF 25 Ib-in. The diagram of Fig. GIOa was 

constructed through use of this data, and the diagram of Fig. GlOb was 

obtained in a similar way. 

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

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

port 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 elevation and 

loading the effective pressures and Q loadings are +8.9 psi, -5.3 

and 42.75 Ib, respectively. Only the end results are shown in Gll 

and G12. 

Section at 6 in. from Fixed End of Spacer Bar IIBeam,1I e = 3 in. 

Foy e 3 in., the deflection at 6 in. from the fixed support for 30" 

clockwise roll is 0.0182 in., based on the IBM-7090 output. For 300 

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 Ib, +8.9 psi, and -5.3 psi, respectively. Only the 

end results are shown in Figs. G13 and G14. 

Comments. Comparison of the mid-span moments of Figs, G9 through 

G14 with the transverse moments used in the analysis on pages 85-86 and 

of moments at other points \-lith the end moments used in the analysis on 

pages 76-78 indicates that these last three cases are satisfactory stress

\-lise. Checking Fig. G13a 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 

moment occurs in the beam with the fixed end in all cases, as was ex

pected. Using the flexure formula, u ::: Me/I, with M 2703 Ib-in. and 

c 0,5075 in., it is found that the maximum flexure stresses in the 

beam are 7400 .. 10,360, and 19,440 for values of b, the net "cover 

plate" width, of 4, 2, and 0 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 

t.hrough uL6' as indicated in Fig. G15 for a fixed end beam, are +10,36C, 

+7500, +4440, -4440, -7500, and -10,360 psi, respectively, if M is 

taken as 2703 Ib-in. For the same condition, the transve:rse "bending 

moment (in a plane perpendicular to the axis of the spacer bar) in the 

second-pass container wall at the bolt centerline is obtained. from 
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Fig. G5a and is -22.1 Ib-in./in. Because of this moment the stresses 

aT and aT are 10,200 and -9400 psi, respectively, if the reinforcing 
1 2 

effect of the spacer bar flange is neglected. 

For a roll such as that indica-::.ed on the right in Fig. F16, P is 

negative, that is, it acts upward, and the stresses aL through aL are, 
1 6 

respectively, +7220, +5220, +3090, .3090, -5220, and -7220 psi; the 

stresses aT and aT are +3600 and -3320 psi, respectively. 
1 2 

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 developed at points on the surfaces 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. : 

Roll 
Roll 

30°0- Roll 
30°7' Roll 

Sr 
Salt 
S~ean 

Container Interior Wall 
Stresses (psi) 

a 
p 

o 
o 

-10,360 
-7,220 

3,140 
1,570 
8,790 

10,360 
7,220 

160 
3,620 

3,460 
1,730 
1,890 

10,200 
3,600 

10,200 
3,600 

6,600 
3,300 
6,900 

Container Exterior Wall 
Stresses (psi) 

------,--------
a 

p 

o 
o 

-7500 
-5220 

2280 
1140 
6360 

7,500 
5,220 

16,900 
8,540 

8,360 
4,180 

12,720 

-9400 
-3320 

-9400 
-3320 

6080 
3040 
6360 

Since S~ean + Salt < 48,500 psi:::: Sb :::: Sy of cold-worked Zircaloy, 

S~ean :::: Smean' Through the use of Fig. H3a, it is found that the set 

of values Smean 12,800 psi and Salt:::: 4200 is equivalent to an al

lowable alternating stress intensity, Sa, 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 aT 
1 

and aT are, respectively, 4310 and -3570 psi for 30° clockwise roll and 
2 

+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 values for a
p 

and a
l

, which is conservative, per

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 

"beam" fixed at that end and t 0.22 in. ; 

30° J, Roll 
30°! Roll 

30 Roll 
30°)' Roll 

Sr 
Salt 
Sfuean 

Container Interior Wall 
Stresses (psi) 

a 
p 

o 
o 

-10,360 
-7,220 

3,140 
1,570 
8,790 

10,360 
7,220 

6,050 
5,670 

380 
190 

5,860 

4310 
1550 

4310 
1550 

2760 
1380 
2930 

Container Exterior Wall 
Stresses (psi) 

a 
p 

o 
o 

-7500 
-5220 

2280 
1140 
6360 

7,500 
5,220 

11,070 
6,180 

4,890 
2,445 
8,625 

-3570 
-960 

-357C 
-96C 

2610 
1305 
226:; 

Since S~ean + Salt < 48,500 psi and therefore Sfuean = Smean' the sig;nifi

cant set of values for Smean and Salt are 8700 and 2500 ps respectively. 

This point lies in the "safe'! zone of Fig. H3a, and the wall design is 

adequate. 

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. between 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. 



119 

Use of the mid-span moments of -33 and -14 Ib-in. was also checked. 

It was found that the significant point (10,300 psi, 2S00 psi) was also 

satisfactory. 

The transverse moment at the edge of the spacer bar is found to be 

~12 Ib-in./in. from Fig. GSa. If this moment is assumed to be developed 

by tension in the bolt, the tension is 12/0.3515 34 Ib and the tensile 

stress in the bolt is 34/(~/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 tr~nsverse 
stresses are much less for the third-pass container wall than for the 

second-pass container wall. The longitudinal stresses are the same as 

for the corresponding locations in the second-pass container wall. These 

facts dictate that the Sa 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 

carried by the same connecting member, the beam loaded as shown in 

Fig. G16 is obtained. 

For the beam shown above, Rl and R2 are 321 and 187 Ib, respectively. 

The maximum bending moment occurs 25.7 in. to the right of RL and is 

2250 Ib-in. This is less than half the maximum bending moment of 4580 

Ib-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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Fig. G1. Cross Section of Spacer Bar "Beam" First Assumed. 
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Fig. G2. Simple Beam Model of Fuel-Element Container Wall. 
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29.5 29.5 

UNCLASSIFIED 
ORNL-LR-DWG 77623 

o 0 

(0) 30" CLOCKWISE ROLL 

... ~~_~~A~~ ___ ~~~~ ____ 4A4~ __ _ 7 ... 
31.1 Ib 7.2 Ib 31.1 Ib 

19.3 

O-.------~·---------~--,-------~~------._O 

I 
'---0.44 in. 

-39.7 

(b) 30" COUNTERCLOCKWISE ROLL 

Fig. G3. Model Beams and Bending-Moment Diagrams for the Bottom 

of the Upper Second Pass Fuel-Element Container in Column 2, 16 in. from the 

Assumed Simple Support at the Top of the Core, for Core I Type Fuel 

Elements. 



122 

34.7 

(a) 30° CLOCKWISE ROLL 

O~------~---------

(b) 30° COUNTERCLOCKWISE ROLL 

UNCLASSIFIED 
ORNL-LR-DWG 77624 

Fig. G4. Model Beams and Bending-Moment Diagrams for the Top 

of the Third Pass Fuel-Element Container in Column 2. 16 in. from the Assumed 

Simple Support at the Top of the Core, for Core I Type Fuel Elements. 

• 
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9.2 psi 

f---._. __ . ___ ._.'"-.'-_:-= __ ._._ .. ___ -t-K_T_.~~_'__4!!~ ____ _ 

50lb 67.4 Ib 

(a) 30° CLOCKWISE ROLL 

~~ 
(b) 30° COUNTERCLOCKWISE ROLL 

UNCLASSIFIED 
ORNL-LR-DWG 77625 

50lb 

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 I Type Fuel Elements, with e=3 in. 
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UNCLASSIFIED 
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MAF =9.2Ib-in[ C 5.6 psi ~jMFA=9.2 Ib-in. 

\::~ I ! j ~j I I ~7 

2.8 

MAF =4.7Ib-in. ----~A~~----1 ,,\M
FA

= 4.7 Ib-in. 

",-+ __ ~2 ___ ~_~.~2 __ --r-If-'=""-"'-J--t
F 

16.5 lb 42.81b 42.8 Ib 16.5 Ib 

Fig. GG. 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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25.71b 25.71b 

UNCLASSIFIED 
ORNL-LR-DWG 77627 

t~~ 
I "\FA=48.3Ib-in. 

~+-~~=======±~====~K~T~============~~~--

k1.325 
I B.6 psi 

r-._ .. _~_.--,.'..:._:.."-.._. __ . __ --+ _____ 4_.~~. ___ _ 

50.91b 25.91b 50.91b 

22.8, 

-48.3 -48.3 

(a) 30° CLOCKWISE ROLL 

o-.-----T~--·------·---rI~---+!-0-.8-2--in-.---~----~-0 

-36 

(b) 30° COUNTERCLOCKWISE ROLL 

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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MAF = 21.1 Ib-in. 

30.2 

o--,------,,"----

-34.4 

(a) 30° CLOCKWISE ROLL 

i6.91b 

~ __ ~~_'l,-1~!2~ ____ ~ __ ~--j ,\M FA = 21.1 I b- in. 

5.91b 

__ ~JL 
25.71b 

3.12 
F 

25.71b 5.91b 

O-r----~~-----------------~------_,r_O 

-21.1 

(b) 30° COUNTERCLOCKWISE ROLL 

Fig. Ga. 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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45.91b 361b 

-39.6 

(0) 30° CLOCKWISE ROLL 

14.3, 7.8 ·14.3 

o 

-30 

(b) 30° COUNTERCLOCKWISE ROLL 

UNCLASSIFIED 
ORNL-LR-DWG 77629 

45.91b 

-39.6 

o 

-30 

Fig. G9. Model Beams and Bending-Moment Diagrams for the 

Bottom of the Upper Second Pass Fuel-Element Container in Column 2. Win. 

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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UNCLASSIFIED 
ORNL-LR-DWG 77630 

MAF =25 Ib-inC L 5.2 psi • =:f ~MFA = 25 Ib-in. 

\.:i I I j • ~! :; ~~i=:~=====4=.4=4=5~===:~:7f4~JU====~=4=.4=4=5=_==== .. ==F~--~ 
20.8 Ib 4.6 Ib 20.8 Ib 

i6.6 i 16.,1 i16'6 

o ~ ;i~ 0 

V. I r--0 ,44 in. '" I 
-25 -~ 

(0) 30° CLOCKWISE ROLL 

9,61b 
4,44",-5 ___ ----4~_~~ ________ _I 

r--___ --E.--,-.5_.2-,-PS_i,.---r- .,..---,-.,--....,------;1 ,\MFA = 14.6 Ib - in. 

F 

2.31b 2.31b 

o ~ 0 

-14.6~~-14.6 
~ /-0.44 in. 

(b) 30° COUNTERCLOCKWISE ROLL 

Fig. G40. 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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1.1.32~ 1~~~~ 

MAF = 47 Ib-ln. I ,, __ 4.....r_8_.9r-PS'"II_~...,----r----,_-:r-__ __-.,1 "fFA = 47 Ib - in. 

F Kr 
f--__ ~ ______ '-'-'-.-:.= __ . __ . __ _+_-------'-"4·1~5-~--------l..., 

59 Ib 46.51b 59 Ib 

-47 -47 

(0) 30° CLOCKWISE ROLL 

°T7~'\J° 
~ -31 

(b) 30° COUNTERCLOCKWISE ROLL 

Fig. GH. 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 Simple Support at the Top of the Core, for Core I Type 

Fuel Elements, with e = 3 in. 
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O~------~-'--~~---------------"-"~~' 

-9.8 

(b) 30° COUNTERCLOCKWISE ROLL 

-26.9 

UNCLASSIFIED 
ORNL-LR-DWG 77632 

o 

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 I Type Fue I 

Elements, with e = 3 in. 
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o 

(b) 30° COUNTERCLOCKWISE ROLL 

Fig. G13. 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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431b 

O~----------~-----
-2.4 

(b) 30° COUNTERCLOCKWISE ROLL 

UNCLASSIFIED 
ORNL-LR-DWG 77634 

13 Ib 

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 =:3 in. 
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Fig. G13. 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 = 3 in. 
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Fig. GIG. The Connecting Member as a Simple Beam for Core 1 Type Fuel Elements. 



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, 1 In using the Navy Code for a problem of this 

type, two separate types of stresses must be recognized and considered; 

these are primary 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 stress~~. 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 regard

ing the failure criterion to be used. The Navy Code uses the maximum 

shear t,heory of failure. The stresses upon which limitations are estab

lished are defined as the "equivalent intensity of combined stresses Ij 

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 addition 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. 

II/Tentative Structural Design Basis for Reactor Pressure Vessels 
and Directly Associated Components,l/ 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, shall be evaluated in accordance with a modified Goodman fa

tigue diagram. A discussion of the allowable stress limits 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 material 

were taken from a report by Whitmarsh. 2 The ultimate tensile strength 

and the yield strength (0.2% offset) in tension for annealed Zircaloy-2 

at 600°F are given below: 

Transverse 
Longitudinal 

Ultimate Strength 
( psi) 

27,000 
30,500 

Yield Strength 
(psi) 

20,000 
17,000 

For 15% cold-worked material, the ultimate strength is increased by a 

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. Byapply

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 
Yield strength 

52,900 psi 
48,500 psi 

Based on these values, the allowable primary membrane stress intensity, 

which is designated by Sm' 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, 

Sa' 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 was 

2C. L. Whitmarsh, IJReview of Zircaloy-2 and Zircaloy-4 Properties 
Relevant to N.S. SAVANNAH Reactor Design, II 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. 2 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 elasti~it.y (11. 0 X 106 psi at 600~F). 

As specified in the Navy Code, the curve representing the allowable am

plitude of alternating stress intensity versus the ITu.mber 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.l). 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, !.:lowever, 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. Hl, but stress concentratlon factors must be 

eonsidered at some points in the construction, For pure 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 L 63 based on the net ser:tion 

is obtained, 3 The concentration of stress from a load applied t!.:ll'o"J.gh 

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 coneentration factor in the perforated 

plate loaded by a pin through the hole is approximately L 5 times t,he 

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 L.5 x 1. 63 

or 2.4. 

3R. E. Peterson, Stress Concentration Design Factors) 1', 102, 
John Wiley and Sons, New York, 1953. 

4M• M. Frocht and H, N, Hill, IIStress Concentration Factors Aro'.lnd 
a Central Circular Hole in a Plate Loaded Through a Pin in the Hole)fI 
J. Appl. Mech. J Pl'. A.5-A9, Marcl:1 1940. 

sG. Murphy, Advar,ced Mechanics of Materials, p. 98, McGraw=Hill, 
New York, 1946. 
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Manson6 presents experimental evidence to substantiate the theory 

that, regardless of the theoretical stress concentration factors, all 

fatigue strength curves converge to a common point and that the full 

theoretical stress concentration factor should be applied only to the 

endurance limit. The curve in Fig. Hl was replaced by two straight 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 stress 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, 

Sa' plotted on the ordinate and the ultimate strength plotted on the 

abscissa. The Sa 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 previous line. .All points to the left of 

and below the solid lines in Fig. H3 will safely withstand an infinite 

number of cycles. 

6S. S. Manson, flPart 22 - Cumulative Fatigue Damage, !1 Machine 
Design, 160-166 (August 1960). 
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