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• I. INTRODUCTION 

The SNAP-8 reactor is intended for use as a primary power source 

on satellites and other space vehicles. The perfonnance objectives of 

the reactor are: 600 kwt thermal power, 1300 F NaK outlet temperature, 

12,000 hour reactor operating period, and greater than 96^ reliability. 

To demonstrate the accomplishment of these objectives, the SNAP-8 

developmental reactor (S8DR) is being constructed as a ground-test proto­

type of a flight-configiired reactor. It is designed for 6OO kwt power at 

1300°F outlet temperature or, alternately, 1 Mwt at 1100°F outlet. The 

reactor will be run for a minimum of 12,000 hours. 

This report summarizes the results of the analyses and evaluation 

of mechanical and thermal stresses imposed on the S8DR fuel element 

cladding during fabrication, assembly, test, and operation. Only the 

600 kwt operation has been evaluated, since this power level is more 

severe from the stsindpoint of stress evaluation (due to the higher 

operating temperatures). The conditions considered are consistent with 

those described in the series of SNAP-8 Program Office briefings: 

NAA-SR-MEMO-12097, -12122, and -12272 (Ref. I.l, 1.2, 1.3) and with 

the detailed core thermal and hydraulic performance report, NAA-SR-1256U 

(Ref. I.li). 
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II.- DESIGN DESCRIPTION 

The reference S8DR fuel element assembly is described by AI 

Drawing S8DR-18001. The assembly cladding consists of a drawn 

cylindrical tube with a machined end cap attached at each end. The 

cladding material is Hastelloy-N, nickel base alloy. A ceramic hy­

drogen barrier is bonded to the inner surface of the cladding. 

FORM 719-P REV. 6-68 
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III. OPERATING CONDITIONS 

A. Static Loads 

1. Operating Pressures 

The operating pressures in the fuel element, and in the NaK are 

given in Table III.A.l. 

TABLE III.A.l. 

Operating Pressures 

Location 

Fuel Element* 

NaK Systemi" 

Pressure (psia) 

Beginning-of-Life 

15.9 Max. 

35.0 

End-of-Life 

2.8 - 16.2 

35.0 

» Ref. III.A.l. 

S8 Project Management Selected Level 

The fuel element pressure is primarily due to hydrogen dissociation 

from the fuel, and varies with lifetime and element location as shown in 

Figure III.A.l. The values given in the curve are derived from nominal dis­

sociation and leakage rates. Fission product gas pressure is practically 

negligible for the design life of the reactor. Values are given in 

Table III.A.2 which were calculated based on the relationships given in 

Ref. III.A.2. 
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. TABLE III.A.2. 

Fuel Element Fission Gas Pressure 
After 12,000 Hour Operation 

Maximum 

Nominal 

Minimum 

Fission Gas Pressure (psi) 

Ring 1 

0.30 

0.25 

0.22 

Ring U 

0.28 

0.23 

0.21 

Ring 9 

0.21 

0.18 

0.15 

It is assumed that the fuel does not exert significant loads or 

strains on the cladding throughout the reactor operating lifetime. This 

assumption is based on fuel swelling studies and resulting S8DR axial and 

diametral gas gap specifications which are expected to preclude fuel-

cladding contact (Ref. III.A.3.). 

The preceding constitute all of the significant static operating 

conditions as identified by the core thermal, hydraulic, and nuclear 

analyses. 

B. Static Thermal Conditions 

The steady-state temperature and heat flux distributions in the SNAP-8 

fuel element are summarized in NAA-SR-MEM0-1238i; (Ref. III.B.l.) and 

NAA-SR-1256U (Ref. III.B.2.). For the purpose of the analysis of static 

stresses, only the most severe conditions were considered. These are as 

itemized in Table III.B.l. and defined in Figures III.B.l. through III.B.6. 

A FORM 719-P REV. 6-68 
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Case 
No. 

III-l 

III-2 

III-3 

iii-U 

III-5 

III-6 

III-7 

III-8 

• TABLE III.B.l. 

Static Thermal Conditions Considered in Analysis 

Description 

Maximum Circumferential Tem­
perature Variation ("60") 

Maximvun "60" Variation at 
Point of Minimum Cladding 
Creep Strength 

Average Radial Gradient 

Maximum Radial Thermal 
Gradient 

Maximum Axial Thermal 
Gradient Change d^T/dL^ 

Maximum Axial Gradient 
at Upper End Cap 

Maximum Axial Gradient 
at Lower End Cap 

Maximum A T From Stress 
-Free Condition 

Location 

Z/L 

0.5 

0.95 

Avg. 

0.5 

0.9 

1.0 

0.0 

ALL 

Ring No. 

1 

7 

Avg. 

1 

k 

7 

ALL 

ALL 

Time of 
Occurrence 

BOL 

BOL 

BOL 

BOL 

BOL 

ALL 

ALL 

Prior to 
Start-up 
& at EOL 

Location 
of Case 

Definition 

III.B.l. 

III.B.2. 

III.B.3. 

III.B.li. 

III.B.5. 

III.B.6 

III.B.7 

III.B.8. 

FORM 719-P REV. 6 - 6 8 
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1. Circumferential Temperature Variation 

At any axial station, the temperature distribution for constant r 

is given by 

T = T^. ( AT ) cos 60 

The amplitude (AT) of the variation as a function of axial 

position along the central fuel element is shown in Figure III.B.l. The 

two curves shown in the figure represent the nominal and zero spacing 

conditions for the element at beginning of life. As indicated, A T is a 

maximum at the reactor mid-plane. The variations shown are the maximum 

for the reactor core since AT decreases with increasing ring number and 

with operating time. Although the curves represent a symmetrical fuel 

assembly, little change is brought about in the AT values by asymmetry. 

2. The„minimura cladding creep strength occurs at the point of 

maximum cladding temperature. The value of the average cladding outer 

surface temperature is obtained from Figure III.B.3. At Z/L = 0.95, the 

temperature is 13li2 F. The maximum circumferential variation is obtained 

by applying a radial power factor to the value obtained from Figure III.B.l. 

6̂0 = 33°F at Z/L =0.9$ 

Radial Power Factor = ° ' ^ ^ Q = 0.7ii5 (Ref. I I I . B . l , Page U2) 

6̂0 

.330 

(33) (0.7li5) = 2U.6°F 

3. The average radial gradient is determined as follows! 

A^ = radial temperature gradient 

AR \ = 1/3 (T3 - T̂  . 2 ) 

A _FORMJ7.19-P REy,.--6-68 — 
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where 

T„ = Barrier temperature at inner surface 
D 

Tp = Average cladding temperature from the above 

\ = 2A (Tg - f^) 

Using values from Reference III.B.l, Page 19: 

Aj^ = 2/5 (Tg - f̂ ,) = 2/5 X 30 = 12°F at 0 = Tr/6 

Aj^ = 2/5 X 18 = 7.2°F at 0 = 0 

^R avg "" ^/2 ^̂ 2 "• "̂ '̂ ^ = ^'^°^ 

h. For zero spacing, the circiunferential gradient is increased to 

100°F from 75°F (Figure III.B.l.). Applying this factor to A^: 

A_ = 9.6 X 100/75 = 12.8°F for zero spacing. 

For the asymmetric case, 

^R max ^ ^/^ "̂̂B ' ̂ C^ "" ^^^ x li8 = 19.2°F (Ref. III.B.l, Pg. 30) 

Applying the factor for zero spacing 

A = 19.2 X 100/75 = 25.6°F (zero spacing, asymmetric) 

5. The maximum axial thermal gradient change is produced in the 

upper end of the Ring k elements. This is shown in Figure III.B.2. 

6. The maximum axial gradient in the region of the upper end caps is 

in the Ring 7 elements, and is approximately constant throughout reactor 

operation as shown in Figures III.B.3. and III.B.5. 

FORM 719-P REV. 6-68 
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7. The axial gradient in the lower end cap region is approximately 

constant for all elements, and throughout reactor lifetime. The typical 

gradient is shown in Figure III.B.2. 

8. Maximum AT 

The maximum isothermal temperature differential from the stress-

free state being at lii00°F, the AT is thus 1330°F. 

The stress-free condition is established during lli00°F hydrogen 

permeation testing. Complete stress-relaxation of barrier and metal 

stresses is expected to occur during this operation. Subsequent rapid 

cooling to lower temperatures produces cladding and barrier stresses due 

to differential thermal contraction. 

C. Transient Thermal Conditions 

Thermal transients, as described in the body and appendix of 

Reference III.C.l., were considered for the upper and lower end caps. 

The transients include hot and cold coolant "slugs" during the reactor 

shakedown~phase', loss of primary heat rejection capability, high power 

scr81117—and~loŵ flow scram during the PCS startup and endurance phases. 

Sketches of the end cap designs are shown in Figure III.C.l. 

Representative temperature distributions (as a function of time) for 

the transients considered are plotted in Fig\xres III.C.2 through III.C.6. 

The number designations used in the figures refer to specific locations 

in the end cap regions as identified in Figure III.C.l. For the stress 

analysis, detailed, two dimensional, temperature distributions, obtained 

directly from the TAP (Thermal Analyzer Computer Program) were utilized. 

Transient thermal stress analyses were necessary only for the end cap 

regions, because the cladding response time is very low and significant 

gradients are, therefore, not realized. The latter conclusion assumes 

that there are no localized hot spots on the element cladding. This 

assumption is consistent with the analyses of References III.C.l, III.B.l 

and I.U. 

Since the cold slug transient temperature distributions are "mirror 

images" of the hot slug cases, the cold slug results have not been included 

FORM 719-P REV. 6-68 
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in this section. The thei*mal stresses produced by cold slugs were, 

however, considered, and these are included in Section V. 

Loss of primary heat rejection capability only affects the lower 

end cap region significantly. For this reason, there is no detailed 

temperature distribution presented for the upper end cap region for 

this transient. Similarly, the high power scram and the low flow scram 

affect only the upper end cap region, and no information is given, there­

fore, for the lower end cap region for these transients. 
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IV. MATERIAL PROPERTIES 

A. Hastelloy-N 

The cladding material properties used for this analysis were 

primarily obtained from Reference IV.A.1 and IV.A.2. The exceptions 

are discussed below. 

To establish the allowable stress values for Hastelloy-N material, 

the procedure recommended in Appendix Q of Section VIII of the ASME 

Boiler and Pressure Vessel Code was used. During operation, the maxi­

mum credible temperature to be experienced by the fuel cladding is 

II4OO F. This value was used for determining the S allowable for the 

evaluation of primary and secondary stresses. 

At the noted temperature, the controlling parameter is secondary 

creep rate limit of 1.0 x 10" in./in./hr. From this consideration, 

the value of S was set at 3OOO psi. The creep data used were from 

ORNL-TM-1017. 

At the time of this analysis, the fatigue properties of Hastelloy-N 

material had not been investigated experimentally at the temperatures 

of interest. Since quantitative fatigue information is necessary for 

calculation of service damage fractions, this was predicted based on 

the empirical relationships proposed by Manson and Halford (Ref. IV.A.3). 

The data used to generate the strain range vs cycles to failure curves 

are presented in Table IV.A.1 and IV.A.2. 
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TABLE IV.A,1 

Unirradiated Hastelloy-N Tensile Data - ORNL Test 
Matrix: ORR S-1 Controls (0.002 in./in./min) 

Heat 

5911 

5911 

5911 

5911 

5911 

5911 

Specimen No. 

3121 

3109 

3115 

285U 

2953 

3091 

Test 
Temperature 

(°F) 

lUoo 

lliOO 

lUoo 

U+00 

lliOO 

lltOO 

F 
^TU 

(psi) 

50,900 

U7,700 

51,100 

1^6,700 

li5,800 

U7,800 

RA 

27.3 

lli.li 

13.1 

12.5 

22.1 

13.9 

TABLE IV.A.2 

Irradiated Hastelloy-N - ORNL Test Matrix 

Heat 

5911 

5911 

Specimen No. 

2837 

2839 

Test 
Temperature 

(°F) 

lliOO 

lUoo 

F TU 
(psi) 

32,650 

33,670 

RA 

3.55 
1.90 
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With the use of the noted data. Figures IV.A. 1 and IV.A.2 were con­

structed. These show predicted service life for unirradiated and irradi­

ated material. The adjusted curve plotted in each represents the estimated 

lower bound on lifetime reflecting the estimate of creep effects for 

relatively high cycle rates (f> 0.017 Hz). Included in the figures are 

the results of recent AI fatigue data of irradiated and unirradiated 

Hastelloy-N material reported in Reference IV.A.U. All data, to date, 

for 10 mil cladding, indicate that use of the adjusted curve of Figures 

IV.A.1 and IV.A.2 is conservative for strain cycles without long hold 

times at maximum stress. These reduced curves are used exclusively in 

Section VI to evaluate calculated cyclic stresses. 

Stress relaxation curves were generated analytically for use in this 

effort and other SNAP 8 analyses. These curves and their derivation are 

given in NAA-SR-TDR-12590 (Ref. IV.A.5). 

B. Ceramic Barrier 

The mechanical properties of the ceramic hydrogen barrier are not 

well known because there has been no test program, to date, implemented to 

establish quantitative values for the material. Therefore, for the most 

part, values were assumed or estimated from typical published values for 

high density ceramics. 

The coefficient of expansion and the modulus of elasticity of the 

barrier were assumed to be invariant with temperature. The values used 

in the analysis are given below. 

E = 10 X 10 psi 

CL - CL. = 3.5 X 10"^ in./in.°F (Ref. IV.B.l) 

The ceramic is assumed to creep very rapidly at temperatures above 

liiOO F. In addition, it is assumed that displacement type stresses relax 

to nil in the material in less than 100 hours at temperatures above 900 F. 
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The strength of the ceramic is assumed from typical values of 

Reference IV.B.2, and is as follows: 

Tensile strength = 10,000 psi 

Shear strength - liO,000 psi 

Compressive strength '= 80,000 psi 
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V. ANALYTICAL RESULTS 

A. Fabrication and Assembly Stresses 

Certain processes undergone by the S8DR fuel element during fabri­

cation and assembly produce significant stresses in the cladding and 

barrier materials. The discussion and summary of these stresses is given 

in the following section. 

1. Fabrication Stresses 

The fabrication steps noted below produce changes in the stress 

states at various locations in the fuel element. 

a] 

d] 

Shrink-fit and welding of lower end cap to tube. 

Welding of the upper end cap to the cladding tube. 

Thermal soak at 2000°F for 2 hours (Ref. V.A.I). 

Mechanical sizing and straightening of cladding tube. 

Thermal soak at 2100°F for 5.5 to 6.5 minutes (Ref. V.A.2), 

Thermal soak lower portion of element at 1975 F. 

Leak testing at li;00°F for 65 hours (Ref. V.A.U). 

The thermal soaks noted will all produce relaxation of the 

residual stresses induced by the mechanical processes. The relaxation 

rate is determined by use of the method outlined in Reference IV.A.U. 

As noted in the reference, the creep rate relationship is given by 

'^^ = U.83 X 10"^ Cr^ exp ( - 9.03 X I O V T ) 
dt 

where T is in R. From this equation, the equation relating the time 

required to reduce an initial stress, (X' , to a final stress, CT , is 

determined to be 

^'^^ ^ ^f exp (9.03 X IOVT) 1 - ( -21l- )^ 
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For Hastelloy-N material, the stress-strain curves above the 

yield point are nearly flat (zero strain hardening) (Ref. IV.A.1). 

Therefore, the maximum residual stress at any temperature is limited 

to the magnitude of the yield strength of the material. The residual 

stress at a temperature below that of a particular thermal process will 

be directly proportional to the elastic modulus assumption that the 

elastic strain is independent of temperature. 

The calculated stress amplitudes resulting from the various 

operations are summarized below. 

a. Stresses in Top Cap Region (Ref. V.A.5) 

(1) 

(2) 

(3) 

Induced by Ceramic Coating 

(TQ = O; = +31,000, (T̂  = 0 

^0 ^ ^z "" •" ^^°°°' ^r = 0 

Induced by Chrome Coating 

<̂ o = cr̂ j = - liiSo, cr^ = 0 

CTe = cr̂  = + iit5o, (T^ = o 

Tube Sizing Residual Stresses 

at 70°F 

at 1300°F 

at 70°F 

at 1300°F 

temperature) 

^Q - ^z ^ ^ ^^°°* <Tj. = 0 at 70°F 

^0 • ^ " " ̂ "̂ ^̂ ^ CTj. = 0 at 1300°F 

b. Stresses Near Element Mid-Plane (Ref. V.A.5) 

(1) Induced by Ceramic Coating 

CTQ = o ; = + 31,000, (Tj. = 0 at 70°F 

(TQ - (T^ - '^ 6,000, (T = 0 at 1200°F (operating 

temperature) 

(2) Induced by Chrome Coating 

cr^:^ Q^^ =. 1U50, cr^ = 0 a t 7o°F 

CTQ = CTz = * lii50, (Tj. = 0 a t 1200°F 
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(3) Due to Fuel"Cladding Interference 

^. --

^z = 

0-Z--

0-8 = 

<̂ 9 = 

0-0 = 

°-r-

<̂ z = 

•̂ 3 = 

<^.-

• T - s ^ 

% -

<̂ 0 = 

o; = 

+ 

-

+ 

-

+ 

-

+ 

-

U,900 

U,900 

0 

11,650 

11,650 

0 

0 

1,600 

1,600 

0 

3,890 

3,890 

0 

0 

at point of load 

opposite load 

at 90° to load 

at load, outer surface 

at load, inner surface 

remote from load 

at point of load 

opposite load 

at 90° to load 

at load, outer surface 

at load, inner surface 

remote from load 

of 

of 

of 

of 

clad 

clad 

clad 

clad 

°* I^wer End Cap (Ref. V.A.5) 

(1) Induced by Ceramic Coating 

CTQ = (T̂  = + 31,000 at 70°F, (Tp = 0 

(To = CT = + 8,500 at 1100°F, (T = 0 (operating 
^ ^ ^ temperature) 

(2) Induced by Chrome Coating 

CTQ^ (T^ = - liî O at 70°F, cr^ = 0 

CTQ = CTz = + 1^50 at 1100°F, cr^ = 0 
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(3) Induced by Residual Shrink-Fit Pressure 

0-^=0 

^Q = ̂  

^r = -

a; = o 

3100 

110 

(TQ = 2980 

o; = o 

a;=o 

^ 0 -

<r = -
r 

01 -0 

^ » - * 

<r,-o 

2550 

90 

2li50 

— Inner Surface 

— Outer Surface 

— Inner Surface 

— Outer Surface 

at 70°F 

— at 1100°F 

2. Assembly Stresses (Ref. V.A.5) 

a. Due to Element to Element Interference 

cr = - 1000 at point of load 

CT = + 1000 opposite load 
z 

cr = 0 at 90° to load 
z 

CTQ = - 1100 at load, outer surface of clad 

(71 = + 1100 at load, inner surface of clad 

0-^ = 0 remote from load 

CTj. = 0 

PfiRM 7ic)_p n w R^aa 
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B. Static Load Stresses 

Membrane stresses in the fuel element cladding were calculated based 

on the static external and internal pressures reported in Section III.A. 

The analysis and results are presented below. 

^0 

or 
r 

^r 

°; 

= 

= 

= 

= 

P r _ „ (0.275) 
t (0.010) 

- P outer surface 

0 inner surface 

- P r/2 t = - 13.8 P 

27.5 p 

P = (NaK System Pressure) - (Fuel Element Pressure) 

From III A: 

P = (35-16.2) = 18.8 psi (minimum) 

P = (35 - 2.8) = 32.2 psi (maximum) 

The pressure varies from the minimum value to the maximum due to the 

loss of hydrogen pressure as shown in Figure III.A.l. The result is a 

changing cladding membrane stress. The values are noted in Figure V.B.I. 

At the end caps, the static pressure leads to bending stresses due 

to the cylinder-plate junction discontinuity. The stress values are given 

by: 

O^y majc = - 1.55 Pr/t = - I1.2.6 P (tensile on outer surface) 

(T'Q = 1.31 Pr/t outer surface 

Ĝ Q = 0.39 Pr/t inner surface 

cr = 0 
r 
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If the system is pressurized prior to power generation, the net compres­

sive pressure will be 35 psi. Using this value, the secondary stresses 

are foxuid. 

^ m a x ~ ~ ^'^^ P̂-'- tensile on outer surface 

(Ĵ Q = + 1260 psi outer surface 

(f^ - + 380 psi inner surface 

(T = 0 
r 

The average fuel temperatures required to rupture the fuel element 

cladding, based on ultimate Hastelloy-N tubing strength, were determined 

by P. M. Magee as reported in Reference V.B.I. In this study, the average 

H/Zr of the fuel varied from 1.72 to 1.77. Since the hydrogen dissociation 

pressure increases with temperature, the failure temperature was considered 

to be that which produced the hydrogen pressure which would, in turn, 

produce the cladding failure stress. The reported results show that the 

minimum temperature required is 1635 F. 

The fuel element was analyzed to determine the maximum allowable 

external pressure on the cladding (corresponding to a NaK system surge 

pressure). The calculations (presented below) indicate that elastic 

buckling will occur when the net compressive pressure is 82 psi. It was 

assumed, for this evaluation, that the duration of the high-pressure 

condition is short. 
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C. Static Thermal Stresses 

1. Radial Thermal Gradients 

The occurrence of a radial thermal gradient in a cylindrical 

shell leads to stresses at the outer and inner surfaces according to the 

expression 

^ E a ( T̂  - T̂  ) 

27 1- l)) 

at points remote from end effects (Reference V.C.l). The upper sign 

refers to the outer surface, indicating that a tensile stress will act on 

this surface if T. > T . 
1 o 

Under steady-state conditions, the radial thermal gradients be­

come negligible in the end cap regions. Use of the above equation is 

therefore justified since the noted qualification is satisfied. 

The significant gradient conditions are defined by Cases III-3 

and Ill-li in Table III.B.l. The resultant stresses for these cases are 

as follows. 

Average Radial Gradient 

cr = (250)(9.6) 

(i.i^; 
+ 1720 psi 

Maximum Radial Gradient (Center element; Z/L =0.5) 

cr- * (250)(25.6) 

"̂  (inn— 
+ U560 psi 

2. Circumferential Thermal Gradients 

Cladding stresses due to circumferential temperature variations 

were studied by Hsieh (Reference V.C.2) and found to follow the relation­

ship 

a'^ = - 1/2 E a ( AT) cos 6 0 

CTr = (Te = 0 for elastic conditions. 
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Using the AT values noted in Section III.B. the stresses 

are: 

Maximum "60" variation (center element, Z/L = 0.5) 

^Z = - ("^^ (̂ °°̂  ^̂ ^ = - ̂ 2.500 psi 

Maximum "60" variation at point of minimum cladding creep strength 

(Ring 7, Z/L = 0.95) 

^Z = - (-T^) (25) (1) = ^ 3130 psi 

These stresses are tensile (+) in the regions where cos 60 is negative 

("cold" strips). 

At the top end cap, the "60" stress becomes 

Cr^ :^ ± ^ (19) (1) = ± 2380 psi 

Due to the presence of the circumferential temperature variation, 

and the associated stresses, strain concentrations are produced at the hot 

line zones where neighboring fuel tubes come in closest proximity. This 

occurs, at operating temperatures, because hot region creep rates are 

significsmtly higher than those of the adjacent cold zones. 

The magnitude of hot line creep strains and stresses were deter­

mined with the use of the digital computer code CREEP (Ref. V.C.3). 

Figure V.C.l shows the maximum axial (z) stresses and maximum creep strains 

resulting from the circumferential temperature variation plotted against 

time. The calculations are representative of the Case III.l, of Section III 

(center element, midplane, zero spacing, 1250 F average cladding temperature). 

The curves are terminated at 1200 hours; the design lifetime for the S8DR 

reactor. Figure V.C.2 is an extension (inverted) of the hot strip maximum 

axial plastic strain curve of the previous figure. Here, a straight line 
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extrapolation was made to 30,000 hours to examine conditions at that point 

in time. 

The condition defined as Case III-2 of Section III (maximum 60 

variation at the point of minimum cladding creep strength) has been 

analyzed for creep-collapse in Section V.D. 

3. Axial Thermal Gradients 

The maximum axial thermal gradient occurs in the lower end cap 

region as defined in Section III.B., and is equal to l6.5°F/inch. Using 

this value, and assuming that the cladding is built-in to a rigid end cap, 

the stresses are: 

a^ = 0.706 E a "frt (AT) 

a^ = (0.706) (250) (0.053) (16.5) = 15U psi 

This result indicates that the maximum axial gradient produces a 

very small maxim̂ m̂ stress. Therefore, the stresses produced by axial 

gradients will be assumed to be negligible throughout the element cladding. 

U. Isothermal Conditions 

The maximiun A T from the stress-free condition (Case III-8 of 

Section III.B) has been included in Section V.E., euid evaluated as a 

transient condition rather than static. 

D. Creep Collapse 

Due to the combined actions of net compressive pressure and initial 

tubing ovality, the fuel cladding is subject to creep collapse at high 

operating temperatures. This problem has been studied extensively by 

Y. Pan (Ref. V.D.I.) who developed a method for calculating creep deflections 

and predicting creep buckling of a thin-walled cylinder under uniform ex­

ternal pressure and arbitrary temperature gradients. The method allows for 

shell materials with arbitrary creep characteristics, and thus may include 

the effects of primary creep as well as secondary, if desired. The analyt­

ical model forms the basis for the digital computer code, CREEP (Ref. V.C.U) 

which numerically solves the differential equations by a finite difference 

technique and time-wise iterations. 

vrmw 7iq-p nvv K-KR 



NO. . AI-AEC-TDR-1282U 
ATOMICS INTEI^J^iATIONAL PAGE . U5 

A Division of North Anivriian Hni'ku-t'll Cnrporntion 

From numerous cases studied, it was found that the minimum creep-

collapse time occurs at the fuel cladding location of maximum creep rate. 

This location is the same as that defined by Case III-2, Section III; 

i.e., Z/L = 0.9$, Ring 7. At this position, the average temperature is 

I3I+2 F with a 25 F circumferential variation (Section III.B.2.). A more 

severe thermal condition was analyzed with the use of CREEP for two values 

of external pressure; U3 and 28 psi. The actual temperatures input were 

1350 F average, 50 F 60 ripple, and 5 F radial gradient. The initial 

cladding ovality assumed for these cases was 0.002 inch (semimajor axis 

minus semiminor axis). The results of this evaluation are shown in 

Figure V.D.I, and V.D.2. The curves indicate that collapse occurs at 

approximately 370,000 hours with I4.3 psi NaK pressure, and at approximately 

2,200,000 hours with 28 psi. As noted in Section III.A, the maximum long 

tenn net compressive pressure is 32 psi. Interpolation between the pre­

viously calculated values shows that collapse would occur at approximately 

1,300,000 hours for the latter pressure. 

Figure V.D.3. has been constructed using the above results for the 

average-time-to-collapse curve. The curve in the figure noted as minimum 

time to collapse was plotted by applying a factor of 1/5 to the higher 

curve. The latter factor is intended to provide for potential creep rate 

scatter (Ref. V.D.2.). 

The analytical results presented do not take the fuel dimensions 

into account. That is, the cladding is analytically allowed to strain 

progressively until collapse would theoretically occur for a hollow tube. 

In actuality, the fuel will be present to restrict excessive diametral 

cladding strains. With fuel swelling, fuel restraint will occur long 

before collapse would occur. The analysis is, therefore, considered to 

be conservative. 
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E. Transient Thermal Stress Analysis - General Discussion 

The fuel element assembly is "thermal-soaked" isothermally at lliOO F 

for approximately I4.O hours during permeation testing. Since the ceramic 

barrier (Reference V.E.l) creeps readily at this temperature, it has been 

assumed that all residual stresses in the assembly are relieved during the 

operation. The stress-free condition is therefore II4.OO F, and all thermal 

stress calculations are based accordingly. 

The glass is assumed to creep readily at temperatures above 900 F. 

Although values have not been measured, experience and recent investi­

gation (Reference V.E.l) indicates that the glass creep rate is consider­

ably greater than that of Hastelloy-N at these temperatures. Below 900°F, 

the creep-rate of the glass is assumed to be nil. The effect of the 

accelerated creep at temperatures in the operating range, is to reduce 

the stresses due to differential thermal expansion of the metal and 

glass. Therefore, the high initial thermal stresses induced in the 

cladding by the barrier are reduced with time at static operation. These 

considerations were incorporated into the fuel element stress analysis 

evaluation. 

The stress analysis was accomplished with the use of the modified 

AVCO shell analysis digital computer code (Reference V.E.2). The code 

solves plane stress problems for thin shells of revolution by a finite 

difference solution of the differential equations of elastic equilibrium. 

The analytical model used is shown in Figures V.E.l and V.E.2. Neither 

end cap lends itseilf readily to division into simple geometric shapes 

required for input to the code. Therefore, the model used is an approxi­

mation of the actual structure, and the computer output should be evialuated 

accordingly. The models yielded accurate results as judged by the satis­

faction of boundary conditions and the absence of strain inconsistencies 

in the interior portion of the regions. 

Transient thermal stresses were ainalyzed with temperature inputs as 

described in Section III.C. The analytical approach used treated the 

problem as quasi-steady-state. That is, the temperature distributions at 

each interval of time during the transient period were examined, and the 
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instantaneous distribution was then used as input for the analysis of the 

shell stresses as though the condition were a static one. The resultant 

stresses represented the range (alternating stress amplitude) realized 

during the transient. 

1. Lower End Cap 

Table V.E.1.1. summarizes the maximum and minimum stresses for 

each of the significant lower end cap thermal transients. The temperature 

distributions for the transient conditions exist exclusively during the 

transient period. The transient stresses, therefore, are not additive to 

any other thermal stresses. 

Stress distribution plots are presented in Figures V.E.1.1., 

V.E.l.2., and V.E.l.3. The solid curves represent the circumferential 

stresses for the outside surface of the cladding, and the dashed curves 

represent the meridional stresses for the internal surface of the cup. 

The six other principal metal stresses have not been plotted since they 

do not include the maximum and minimum calculated values for the transients. 

The thick-walled end cap stresses (Region 13) have also not been included 

in the figures because they are not of principal interest. The barrier 

(ceramic) stresses vary only slightly over the end cap region for any 

thermal condition. Because of this, these stresses were also excluded 

from the figures. 

The 200 F hot slug transient is the mirror image of the 200 F 

cold slug. Figure V.E.l.l., then, may be used to represent the latter 

transient by reversing the signs of the stresses. Figure V.E.l.3 may also 

be used to represent the room temperature isothermal condition by suitable 

modification of the ordinate scale (apply factor of - 6.1). 

The curves show the effects of the structural discontinuity at 

the upper end of the cup (junction of Regions 3 and 1). Portions of the 

curve have been smoothed to eliminate fictitious stress discontinuities 

produced by the analytical model discontinuities. The model discontin­

uities were necessitated by the computer code's inability to properly 

handle sharply tapered regions. Tlie tapered portion of the end cap was. 

Recent modifications to the code (Ref. V.E.3) have eliminated this 
shortcoming. 
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therefore, approximated by a series of short, concentric cylindrical 

steps as shown in Figure V.A.I. 

TABLE V.E.1.1 

Lower End Cap Maximum and Minimum Transient Thermal Stresses 

Operating 

Condition 

Isothermal 

@ Room Temp. 

200°F Hot 

Slug 

Transient 

200°F Cold 

Slug 

Transient 

Loss of Heat 

Reject 

Transient 

+ 200°F 

Isothermal 

Maximum and Minimum Stresses (psi) 

Cladding 

(+25,600) Q) 

+2U,300 ® 

+ 3,570 @ 

+ 950 ® 
- 3,850 (6) 

+ 3,850 ® 

- 950 ® 

+ 800 ® 

- 3,850 @ 

- 600 @ 
- U,ooo ® 
(- U,200) 0 

Barrier 

- 85,100 ® 

1 - 92,700 ® 

+ 6,620 ® 

0 @ t = 0 

0 @ t = 0 

- 6,620 ® 

+ 6,510 ® 

0 @ t = 0 

+ 15,360 ® 

+ lli,000 ® 

Numbers in circles (^ denote region 

number for stress location (see Figure V.A.I.) 

FORM 7 1 9 - P REV. 6 - 6 8 



(^(^(^•'..^-z.. y I .^ r -^ \' 

^rf^i^r^ty^^ -^nyc- -e.oyy ^ <?a-z- - r* p'/S'^Q 'J^ 

•OD !i3ss3 « najdnasi 
» S n Kl 3aVH S3HDN1 Ol X i 

eZEl 9^ HOMI Vl OJ. Ol X Ol 



f Z",- ""^y ; ,^o /<> 

n >, 
»> \ 

^ 
CM 
CO 
CM 
r-i 

Oi 
w t-1 

> 
;̂ 
^ s 
<^ 

•Lf^ 
0\A 
ta «a; 

1 
M 

-=; 

(D 
bn 
Cl 

OH 

.-

^^ III 4--^^ Tnrrr 
ii tr E nrrm 

TTT 

7;a^'o)L (/x-^-^) •CO 
-3:4 -rrr 

'It 
-^ 

w ê 
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2. Upper End Cap 

The maximum and minimum stresses in the upper end cap are 

summarized for each of the important thermal transients in Table V.E.2.1. 

Stress distribution plots are presented in Figures V.E.2.1, 

V.E.2.2, V.E.2.3, and V.E.2.I4.. The solid curves represent the circum­

ferential stresses for the outside surface of the cladding. The 

dashed curves represent the meridional stresses on the inner surface 

of the cladding. The other two principal stresses have not been plotted 

since they do not include the maximum and minimum values for the transients. 

In general, the comments made concerning the lower end cap 

transient stresses are also pertinent to the upper end cap stresses. 
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TABLE V.E.2.1 

Upper End Cap Maximum and Minimum Transient Thermal Stresses 

Operating 

Condition 

Isothermal 

@ Room Temp. 

200°F Cold 

Slug 

Transient 

200°F Hot 

Slug 

Transient 

Low Flow 

Scram 

Transient 

Power 

Scram 

Transient 

+ 200°F 

Isothermal 

Maximum and Minimum Stresses (psi) 

Cladding 

+ 27,600 ® 

- 10,860 (2) 

+ 1,350 © 
- 2,U70 © 

+ 2,]i70 @ 

- 1,350 ® 

+ 3,710 ® 

- 1,810 (3) 

+ 5,870 @ 12 sec Q) 

- 5,820 @ 6 sec 0 

+ 1,530 0 
- 6,000 0 

Barrier 

- 82,560 0 
- 97,060 0 

0 @ t = 0 

- 3,090 0 

+ 3,090 0 
0 @ t = 0 

+ U,760 0 
0 @ t = 0 

0 @ t = 0 

-18,300 0 @ 12 sec 

+ 21,2i|0 0 

+ 17,950 0 

Numbers in circles C j denote region 

number for stress locations (see Figure V.A.2.) 
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VI. EVALUATION OF RESULTS 

The stresses calculated for the fuel element were evaluated in 

accordance with the procedures outlined in Section III of the ASME 

Boiler and Pressure Vessel Code (Ref. VI.1). The stresses were classi­

fied into the categories of primary (P , P , P ),secondary (Q) and peak 

(F) as recommended in Article IV of the noted reference. The conditions, 

and identifying classification are noted in Table VI.1. Certain stresses 

do not fall into established categories. These were classified as 

'special' and were separately evaluated. 

A. Primary Stresses 

The stresses are found from V.A. and V.B. and are identical for all 

portions of the cladding. There are no significant local membrane or 

primary bending stresses. The general membrane stresses during operation 

are: 

cr„ 

^0 

r, 
oz 

r Or 
'Zr 

U+0 

890 

30 

220 

i;30 

230 

Outer Surface 

(r„ 

CTn 

cn 

r. OZ 

t Or 
r. Zr 

890 

0 

220 

ll50 

220 

Inner Surface 
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TABLE VI. 1 

STRESS CLASSIFICATIONS 

(Sheet 1 of 2) 

I. Lower End Cap 

1. 

2. 

3. 
u. 
5. 
6. 

7. 
8. 

9. 
10. 

1 •'""'•• 

Ceramic coating-induced 

Chromizing-induced 

Shrink-fit residual 

Hydrogen-permeation-test pressure primary 

Operational pressure primary 

Hydrogen-permeation-test pressure secondary 

Operational pressure secondary 

Over-temp (V.B.3) 

Surge pressure (V.B.U) 

Axial thermal gradient 

Thermal transients (exclusive of axial 

i II. Central Element 

; ^• 
2. 

3. 

i ^' 

5. 
6. 

7. 
8. 

9. 
10. 

11. 

12. 

Ceramic-induced 

Chromizing-induced 

Fuel-clad interference: 

a. Axial 

b. Circumferential 

Element-element interference 

a. Axial 

b. Circumferential 

gradients) 

Hydrogen-permeation-test pressure primary 

Operational pressure primary-

Over- temp (V.B.3) 

Surge pressure (V.B.U) 

Radial thermal gradient 

Circumferential gradient 

Hot-line creep 

Creep-collapse 

(F) 

(F) 

(F) 

(̂ m) 

K^ 
(Q) 

(Q) 

(̂ m) 

m 
(Q) 

(F) 

(F) 

(F) 

(Q) 

(F) 

(Q) 

(F) 

(̂ m) 

(̂ m) 
(̂ m) 

(̂ m) 
(F) 

(F) 

(Special) 

(Special) 
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TABLE VI.1 

Stress Classifications 

(Sheet 2 of 2) 

III. Upper End Cap 

1. Chromizing stress (F) 

2. Tube sizing residual stress (F) 

3. Ceramic-induced stress (F) 

li. Hydrogen-permeation-test pressure primary (P ) 

5. Hydrogen-permeation-test pressure secondary (Q) 

6. Operational pressure secondary (Q) 

7. Operational pressure primary (P ) 
ra 

8. Over-temp (V.B.3) i^^) 

9. Surge pressure (V.B.U) (P̂ ^̂ ) 

10. Axial thermal gradient (Q) 

11. Circumferential gradient (F) 

12. Hot-line creep (Special) 

13. Creep-collapse (Special 

lli. Thermal transients (exclusive of axial gradients) (F) 

FORM 719-P REV, 6-68 



ATOMICS INTEF>^TIONAL 
i Division of ^orth Anioriifin Ho<k\KoU Corporation 

NO. . AI-AEC-TDR-1282li 
PAGE . 66 

The primary stress intensity obtained from these values is 

S = cr̂  - g'̂  = 890 psi 

From Section IV, 

S = 3000 psi 
1 ™ 

The design margin is found to be 

M.S. = 
r 3000 .. ~ 
L 890 - ^ J 100 = + 238^ 

for primary stresses during operation. 

The primary stresses during hydrogen permeation testing are: 

CT'̂  = + 600 

CTQ = + 1190 

cr^ = 0 

roz = 300 

Tg, -- 600 

^Zr = 300 

<T^ = + 600 

(Tg = + 1190 

o ; = - ii5 

rgz = 300 

Tg^ - 620 

^Zr -- 320 

— Outer surface 

Inner surface 

FORM 719-P REV. 6 -68 



NO. . AI-AEC-TDR-1282U 
ATOMICS INTER^TIONAL PAGE . 67 

4 Ditiuon of North Antpriian Hotkucll Corpornlion 

From these values, the stress intensity is 

S = 12i;0 psi 

The design margin is 

100 = + lii2̂  M.S. = 
3000 T 
12110 • ^ 

for primary stresses during permeation testing. 

In the event of fuel over-temperature, as discussed in V.B., the maximum. 

allowable temperature without excessive cladding deformation may be deter­

mined. 

The maximum stress intensity will be 

S = (27.5 P + P) = 28.5 P 

The allowable pressure is (for cladding T = lij.00 F) 

3000 ,„^ 

With normal operating NaK pressure of 2,'^ psi, the required hydrogen pres­

sure becomes 

P„ = li;0 psia 
n 

The minimum fuel temperature for this to occur is l500 F with H/Zr = 1.77 

(Ref. VI.2). This is approximately 150 F higher than the maximum fuel 

temperature predicted (Ref. III.B.2) (averaged axially and radially). For 

this calculation, the H/Zr upper limit for as-built S8DR fuel rods i-̂as used. 

This procedure results in the maximum dissociation pressure and the minimum 

margin on fuel temperature. 
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Should a high pressure surge occur in the NaK system, the cladding 

will collapse elastically at a pressure of 82 psig as noted in Section V.B. 

With the normal operating pressure equal to 32 psig maximum, the margin 

is 50 psi for this condition. 

B. Secondary Stresses 

Secondary stresses due to static loads are given in Sections V.A. and 

V.B. During hydrogen permeation testing the stresses at the upper and lower 

end caps are: 

^Z 

<̂ r 

r, 
oz 
Or 

r, Zr 

1850 

1560 

0 

150 
780 

930 

Outer 
Surface 

S 
^Q 

CTr 
T'oz 
Tbr 
Tzr 

= 

= 

= 

— 

= 

= 

+ 1850 

- 1;60 

0 

1160 

230 

930 _ 

Inner 
Surface 

These stresses combine with the primary stresses with the results being 

cr_ 
cr Q 
01 

X oz 
'Qr 
r, Zr 

- 1250 

- 370 

0 

hho 
190 

690 

_ Outer 
Surface 

^Z 

O-Q 

'̂ OZ 

'̂ Qr 

'̂ Zr 

= 

= 

— 

z: 

+ 

+ 

-

2U50 

730 

h$ 
860 

390 

1250 

Inner 
Surface 

The primary plus secondary stress intensity becomes 

S = 2500 psi 

The allowable stress intensity is 3 S (Ref. VI.1). The design margin is 

M.S. 3 X 3000 
2500 

100 = + 260^ 
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Secondary stresses occur in the central portion of the fuel element 

due to assembly interferences as summarized in Section V.A. The most 

critical condition is at the maximum temperature, and the stresses are 

^Z 
Cg 

^r 

^Z 

^0 

<^v 

= 1 1600 ~ 

= 0 

= 0 _ 

= t 1000 ~ 

= 0 

= 0 

- fuel-cladding interference 

- element-element interference 

The combined secondary stresses are 

^Z 

^Z 

<^Q 

^r 

= + 2600 Maximum 

= - 2600 Minimum 

0 

= 0 

Combined with the primary stresses, during hycirogen permeation testing. 

the stresse 

^Z = ' 

^Z = ' 

^0 = ^ 

^r = 

'f'oz 
'^oz 
-̂ Or = 

-̂ Zr = 

Tzr = 

is become 

2760 Max 

1560 Min 

1190 

0 

190 Min 

790 Max 

600 

780 Min 

1380 Max 

Crl = + 2760 Max 

0̂ 2 = + 1560 Min 

CTg = + 1190 

_ outer ^r = - ^^ 
surface 'K „ = 190 Min 

rg2 = 790 Max 

Tor = 600 

Y2J. = 800 Min 

^ = lliOO Max 

_ inner 
surface 

FORM 7 1 9 - P RRV. fi-fiR 



ATOMICS INTERJjiATIONAL 
A Division of North Ainrritan HorkivvU Corporation 

NO. . AI-AEC-TDR-1282U 
PAGE,. 70 

The maximum primary plus secondary stress intensity for the 

of the element is 

S = 2810 psi 

The design margin is 

M.S. = 
3 X 3000 -^ 

_ 2810 
100 = +220^ 

during hydrogen permeation testing. 

central portion 

• 

During operation, the combined primary and secondary stresses in the 

central portion of the element are 

Q'2, - * ̂ "̂ 20 Max ~ 

(Tz - - 2600 Min 

(TQ = - 890 

(T, = - 30 

rQ2 = 1310 Max 

rg2 = 890 Min 

Tg, = U30 

Y^^ = 830 Min 

r^^ = 1290 Max 

cr = + 1720 Max 

C^ = - 2600 Min 

(TQ = - 890 

outer cr' ~ ^ 
surface ^J^ __ ^3^^ ^ ^ 

^^2 = 890 Min 

%r -- ^50 

-Y^^ = 860 Min 

T'zr = 1300 Max 

_ inner 
surface 

The stress intensity for this condition is 

S = 2620 psi 

The margin becomes 

M.S. 
3 X 3000 

2600 
- 1 100 = + 2hh% 
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In all regions, the secondary stresses at room-temperature are small 

relative to the allowable room-temperature stress intensity. Design 

margins for these have, therefore, not been included here. These stresses 

have, however, been included for the evaluation of combined primary, 

secondary, and peak stresses. 

C. Peak Stresses 

Peak stresses in the lower end cap region are the results of thermal 

transients, ceramic coating differential expansion, chromized layer dif­

ferential expansion, and residual shrink-fit pressure. The combined stresses 

due to the last three conditions are the following (from V.A.). 

^Z = 

ho "" 
^Qr --

^rZ = 

^Z 
% 

^ZO 

Sgr 

SrZ 

+ 29,550 

+ 32,650 

110 

- 3,010 

+ 32,760 

- 29,660 

+ 29,550 

+ 32,530 

0 

- 2,980 

+ 32,530 

- 29,550 

inner ' 
surface 

outer 
surface 

at 70°F 

During hydrogen permeation testing, the maximum alternating stress 

is found by combining the fabrication stresses and the hydrogen pressure 

at temperature. 

«̂ 7, 

% 
o; 

— 

= 

= 

+ 200 

+ 3380 

0 
^Or 
S^2 = - 200 

- 3180 

+ 3380 
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The msiximum stress difference, establishing the alternating stress is: 

3^2 = 29,350 

S = Ui,680 
a 

for hydrogen permeation testing. 

The stress ranges, determined in the same manner as above, for the 

other operating cycles, along ̂ •fith the alternating strain ranges, allowable 

number of cycles, and usage factors, are presented in Table VI.2. The 

table indicates that the total usage factor (.u) is less than 1%. 

TABLE VI.2 

Lower End Cap Fatigue Stress Evaluation 

Condition 

Room Temperature to 
Steady-State Operation 

Steady-State to 2000F 
Cold Slug 

Room Temperature to 
200°F Hot Slug 

Loss of Heat Reject 
Scram to Room Temp. 

Hydrogen Permeation 
Testing 

n 

12 

25 

33 

10 

1 

- \ 

10,710 

1,1;30 

12,I|00 

12,570 

lii,680 

Range 

8.9x10"^ 

1.2x10"^ 

1.03xl0"3 

l.oUxlO~3 

1.22xlO"3 

N 

90,000 

00 

25,000 

25,000 

9,000 

u 

0.013^ 

-0-

0.132^ 

o.oUo^ 

0.011^ 

The number of stress cycles for each condition is derived from NAA-SR-

MEMO-II373 (Ref. VI.3). For the evaluation, it was assumed that of the 

S$ expected startups during S8DR operation, 33 are followed by hot slugs 

(the total number of expected scrams) and 10 are followed by loss of heat 

reject scrams; leaving 12 normal startups. The 25 expected cold slugs were 

assumed to cycle from steady-state operating conditions. Although this 

assumed sequencing is unlikely in operation, it leads to the maximum cyclic 

stress ranges for fatigue evaluation, and it accounts for all expected 

transients. 
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The details of the stresses and stress combinations are shown in 

Table VI.3 and VI.i;. The numbers in coliwin headings of the former corre­

spond to the lower end cap stress item number in Table VI.1. 

Peak stresses in the central portion of the fuel result from ceramic 

coating differential expansion, chrome coating differential expansion, 

fuel-clad interference, element-element interference, and radial and cir­

cumferential thermal gradients. Stresses due to thermal transients are 

negligible in this region because of the extremely short response time of 

the cladding with the assumption that there are no local hot spots (see 

Section III.C). The combined stresses, due to these conditions (from 

V.A, and V.C.) which produce the maximim alternating shear stress are given 

below. These stresses occur at the inner surface of the cladding. 

^Z 
CTg 

^ZO 

^Or 

^rZ 

^Z 

^0 

CTr 

^ZQ 

Sgr 

SrZ 

+ 33,U50 

+ 19,000 

0 

+ iii,U5o 

+ 19,000 

- 33,U5o 

- 9,hS0 
790 

0 

- 8,660 

790 

+ 9,li50 

at 70°F 

at 1200 F 

The maximum stress difference is 

rZ 
Ii2,900 psi 
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This value determines the alternating stress intensity for the central 

portion of the cladding 

S„ = 21,U50 psi 
3. 

The corresponding strain range is 

range 

2 S 
s 

E 

C = ^^^^^^^^^°j = 1.78 X 10-3 in./in. 
•^^"^^ " (2li.2 X 10^) 

From Figure IV.A.2., the allowable number of cycles for this strain range 

is 

N = 1800 cycles 

The usage fac tor , iri.th TL taken to be SS cycles (Ref. VI.3.) 

u = ̂ 5 
1800 

= 0,031 = 3.1^ 

The stress range multiplier to produce failure is 

M<r = 2.7 

The indicated design margin on stress is 

M.S. 
57,800 ^ 

21,1+̂ 0 ~ 
100 = + 170^ 

As for the lower end cap, the details of the stresses and stress combin­

ations are presented in tabular form (Tables VI.5. and VI.6.). The number 

headings refer to the central portion stress list numbers of Table VI.1. 
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All possible stress combinations were considered in order to determine 

the maximum stress range. This value was then used as representative of 

every stress cycle. This approach is conservative, but nevertheless, leads 

to a generous design margin indication. 

Peak stresses in the upper end cap region are produced by ceramic 

coating differential expansion, chrome coating differential expansion, tube 

sizing residual stresses, circumferential thermal gradients, and thermal 

transients. The stress ranges for the various operational conditions are 

presented in Table VI.7.^ along with the alternating strain ranges, allow­

able number of cycles, and usage factors. The total usage factor, U , is 

less than 1%. 

The upper end cap stress details are presented in Tables VI.8. and 

VI.9. The stress col;imn headings correspond to the upper end cap stress 

list of Table VI.1. 

The number of stress cycles for each condition was determined by 

assuming that, of the 55 expected startups, 50 are normal, and 5 are 

followed by power scrams. Since the stress range produced by a low flow 

scram to room temperature is less severe than a steady state to room tem­

perature transient, the low flow scram was assumed to cycle from steady 

state conditions followed by a cold slug. Of the 25 expected cold slugs, 

the remaining 7 were coupled with hot slugs. As for the lower end cap, 

it was assumed that every scram has an associated hot slug. The remaining 

7 of 33 hot slugs were considered to cycle about the steady state operating 

condition. This method of evaluation produces the maximum fatigue damage 

while accounting for all thermal transients. 
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TABLE VI.7 

Upper End Cap Fatigue Stress Evaluation 

Condition 

Room Temperature to 
Steady State Operation 

Steady State to 
- 200°F Slug 

Steady State to 

+ 200OF Slug 

Power Scram to 
Room Temperature 

Low Flow Scram to 
- 200°F Slug 

Hydrogen Permeation 
Test 

TL 

50 

7 

8 

5 

18 

1 

â 

lli,i;iiO 

2,U70 

l,2i+0 

16,160 

3,090 

11;, 910 

Range 

1.19x10"^ 

2.0 xlO~^ 

1.0 xlO"^ 

1.3Uxl0"^ 

2.5 xlO"^ 

1.23x10"^ 

N 

11,000 

CO 

oo 

5,500 

CO 

8,500 

U 

0.336^ 

0.0 

0.0 

0.091^ 

0.0 

0.011^ 

The calculated ceramic-coating-induced stresses in Section V.A. for 

room temperature conditions are not identical to those calculated for the 

same condition in Section V.E. This results from a more conservative ap­

proach being taken in the former section (worst case tolerances, etc.)« 

For evaluation of peak stress fatigue damage, the maximum stresses, from 

V.A., have been used. 

For the evaluation of thermal transients, the stresses in two 

principal directions, meridional and circumferential, were deterrained from 

the computer analysis. The third principal stress (radial) was assumed to 

be zero for all cases (plane stress). These stresses were then used to 

determine the maximum stress intensity as defined in Reference VI.l.j twice 

the maximum shear stress, or the absolute value of the algebraic difference 

between the maximum and minimum principal stresses at a point. 
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D. Special Conditions 

For evaluation of hot-line creep strain (from Section V.C.) the 

maximum calculated values (Figure V.C.2.) are compared with the available 

strain for irradiated cladding material (Ref. IV.A.2.). From Table IV 

of the noted reference, the minimum available creep strain is taken to be 

0.31^ (Specimen 5039 R) and the average strain at failure (from all speci­

mens) is 1.19^. The indicated margins are: 

M.S. = 0.31 
0.0U7 

X 100 = 560^ (minimum) 

M.S. 1.19 

oToirr 
X 100 = high (average) 

for failure during the 12,000 hour design lifetime. 

From the creep-collapse results discussed in Section V.D., the 

design margin for this consideration is quite high based on time. Based 

on stress, the margin for collapse during the S8DR design life is (from 

Figure V.D.3.): 

E. 

M.S. = 

Barrier Stresses 

62 
IT - 1 X 100 + 77^ 

The ceramic barrier stresses vary with the stiffness of the metal 

to which the glass is bonded. For this reason, the maximums occur in the 

region of the upper and lower end cap centerlines where the metal thick­

ness is greatest. The stresses, as noted in Tables V.E.1.1. and V.E.2.1. 

are compressive at room temperature. The stresses remain compressive at 

all temperatures since the stress condition at the start of the transients 

must be added to the noted stress values. For the lower end, the additive 

value is - 2lt,500 psi and for the upper end the value is - 25,700 psi. 

The compressive state of stress in the ceramic is the case throughout the 

element because the differential expansion occurs at temperatures below 

the stress-free condition, and, because of the small thickness of the 

layer, no significant thermal gradients are realized. The ceramic could, 

however, experience tensile stresses if prolonged operation at an elevated 
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temperature is followed by a large temperature increase. This condition 

could occur if long terra operation at 1100 F were followed by a hot slug. 

The extent of ceramic creep at the temperatures of concern has not been 

established quantitatively. 

The design margin for the ceramic is difficult to assess because 

the strength properties are not well known. The values cited in 

Section IV.B. show that the compressive strength is approximately 80,000 psi. 

This stress is exceeded only at low temperatures. Since shear failures of 

the ceramic at room temperature have not been reported, it has been assumed 

that the compressive strength is greater than the calculated stresses, and 

fracture will not occur. 

F. Cladding Evaluation Summary 

Table VI.10. summarizes the design margins calculated for all 

stress conditions. The margins are based on stress unless otherwise noted. 

TABLE VI.10 

Cladding Stress Design Margins 

Stress 
Conditions 

Primary (P ) 

Primary + Secondary 

(P„ * Q) 
Primary + Secondary 
+ Peak (P + Q + F) 

Hot Line Creep Strain 

Creep Collapse 

Fuel Over-Temperature 

System Over-Pressure 

Design Margin (Minimum) 

Lower 
End Region 

+ lli2̂  

+ 260^ 

+ 360^ 

— 

— 

+ 200°F 

Central Region 

+ lh2% 

+ 220^ 

+ 170^ 

+ 560^ 

— 

+ 150°F 

+ 160^ 

Upper 
End Region 

+ lh2% 

+ 260^ 

+ 260^ 

— 

+ 79^ 

+ 200°F 

— 

The effects of stress ratcheting and thermal bowing were considered 

for the defined operating conditions, £uid found to not contribute signifi­

cantly to the other results. 
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VII. CONCLUSIONS 

The primary, secondary, and thermal stresses have been calculated 

for the SNAP 8 DR fuel element cladding. The stress analysis has included 

fabrication and assembly stresses as well as test and operational stresses. 

These have been appraised by using the evaluation procedure and philosophy 

of Section III of the ASME Boiler and Pressure Vessel Code (Nuclear Vessels) 

where applicable. Certain special conditions; creep collapse, and hot­

line creep strain, were considered as special cases. A summary of the 

cladding evaluation is tabulated in Section VI.F. 

The largest fuel element stresses are produced at room temperature 

due to the differential thermal contraction of the cladding and barrier 

from the II4.OO F stress-free condition. The maximum cladding stress cal­

culated for this condition is well below the metal's yield strength. The 

maximum barrier stress, however, exceeds the assumed compressive ultimate 

strength of the ceramic material (see Section VI.E.). If failure of the 

latter were to occur, it would most likely be in the form of microcracking 

or crazing. Room temperature failures of this sort have not been reported 

which tend to indicate that the actual strength of the material is greater 

than that assumed in Section IV. These differential contraction stresses 

are reduced with increasing temperature. 

The largest stresses at power are produced as the result of the 

60 temperatxire variation (see Section V.C.2.) occuring at the center element 

midplane. This condition does not produce bowing of the element provided 

that the circumferential variation is symmetrical. With the assumption 

that the elements do not rotate, these stresses are constant at constant 

power. 

The largest stress range calculated was found to occur at the central 

element midplane. The range is produced by the rise from room temperature 

to steady-state nominal power. Since the expected number of these cycles 

is small, the resulting usage factor is also small (see Section VI). The 

associated usage factor is, however, the largest calculated for the element. 

m 
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The smallest design margin calculated, based on stress is + 79^, 

and is associated with creep-collapse (see Section VI.D.). The design 

margin for this condition based on time, however, is high. 

The results of this analysis indicate that the fuel element cladding 

is structurally adequate for the established S8DR operating conditions. 

T?r>DM -71 Q _ D DT?Tr n CO 
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4 Dwition of Piorth Amoritan Hoihuvli Citrjionition 

DC. NOMENCLATURE AND SIGN CONVENTION 

Off = (y = Longitudinal (meridional) stress component, psi 

O^Q = Tangential (circumferential) stress component, psi 

(y = Radial stress component, psi 

Y Q „ = Y7Q ~ Shearing stress component acting on the 0 or Z plane 
in the Z or 0 direction, psi 

YQ ~ T Q ~ Shearing stress component acting on the 0 or r plane 
in the r or 0 direction, psi 

Y„ = Y 7 ^ Shearing stress component acting on the Z or r plane 
in the r or z direction, psi 

P = Pressure, psi 

r = Mean radius of cylinder, inches 

t = Shell thickness, inches 

Z = Axial distance along cylinder, inches (Z = 0 at lower 
end cap) 

L = Length of cylinder, inches 

€„ = Longitudinal (meridional) strain component, in./in. 

€.Q = Tangential (circumferential) strain component, in./in. 

€. = Radial strain component, in./in. 

T = Temperature, F 

P = Poisson's ratio 

N = Number of cycles (allowable) 

'TV. = Number of cycles (operational) 

S„Q = (y„ - CT'Q , stress difference, psi 

SQ - (TQ - Cy > stress difference, psi 

S „ = (y - 0̂ „ , stress difference, psi 

A = Increment 

0 = Angle (circumferential) 

U = Fatigue usage factor ( = ''^/N) 

06 J ̂ '1,= Mean and instantaneous thermal expansion coefficients, 
micro inches/inch/°F 

E = Young's Modulus, psi 
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