
4p/i,o mt 
CLASSIF ICATION L E V E L 

(S, C, OR U) 

ATOMICS INTERNATIONAL 
A Division of North American Aviation, Inc. 

uj«jaASS»eEai 

NAA-SR-MEMO_ fl^ 

Do not remove 
this sheet 

This document contains 

This IS copy I I of 

-pages 

series 

o o (T 
& & n 
O. C 3 
_ O (p 

£ o ^ 

= 0 5 

= • " o 3 
ta ta O w 
CT 3 D S2 

•- -1 ^ 
• ^ < ca 
•< l a -
o 3 0 

»-»• «3 - J 

- 3 "> C, en 
3 0 ^ 
:- "J rt> 

3 -
Crt 

, ta 

^ 

a S -

= 5 S 
TO - I a 
-X rt 3 
7* ^ ti> 

I CO "n 1; S i 
^ -V '-1 i ^ 

: =• SS S =r 

3* f? "̂  O 
"= D. «• >< 

c^ o- <* 

3 
o C^ 
^ 3 ;5 
3 " fD Bi 

" as 

rt 

C) o ct n 
-̂  t; « 
wi f t 3 

S 3 S 
g •a 

^ 0 = 
cu O 
: ? < ^ 
55 ft r) 
t» 2 r> 
i . 3 O K 3 c 
O 5 3 

3 a 
M ? ' 

o 23 g 

jRr'7^"r'"\:>-

TH <: i^fsStf^^SsS? 
nPfitf^Sg^^^'^^ 
ITS T P P ? ^ 
CONTCNTS III Ai-Y M/ \ 
PERSON IS HROHI^lTLa. 

S^^^Ti 
^ ^ u t 'a 
" ^ r r 1 , I D \TA AS 
' 3 r̂  • 1' AOT OF 1954. 

1 c D ' i .o u i : or- ITS 
N^i TO A.vl UNAUTHORIZED 

, ' f / 

Thi! 

CLASSIFICATION T Y P E 

(RD OR Dl) 

hiAA—SR—MEMOs are working papers and may be expanded, 
modified, or iiithdraun at any time, 

and are intended for internal use only. 

GROUP 1 

EXCLUDED PROM AUTOMATIC 

DOWNGRADING & DECLASSIPICATIOH 

report may not be published without the approval of the Patent Ursn 

LEGAL NOTICE 
B«^rfs;.p^'c.u6i%rv*-

This r*port was pr*par*d as an account of Gov*rnm*nt sponsorod work. N* i th*r t h * 
Unit*d $ ta t *s , nor th * Commission, nor any porson acting on boholf of t h * Commission 

A. Malcas ony warranty or r*pr*s*ntation, *xpr*ss or impliod, with r*sp*ct to th * 
accuracy, compl*t*n*ss, or us*fuln*ss of t h * information containod in this r*port, or that 
t h * us* of any information, apparatus, m*thod, or procoss disclosod in this raport may 
not infring* privat* ly own*d rights, or 

B. Assumos any l iab i l i t i *s with r*sp*ct to t h * us* of, or for damagas rosulting from 
t h * us* of information, apparatus, mothod, or procoss disclosod in this r*port. 

As us*d in t h * abov*, "p*rson acting on b*half of t h * Commission" includos ony am-
ployaa or contractor of t h * Commission to t h * *x t *n t that such *mploy* * or contractor 
pr*par*s, handUs or distributos, or providos occass to, any information pursuant to his 
*mploym*nt or contract with t h * Commission. I iii^23 

0ISTR16UrH)N dF THIS DOCUMENT IS UHLIM(TEO 

719-H CLASSIFICATION L E V E L 

(S, C, OR U) 

UNCLASSlFl^ 
^ 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



INTERNAL LETTER 
WORTH AMEKICAN AVlATlim, INC. 

iQNCDftSSIFIEn 

TO 
ADDRESS 

SUdJECT 

R£F: 

Be Mo G a l a n t i n e 
726 -60 
AI-HQ 2 

DATE 

mvm 
ADDRESS 

PHONE 

September 9, I 9 6 5 

Po Mo r-Iagee 
7 2 7 - 7 1 
AI-HQ 5 

1565 

SNAP lOA Core Thermal Stresses During Startup 

(1) IL, Go Sc Drucker to those listed, "Review of Phase I 
Results of the SNAP lOA Startup Simulation". July 29. 
1963 c 

(.2) IL5 W. M, Farr to Ec B. Baumeister, "SNAP 2 Reactor 
Model and Hydrogen Loss"- May 29, 1963c Figure 2,, 
"SNAP lOA/2 Overall Thermal Conductance as Function 
of Temperature", prepared by P. Mo I-Iagee. 

(3) Jo Do '.Vatrouss. "Thermal Expansion of SNAP Materials",. 
NAA-SR-60it-7, July 50, I96I0 

Thermal stresses within the SNAP lOA reactor core during 

the anticipated startup transient have been analyzed by means 

of a digital computer code which predicts transient temperature 

distributions within the corec Inputs for the study were ciirves 

of reactor power, flow rate and reactor inlet temperature obtained 

from the system startup analog analysxs conducted by Go S. Drucker 

(Reference 1)= There do not appear to be any significant thertaal 

stress problems associated with the FS«1 nominal startu-o saooe-

dure. .g^X^V^ 

,fi t ".00* 
0-;i0^ 
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Computer Code for Core T.raasietits 

A mathematical model of the IDA reactor core >ias been formulated io 
determine temperatures wxthin the core and, subsequently, thermal strer.seso 
The model considers one fuel element /rith its associated lower and upper 
end caps, upper grid plate and sia-rouading coolanto Depending on the ra~ 
dial power factor used, the model is ropresej.tative of fuel elements at 
various radial locations iifithin tha corec la this study,, average, center-
line and edge-of-core fuel eleaients have ueen considered >, 

The model fuel element is divided into five radial and ten axial 
sections to giiru a fxfty node representation . Ten coolant and clad nodes 
are employed.^ 0?he associated upper end cap and grid plats are each divi­
ded into five radj.al nodes, matching those of the fuel slenanto Conduction^ 
convection and hetit capacitj- effects are included while radiation is 
neglected., Go.iduction from the ends of the fuel to the end cape is inclu­
ded as is cojaduction from the upper end cap through a stagnant NaK gap to 
the upper- grid platso Convectivs heat transfer between the upper grid 
plate and the NaK in the upper plenum is estimated» A nixing routine is 
used to relate the bulk fluid temperature in tiie plenum to that of the 
coolant leaving the core > 

The equations of heat conduction,, convection a'ld heat storage are pr': 
gramaiecl as transient expressions for digital solution. The goneral form of 
the equations for the fuel nodes is: 

4 5 . adV -̂  S k, A V - UA (-1^ - 1 c 

vjhere MC a heat capacity of a fuel node 

qtj(!{jy _ pj>odu.ct of internal heat generation z-ate e.nd the nods 
volume 

2. k- A "T' = rate of heat conducted into the node- fro© acijaeeat 
^ fuel nodes 

UA(T„ - T )ti rate of heat .loss to the coolant foi' a surface node 
I c 

U s; consbinsd heat transfer coefficient for the- gas gap. 
hydrogen barrier, clad and NaK film 

The last term,, of course, :i.s included only fo.' surface rodssc 

To account for radial power peaking,, the power generation rate used for 
the csnterlin© element is ^1% greater than thv> core average and the rate for 
th© edge element is 65% of the average ̂  Eea.1: generation terms for indivi­
dual nodes along the axis of the fuel tî-'lomant are weighted acGord:..ng to the 
axial pov/er distribution<. 

Required inputs to the computer program s.re reactor power, flow reite 
and reactor inlet temperature as functicis of tissu For the cases analyzed^, 
straight-lins segmsnts have been fitted to choae parameters as determined 
by So Se Drueker in his system an.3.1og sxmulatxon studiee^ 
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Two additional sections are being v/ritten for the core transient 
digital model: reactor kinetics and NaK thermo-electric pump. When these 
sub™routiiaes are incorporated into the program, the only input required will 
be the reactor inlet temperature. Riblication of the code is being delayed 
until these sections are finished and checked outo 

Transient Solutions 

The nominal startup conditions are (Reference 1); 

Orbxt 700 mile ecliptic orbit 

Source Level 10 kw 

Temperature Coefficients o<.̂  .:= - (.07̂  + 6.6 x lO"^ T ) (S/"? 

cXg =.- .<0.05 0/°F 

Repetition Time 150 seconds 

Initial Flow Rate 6% of full-flow 

Initial Temperature 70*F 

The most severe period during startup is the initial transient: lo<$o., 
the first penetration into the pov;er range.. The pov;er,- flow and outlet 
temperature corresponding to the initial transient are shov/n in Figure Ij 
the first two figures are approximations to the curves generated on the 
system analog by Go So Drucker... 726-60,, in July^ 1965'' The inlet tempera­
ture. v;hich xs the third required input, remains constant at 70''F until 
175 seconds after the stai't of the power pulse and then slowly increases -

A comparison betVJsen the analog and digital studies is provided by 
the graph of outlet temperature in Figure lo Agreement is reasonably goods 
the differences are primarily due to the approximations used as inputs to 
the digital study and secondarily to differences in the nodal models used^ 

Average fuel and clad temperatures are plotted m Figure 2o '-̂he fuel 
temperature shov̂ -n is an average over all 50 nodes.. I'he axial clearance 
between the fuel ^pA the upper end cap is plotted for elements at the 
average radial position and at the edge of the core.. No axial interferente 
problems are anticipated; the minimum clearance indicated is Oo6 milso Be­
cause of the thermal expansion characteristics of the fuel and the cladding 
material (Reference 3), axial clearances are somewhat less at the edge of 
the core than they are at the average radial position. 

A maximum temperature gradient in the fuel of the center rod occurs 
60 seconds afi.er the pov.̂ er peak. Thermal stress is highest at the fuel 
surface v;here a tensile stress of 1,550 psi is induced. Since the yield 
stress of the fuel is 12.̂ 000 psi at 500°P.. the fuel will not crack nor 
yieldo 

The ceramic barrier is subjected to a maximum stress in tension at the 
junction of the upper end cap and the clad. This stress is related to the 
difference between the average end cap temperature and Lhe adjacent rlad 
temperature and to the slope of the rl^A temperature profile near the end 
capo (A complete derif&fflf fff)pf| J f4lf*^ .fPX^»Vj-f^.^^^..:^yi^^^. \^ .i^n^^^^^ -''--̂  
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The maximum temperature difference between the end cap and the clad 0..1 
inch away occurs in the centerline element and is 49„5''F (see Figure 3). 
The corresponding maximum stresses in the clad and barrier are 19„710 
and 6,570 psi, respectivelyo The yield strength of Hastelloy N at 500»F 
is ̂ 0»000 psi. Because the clad stress is relieved by yielding and 
thermal stress fatigue is not encountered, there appears to be an ade­
quate margin of safety in clad design» 

If there were no compensating stresses within the ceramic barrier, 
one would be very hesitant to recommend proceeding with FS-l nominal 
startup^ The ultimate strength of the barrier in tension is estimated to 
be 10,000 psi, too close to the calculated value of 6,570 psi for safetyo 
However^ the barrier is in a state of compression due to the bonding pro­
cedure usedo After the ceramic is coated on the inside of the cladding, 
the cladding cylinder is fired at l800«F and allov/ed to cool» At approx­
imately 1000»F, the barrier is sufficiently solid to maintain an internal 
stress. As the coefficient of thermal expansion of the Hastelloy N cladding 
is greater than that of the ceramic, the barrier is put into compression as 
cooling continues« V.Jhen the element is reheated to kOCF during startup^ 
a residual compressive stress of 24,900 psi is estimated to exist in the 
barrier (see Appendix C)o This is greater than the maximum tensile stress 
produced by thermal shock and. consequently, the barrier will remain in 
compression throughout the FS~1 nominal startup. 

Effect of OA Variation 

A significant parameter effecting thermal stress is the overall heat 
transfer conductance UA. While care has been taken in the calculation of 
the nominal curve for UA (References 1 and 2), the uncertainty in this 
parameter is large and an investigation into the effect of DA variation on 
thermal stress is mez*ited» 

This study has been made by running a parametric case with UA equal 
to one-half the nominal valuer (This run is labeled #8 by Q. S. Druckero 
Unfortunately, it assumes an initial temperature of 170''F, not 70''F5 but, 
by comparison with the nominal case, modified to 170°F initial temperature 
(run 1)5 valid conclusions can be drawn.) Straight-line approximations 
were made to the reactor power, flov; rate and inlet temperature generated 
by the systems analog for the case with low UÂ  and these were used as in­
put to the digital codeu 

la general.̂  a reduction in UA raises the differences between the fuel 
and coolant temperatures and increases the maximum clad and barrier stresseso 
The axial cle.arance betv;een the fuel and the upper end cap is decreased5 and 
the maximum stress within the fuel is reducedo 

With UA one-half nominal, the maximum tensile stresses in the clad and 
barrier are increased approximately 27%o Because of the large residual com­
pressive stress in the barrier, the barrier material will, as in the nominal 
casev remain in compression throughout startup0 Axial clearance between the 
fuel and the upper end cap is reduced somewhat to a minimum clearance of 
0o48 milso 

> ̂  • "V • II • ni . ̂  
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Conclusions 

There appear to be no significant thermal .stress problems associated 
vd.th the FS-i nominal startup procedure.> Positive axial clearance between 
the fuel and the upper end cap is maintained throughout the initial power 
transient. The maximum tensile stress in the clad occurs at the junction 
of the rlad and upper end cap and is 19v?10 psi^ -̂îe ceramic barrier re­
mains safely in compression throughout the initial power transients Ther­
mal stress in the centerline fuel element reaches a aaxiiaum of 1 550 psi-

Reduction of the overall heat transfer conductance^ UAj to one-half 
its nominal value would increase the maximum clad and barrier stresses 
approximately Z7% and decrease the minimum axial clearance between the 
fuel and the upper end cap to 0.,̂ 8 mils. These changes are not extreme 
and can be tolerated during FS-i startup« 

^ ^ ^ . 

Pc M, Magee 
Thermal Analysis Unit 

PMI'?: sm 

dc J. 
J. 

Ko Balkwill 
Brunings 

D. Cockerara 
Ho Detterman 
Go So Drucker 
Ro Gimera 
J. Do Gylfe 
R. Ao Johnson 
Lo Maki 
Lo So Mims 
Go H. Parker 
Jo Susnir f̂ l̂̂ O 
Jo D. Wilde / j r ^ 
Thermal Analysis Unit (?) 
Wo W. Scott'^ 



C(KHEHFHmm .9JAA-SR MEMO 9196 
Page 6 of 16 

Appendix A " Thermal̂ Syresses_̂ ai. Juuclxoa End Cap and Cladding 

The total thermal stress at the junction of the and cap and the cladding ie 
the sua of two stresses arising from two different constraints: (l) a discon­
tinuity stress due to the junction temperature being different from the average 
temperature of the end cap, and (2) a moment stress as the result of constraining 
the cladding to maintain zero slope with respect to the end cap while a tempera­
ture gradient ie imposedo 

lo Discontinuity Stress 

If there were no end cap on the cladding, the cylinder would expand 
in accordance with its temperature profile; at an open end, its diameter 
would be completely determined by the local temperature^ However., the 
radial expansion of the end cap is fixed by its average temperatureo 
ThuSt the cladding at the end of the cylinder is compressed by the 
attached and cap> The resulting discontinuity stress can be calculated 
as: 

^ s ^ 1..82 E«^T 

where 1.82 =• constant derived for a material with LK ^ 0,3 

E - elastic modulus of clad 

o » coefficient of expansion of clad 
.A.T - temperature difference at discontinuity 

(junction temperature minus average end 
cap temperature) 

Nominal run; 

Junction temperature =; 328o4''F 

Average end cap temperature = 278.9°F 

'dis'max I082 (193.5) (49.5) 17„430 psi 

2c Stress Produced by Axial Temperature Profile Along Cladding 

Ref: Timoshenko., Thegr;̂  of Plates and Shells; Chapter 11, 
Theory of Cylindrical Shells" 

"General 

The cladding cylinder is constrained by the end cap to maintain aero 
slope at its endo This boundary condition implies a moment M^ and a 
shear QQ« at the junction to the ecd cap., sufficient to produce a slope 
equal and opposite to that generated by the cladding temperature pi'ofileo 

/^t 

(^ 

K*0 

v»„ CLAD 
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In general, a moment M^ and a shear -îy applied at x - 0 result in a 
deflection at that point of 

(W), n * 

and a slope of 

/dw\ 
3̂5ĉ x=0 

— V ^ f "o * ̂ o> 
2^^D 

-^i»-. (2f MQ * ̂ o^ 
2 ^ 2 D ; -^- - - . . . 

The temperature distribution along the clad can be approximated for a 
short distance from the end cap (say, 0o6 inch) by the linear relationship 

t(x) ^'^ + ( t V-

o b 
*o^ -^ 

where t a: temperature at junction to end cap (x = 0) 
t 7c temperature at distance b from end capo 

This temperature gradieatt if unrestrained, woxild produce a deflection curve 

W r. O^ ( t - t ) ~ 
o b b 

At X = Or the deflection wou3.d be zero (assuming the end cap is at the 
uniform temcerature t ) and the slope would be 

~ o 

dw 
dx'̂ xŝ o 

cX a , 
a o ' b ' 

However9 che built-in end imposes aero slope at x = Oo Thusj a moment M 
and a shear force Q are generated of such magnitude as to produce a slope 
equal and opposite ?o that generated by the temperature fields 

la this case, the basic equations become 

0 « 1 

b t 
t ) 
b^ 

1 

Solution of these equations y ie lds 

( . A M 
'^ V 

<2f«o* V 

a a 

where 

and 

o r b b o 

P 

D :n 
1 2 ( 1 - i A ) 

FORM 81-L-31 
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Appendix A 

The maximum s t r e s s i s given by 

which, tor lA = Oe3! reduces to 

< ^ - ->max - ^^^^12 ¥ 1 - ^ « S - *o> 

where a » radius of fiiel element 
b = distance from end cap to location of t. 
h » thickness of cylinder wall 
E s modulus of elasticity, cylinder wall 
c\ a coefficient of thermal expansions cylinder wall 

For a SNAP lOA fuel element: 

a ~ O0625 inch 
h ^'. O0OI8 inch 
b s 0<,57 inch (distance from end cap to last cladding node) 

E o(. a 193o5 psi/»F (Hastelloy N) 

Nominal run: 

t. « 373 c 3°F 
t" « 328oî »F 

max. t.-t° ̂  ̂<.9*F b o 

( C5'„,„ )^ = Oo263 (193.5)(^'+-9) = 228O psi max 

The maximum total cladding stress is given by summing the above 
stresseso 

Nominal run: 

< <̂ o >««^ ̂  17^30 + 2280 = 19.710 psi 
^' max 

3o Relation of Barrier Stress to Clad Stress 

rfhen a stress 6 is produced in the claddingj there is a corresponding 
strain ^ 

^» E. 
•c 

This strain is transmitted directly to the ceramic barrier material: 

> « I B id 

L.31 
•* * •• • • • • • • • • • • 

• « • • • « ••• • • • • 
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The corresponding barrier stress is 

£ 
6 X 

where E^^ modulus of alasticity, barrier (10 x 10 pax; 

E « modulus of elasticity, clad (30 x 10^ psi) 
c 

Therefore, the maximum barrier stress is 

Nominal run: 

((5' ) = 1 (19710) = 6570 pai 
^ b fflax 5 

l a i • • • ' ^ • • k B a w mJL-
• : : : • • • • • • • 
: : *.. 

FORM 8I -L .31 
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Appendix _B - Thermal Stress in the Fuel 

Thermal stresses at the surface of the unrestrained fuel cylinder were 
calculated from the equation: 

6 « J (T - T ) 
1 - ^ s 

where fS E. stress, psi g 

E = modulus of elasticity of the fuel at SOO^F (7.0 x 10 psi) 

«?'= coefficient of expansion of the fuel at 500»F (5.1 x 10 in/in'F) 

/ \ " Poisson's ratio for the fuel (0.3) 
T ~ volume mean temperature or areal mean temperature of any cross-

section of the fuel 

Tc temperature at the surface of the fuel 

Nominal run,, centerline fuel element: 

At 150 seconds after the start of the power transient, 

f (nodes 51-55) == 476 = 5*? 

T„ = 446o2 

A.T = 30.3*F 

6 " lf550 psi 

The ultimate tensile strength of the fuel is approximately 12,000 pei< 
Therefore 0 the fuel will not yield or crack during startupo 

FORM 81-L-31 
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Appendix C -̂  Residual iJompressive Stress in Barrier 

Mechanical properties of the ceramic barrier*: 

10^000 psi 

100,000 psi 

0.3 

Tensile strength 

Compressive strength 

Poisson*s ratio 1̂ 4 

Thermal expansion coefficient 3o8 x lO" in/in/*F 
(average-room temperature 

to lOOO^F) 

Coating is plastic above iOOO^Fo 

.-6 Thermal expansion coefficient for Hastelloy "N" 6o7 x 10 in/in/'F 
(average-room temperature to 1000**F) 

The basic equations expressing the state of tv/o-dimensional stress in a 
body are 

and £„ =l<6j - / ' S o 

or when solved for stresses. 

(5.^. 
1 - / ' 

(£, + ̂ c ^ £M) 

and £ 
'S 1^/ 

i£ ̂ ^/^ 
£x ) 

The compressive strain in the barrier due to the unequal contraction of the 
clad and barrier materials on cool-down from lOOO^F is 

£^ ^6u =s •' £^ is^T 

where ^ ^ c/, 
clad 0( 

barrier 

Thus,, the compressive stress in the barrier is 

^ E £wOi A T 

1 ^ ^ 
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This equation neglects the effects of relative deformations during cool-down 
due to strength characteristicso 

The stress produced by cooling from 1000°F to lOO^F ie 

< (10 X 10^)(6o7 - 3.8) 10^^ (900) ,„ ,^^ 
0 « -• • " ' • '' ' T I, I <^. I . <-... ^ -37.„300 pea. 

o 7 

Cooling from lOOCF to ̂ OCF,. the temperature of interest., produces a stress 
of 

6 . ' U:2L£jd2i^^Zj:..2M 10"^ ^600) ^ ^24,900 psi 
o7 
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