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E X P E R I M E N T  D E S C R I P T I O N  F O R  P N L  M I X E D  O X I D E S  

( U O 2 - P ~ O 2 )  I R R A D I A T I O N S  I N  T H E  

G E N E R A L  E L E C T R I C  T E S T  R E A C T O R  

T .  B .  B u r l e y  a n d  J .  E .  H a n s o n  

A B S T R A C T  

A f u e l  i r r a d i a t i o n  t e s t  program and capsu le  des ign  i s  

desc r ibed  f o r  t h e  e v a l u a t i o n  of t h e  s t e a d y  s t a t e  and t r a n s i e n t  

performance c h a r a c t e r i s t i c s  of  p r o t o t y p i c  FTR l e n g t h  f u e l  p i n s .  

The f u e l  p i n s  t o  be t e s t e d  comprise 31 i n .  of mixed oxide  

(75% U02-25% Pu02) f u e l  p e l l e t s  c l a d  i n  0.250 i n .  d iameter  

type 304 s t a i n l e s s  s t e e l .  The f u e l  p e l l e t s  a r e  93% of theo-  

r e t i c a l  d e n s i t y  (TD) and wi th  a  0.006 i n .  d i a m e t r i c a l  gap t h e  

f u e l  has an 88% TD smeared d e n s i t y .  The capsu l e  i s  a  NaK 

bonded ins t rumented assembly des igned t o  produce a  f u e l  p i n  

c ladd ing  s u r f a c e  temperature  of 800 O F  and f u e l  c e n t r a l  tem- 

p e r a t u r e  of 4000 O F  when t h e  f u e l  p i n  i s  producing 14.5  kW/ft 

( a x i a l  peak) .  The s a f e t y  a n a l y s i s ,  h e a t  t r a n s f e r  c a l c u l a t i o n s  

and ope ra t i ng  i n s t r u c t i o n s  a r e  a l s o  desc r ibed .  
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E X P E R I M E N T  D E S C R I P T I O N  FOR P N L  M I X E D  O X I D E S  

( U 0 2 - P u 0 2 )  I R R A D I A T I O N S  I N  T H E  

G E N E R A L  E L E C T R I C  T E S T  R E A C T O R  

T .  B .  B u r l e y  and J.  E .  H a n s o n  

I N T R O D U ' C ' T I ' O ' N  A N D  S C O P E  

As part of the FFTF-FTR driver fuel development program, 

a series of irradiations of prototypic FTR-length fuel pins 

in the GETR is required. The objectives of these tests are to 

provide irradiation experience with prototypic FTR-length fuel 

pins under typical FTR conditions of linear heat generation 

rate and cladding surface temperatures. These irradiations 

will also provide fuel specimens for subsequent transient 

irradiation in TREAT to study transient overpower fuel clad- 

ding failure mechanisms and thresholds. 

The principal test parameters summarized in Table 1 are 

fuel form, burnup, and the control of axial fuel motion during 

transient (in TREAT) melting of fuel. 

SUMMARY 

This document contains design and operating information 

pertinent to the irradiation of 12 instrumented capsules in 

pool positions in the GETR. Nominal operating conditions 

and summaries of principal capsule design and fabrication data 

are also tabulated in this report. 

E X P E R I M E N T  R E Q U I R E M E N T S  

F U E L  P E R F O R M A N C E  R E Q U I R E M E N T S  

The GETR-TREAT capsules typically comprise 31 in. of 

stainless steel-clad mixed oxide (75% U02 - 25% Pu02) pellets 

with 1/2 in. long depleted U02 pellet at each end of the 

column. Clad surface temperatures and fuel central tempera- 

tures of 800 OF and 4000 OF, respectively, are required. In 

order to obtain these conditions, the heat generation rate 



TABLE 1. Summary of P r i n c i p a l  Tes t  Paramete rs  

Heat Genera- Smear *Axial  Fuel Average Subsequent 
Capsule t i o n  Rate ,  Fuel Dens i t y  , Motion Burnup, T r a n s i e n t  
Number kW/ft Form % TD R e s t r i c t o r s  MWd/MTM I r r a d i a t i o n  

1 14 .5  S o l i d  88 Yes 10,000 Yes 

No 

Yes 

No 

Yes 

No 7 

Yes 50,000 

No 

Yes 

No 

Yes 

No 'I 

* S e e  BNWL Drawing H-3-25278 f o r  r e s t r i c t o r  d e t a i l s  and Z o c a t i o n .  

Yes 

No 

Yes 

Yes 

No 

Yes 

Yes 

No 

Yes 

Yes 

No 

Number of 
Cycles i n  

Reactor  



and the rmal  dam dimensions  must b e  a d j u s t e d .  The o p e r a t i n g  

c o n d i t i o n s  and t h e  c a p s u l e  p h y s i c a l  d e s i g n  p a r a m e t e r s  r e q u i r e d  

t o  o b t a i n  d e s i r e d  t e m p e r a t u r e s  a r e  summarized i n  Tab le  2 and 

Tab le  3 ,  r e s p e c t i v e l y .  

GETR L O C A T I O N  

The c a p s u l e s  w i l l  be  i r r a d i a t e d  i n  GETR poo l  p o s i t i o n s  i n  

RAFT f a c i l i t i e s  p o s s e s s i n g  u n p e r t u r b e d  the rmal  n e u t r o n  f l u x  o f  

abou t  1 x 1014 n v t .  The d e s i r e d  maximum power g e n e r a t i o n  i s  

1 4 . 5  kW/ft.  T h i s  power w i l l  be  o b t a i n e d  by a d j u s t m e n t  o f  t h e  

RAFTs. 

S P E C I A L  F A C I L I T I E S  

The maximum h e a t  g e n e r a t i o n  r a t e  o f  14 .5  kW/ft r e q u i r e s  

i r r a d i a t i o n  of  t h e  c a p s u l e s  i n  RAFTs. Twelve RAFTs and f o u r  

t e m p e r a t u r e  r e c o r d e r s  mounted i n  two c o n s o l e s  w i l l  be  s u p p l i e d  

by BNW. These f a c i l i t i e s  w i l l  accommodate a l l  o f  t h e  c a p s u l e s  

i n  t h i s  s e r i e s .  

I R R A D I A T I O N  R E Q U I R E M E N T S  

The i n i t i a l  s e r i e s  o f  c a p s u l e s  r e q u i r e s  two burnup l e v e l s .  

The f i r s t  group o f  s i x  a r e  t o  b e  i r r a d i a t e d  t o  an a v e r a g e  burnup 

o f  10 ,000 MWd/MTM and t h e  second group o f  s i x  a r e  t o  be i r r a d i -  

a t e d  t o  an ave rage  burnup o f  50,000 MWd/MTM. Although burnup 

l e v e l s  and burnup t imes  a r e  p r e s e n t e d  i n  Tab le  1, t e r m i n a t i o n  

o f  t h e  i r r a d i a t i o n s  w i l l  be  based  upon burnup c a l c u l a t i o n s  made 

a s  t h e  t e s t s  p r o g r e s s .  

The d e s i r e d  i n s e r t i o n  and wi thdrawal  s c h e d u l e  f o r  t h e  

program i s  p r e s e n t e d  i n  Tab le  4 .  



TABLE 2. Nominal Operating Conditions 

Number of Capsules 

Maximum Power (kW/ft) 

2 
Maximum Surface Heat Flux (Btu/hr-ft ) 

Peak Power/Average Power Ratio 

Coolant Flow Rate (gpm) 

Coolant Velocity Past Capsule (fps) 

Coolant Pressure Drop Across Capsule (psi) + 10% 

Coolant Inlet Temperature (OF) 

Coolant Outlet Temperature (OF) 

Heat Transfer Film Coefficient 

Maximum Capsule Wall Temperature (OF) 

blaximum Fuel Cladding Surface Temperature (OF) 

Maximum Fuel Surface Temperature ( O F )  

Maximum Fuel Central Temperature (OF) 

Maximum Fuel Cladding Thermal Stress (psi) 

Maximum Fuel Cladding Pressure Stress (psi) 

Maximum Capsule Wall Thermal Stress (psi) 

Maximum Capsule Wall Pressure Stress (psi) 



TABLE 3 .  P r i n c i p a l  Capsule  Design Paramete r s  

Fuel 

7 5  w t %  Natura l  U02 - 2 5  w t %  Pu02 

O D  ( i n . )  

P e l l e t  w t  ( g / i n . )  5.97 

3 P e l l e t  Density (g/cm ) 9.73 

P e l l e t  2 3 5 ~  w t  ( g / i n . )  0.028 

P e l l e t  2 3 9 p ~  + 2 4 1 ~ ~  w t  ( g / i n . )  1 . 2 1 4  

P e l l e t  Column Length ( i n . ) *  31 

Smeared Densi ty  ( %  TD) 88 

Depleted P e l l e t s * "  

O D  ( i n . )  0 . 2 1 4  

Length ( i n . )  0 . 5 0 0  

Weight ( g / i n .  ) 5.95 

Clad M a t e r i a l  (304 SS) 

OD ( i n . )  

ID ( i n . )  

Plenum Volume ( i n .  3,  

Thermal Dams 

78/22 NaK 

ID ( i n . )  

OD ( i n . )  

* I n  c a p s u l e s  w i t h  a x i a l  f u e l  m o t i o n  r e s t r i c t o r s ,  t h e  U02-PuO 
f u e l  column i s  r e d u c e d  t o  30 2 / 2  i n .  l o n g .  

2  

( S e e  BNWL, Drawing H - 3 - 1 5 2 7 8 ) .  

" One 1 / 2  i n .  long  p e l l e t  a t  e a c h  end o f  f u e l  co lumn .  



TABLE 3 .  (contd) 

Aluminum 

ID (in.) 

OD (in.) 

NaK - 
ID (in.) 

OD (in.) 

ID (in.) 

OD (in.) 

NaK - 
ID (in.) 

OD (in.) 

Outer Containment (304 SS) 

ID (in.) 

OD (in.) 

Capsule Data 

Capsule Length (in.) 

Capsule Weight (g) 

Fuel 

NaK 

Aluminum 

304 SS 



Cycle 
Number 

TABLE 4 .  Desired C a p s u l e  I n s e r t i o n  
and  Withdrawal  Schedule 

Number of Capsules 
Inserted Withdrawn in Reactor 

D R A W I N G S  AND S P E C I F I C A T I O N S  L I S T  

D R A W I N G S  

H-3-27601 (1) GETR-TREAT CAPSULE INNER ASSEMBLY 

(2) GETR-TREAT CAPSULE INNER DETAILS 

(3) GETR-TREAT CAPSULE INNER DETAILS 

H-3-15278 GETR-TREAT CAPSULE FUEL PIN 



H-3-27795 GETR T-C TERXINAL BOX ARRANGEMENT 

H-3-27628 INSTRUMENTATION GETR THERMOCOUPLE TERMINAL 
BOX ASSEblBLY 

E X P E R I M E N T  D E S C R I P T I O N  

D E S I G N  D E S C R I P T I O N  

The b a s i c  c a p s u l e  c o n c e p t  i s  d e r i v e d  from t h a t  u sed  t o  

s u c c e s s f u l l y  i r r a d i a t e  mixed o x i d e  f u e l  specimens i n  t h e  GETR 

f o r  Task C o f  t h e  F a s t  Ceramic R e a c t o r  Development Program 

(PA 1 0 ) .  

The c a p s u l e  i s  a p p r o x i m a t e l y  65-3/16  i n .  long  by 1 - 1 / 8  i n .  

d i a m e t e r .  A 1 / 4  i n .  d i a m e t e r  f u e l  p i n  i s  p o s i t i o n e d  i n  t h e  bot tom 

49 i n .  of t h e  c a p s u l e .  NaK-bonded aluminum and s t a i n l e s s  s t e e l  

t h e r m a l  dams a r e  used  t o  a c h i e v e  t h e  r e q u i r e d  c l a d d i n g  tempera-  

t u r e s .  Spacing  and c o n c e n t r i c i t y  o f  t h e  t h e r m a l  dams i s  main-  

t a i n e d  by c e n t e r i n g  l u g s  on t h e  o u t e r  s u r f a c e s  of  t h e  dams. 

The f u e l  p i n s  n o t  p r o v i d e d  w i t h  a x i a l  f u e l  mot ion  r e s t r i c t o r s  

c o n t a i n  31 i n .  of  m e c h a n i c a l l y  b l ended  - mixed o x i d e  ( 7 5 %  U02 - 

2 5 %  Pu02) f u e l  p e l l e t s  and a  1 / 2 - i n .  d e p l e t e d  U02 p e l l e t  a t  e a c h  

end of t h e  f u e l  column. A t  t h e  t o p  of  t h e  f u e l  column i s  a  5 - i n .  

long  n i c k e l  r e f l e c t o r  and a n  ex tensomete r  t o  measure  maximum 

a x i a l  f u e l  e x p a n s i o n .  A g a s  plenum i s  i n c l u d e d  t o  accommodate 

f i s s i o n  g a s  r e l e a s e  w i t h o u t  e x c e s s i v e l y  s t r e s s i n g  t h e  c l a d d i n g .  

An aluminum - 0 . 1 %  c o b a l t  f l u x  w i r e  e n c a p s u l a t e d  i n  0 . 0 4 0  i n .  

d i a m e t e r  s t a i n l e s s  s t e e l  t u b i n g  i s  used  t o  s i m u l a t e  t h e  s p i r a l  

w i r e  wrap o f  a  p r o t o t y p i c  f u e l  p i n .  

The f u e l  p i n s  c o n t a i n i n g  a x i a l  f u e l  mot ion  r e s t r i c t o r s  a r e  

i d e n t i c a l  t o  t h o s e  w i t h o u t  r e s t r i c t o r s  e x c e p t  t h a t  two 1 / 4 - i n .  

long  f u e l  p e l l e t s  a r e  r e p l a c e d  by r e s t r i c t o r s .  The r e s t r i c t o r  

d e s i g n  and m a t e r i a l  s e l e c t i o n  w i l l  b e  b a s e d  on a s e r i e s  o f  



screening tests conducted in the hydraulic rabbit facility 

in the MTR. These tests are to evaluate short-term compati- 

bility of the restrictor materials with molten fuel and their 

effectiveness in preventing or controlling axial motion of 

molten fuel. 

I N S T R U M E N T A T I O N  

Each of the capsules is instrumented with six chromel- 

alumel, stainless steel-sheathed, grounded-junction thermo- 

couples. The thermocouples are located in two of the three 

NaK annuli. The thermocouples will provide NaK temperature 

data for various locations in the capsules. These data will 

be used to control the position of the capsules and thus the 

fuel specimen heat generation rate. 

Temperatures will be recorded on standard 0-1500 O F ,  

12-in. strip chart, K-calibrated, 12-point recorders. The 

four recorders to be furnished by PNL will accommodate all of 

the thermocouples. The recorders, each of which will accommo- 

date two capsules, will be equipped with high temperature alarms 

and an up-scale burnout feature. 

Flow 

The RAFTs to be used for the irradiations will be supplied 

with water from the auxilary capsule header. Calculated flow 

rates are more than adequate for safe heat removal. 

I R R A D I A T I O N  F A , C I L I T I E S  

The capsules are to be irradiated in radially adjustable 

facility tubes. Twelve such facilities are required. The 

RAFTs will be fabricated by PNL. 



D E S I G N  A N A L Y S I S  SUMMARY 

The d e s i g n  a n a l y s i s  i s  summarized i n  t h e  f o l l o w i n g ,  w h i l e  

t h e  d e t a i l e d  d e s i g n  a n a l y s i s  i s  p r e s e n t e d  i n  t h e  Appendix. 

H E A T  T R A N S F E R  A N A L Y S I S  

Capsule  d e s i g n s  and o p e r a t i n g  c o n d i t i o n s  were s e l e c t e d  t o  

o b t a i n  a  maximum o u t e r  con ta inment  s u r f a c e  t e m p e r a t u r e  of  l e s s  

t h a n  220 OF and a  maximum s u r f a c e  h e a t  f l u x  of  l e s s  t h a n  2 / 3  

b u r n o u t  h e a t  f l u x .  Maximum s u r f a c e  t e m p e r a t u r e  a t  1 4 . 5  kW/ft 

peak power i s  184 O F .  

H Y D R A U L I C S  A N A L Y S I S  

The h y d r a u l i c s  a n a l y s i s  i n d i c a t e s  t h a t  t h e  r e q u i r e d  f low 

r a t e  o f  6.55 gpm can  be o b t a i n e d  w i t h  a  9 . 1  p s i  p r e s s u r e  d r o p  

a c r o s s  t h e  c a p s u l e .  T h i s  p r e s s u r e  d rop  i s  e a s i l y  a t t a i n a b l e  

from t h e  a u x i l a r y  c a p s u l e  h e a d e r  p r e s s u r e .  The minimum f low s e t  

p o i n t  shou ld  be 4 . 5  gpm. A t  t h i s  f low r a t e ,  c a p s u l e  w a l l  b u r n o u t  

c o n d i t i o n  w i l l  n o t  be r e a c h e d  and t h e  U02-Pu02 f u e l  w i l l  n o t  

become m o l t e n ,  even a t  a  25% overpower c o n d i t i o n .  

S T R E S S  A N A L Y S I S  

Fue l  P i n  

Assuming t h e  c o l l e c t i o n  o f  a l l  f i s s i o n  g a s e s  i n  t h e  plenum, 

a  plenum t e m p e r a t u r e  o f  200 OF, and 100% r e l e a s e  o f  a l l  absorbed  

and f i s s i o n  g a s e s ,  t h e  maximum i n t e r n a l  p r e s s u r e  a t  o p e r a t i n g  

t e m p e r a t u r e  i n  any o f  t h e  c a p s u l e s  a f t e r  50,000 MWd/MTM a v e r a g e  

burnup w i l l  b e  89. a tmospheres .  The c o r r e s p o n d i n g  s h e a t h  hoop 

s t r e s s  i s  8 ,775 p s i .  A l l  o f  t h e  a s sumpt ions  a r e  c o n s e r v a t i v e  

and t h e  a c t u a l  p r e s s u r e  i s  e x p e c t e d  t o  be  c o n s i d e r a b l y  l e s s .  

Combining t h e  maximum the rmal  s t r e s s  i n  t h e  c l a d  w i t h  t h e  

maximum p r e s s u r e  s t r e s s  i n  acclordance w i t h  methods d e l i n e a t e d  by 

ASME P r e s s u r e  V e s s e l  Code i n d i c a t e s  t h a t  t h e  maximum s t r e s s  w i l l  

n o t  exceed s a f e  l i m i t s .  Summaries o f  t h e  maximum s t r e s s  c o n d i -  

t i o n s  and t h e  maximum d e s i g n  l i m i t s  a r e  i n c l u d e d  i n  t h e  s t r e s s  

a n a l y s i s .  



Outer Containment 

Pressure will build up in the outer containment plenum as 

a result of NaK expansion at operating temperature. Under 

normal operating conditions, this pressure of approximately 

2.7 atm corresponds to a hoop stress of 419 psi. 

A fuel pin failure at the end of 50,000 MWd/MTM burnup 

would increase the pressure in the outer containment to 

approximately 9 atm. This pressure corresponds to a hoop 

stress of 1453 psi. ASME Pressure Vessel Code nethods indicate 

that the outer container can adequately contain the released 

gases, even for penetrations of only 50% in the closure welds. 

H A Z A R D S  

The hazards involved in these irradiations are those 

associated with NaK filled-plutonium fueled capsules. Compar- 

able experiments have been performed in GETR without operating 

or safety difficulties (Ref-FCR-PA 10 Experiments). All cap- 

sule component materials confirm to ASTM specifications and 

were selected for use through NDT inspections. All contain- 

ment welds were X-radiographed and helium leak tested 
3 (1 x 10-lo cm /sec sensitivity) during fabrication to assure 

leaktight closures. 

The possibility of discharging NaK or plutonium to the 

reactor pool is remote as evidenced by extensive past experi- 

ence with capsules of this design, This experience includes 

at least one failure of the fuel specimen cladding (Capsule C3D 

of the PA-10 program). 

S H I P P I N G  A N D  H A N D L I N G  

H A N D L I N G  

All handling and movements of capsule will be performed 

with capsules in the vertical position. The sponsor must be 

notified at any time verticality is disturbed by more than 20: 



SHIPPING 

The c a p s u l e s  w i l l  b e  s h i p p e d  t o  and from t h e  r e a c t o r  s i t e  

i n  s p e c i a l  s h i p p i n g  c o n t a i n e r s  i n  which t h e  c a p s u l e s  w i l l  b e  

p o s i t i o n e d  v e r t i c a l l y .  These c o n t a i n e r s  w i l l  be  s u p p l i e d  by PNL. 

T H E R M O C O U P L E  INSTALLATION 

G E N E R A L  INSTRUCTIONS 

Thermocouple l e a d  f i n a l  c o n n e c t i o n s  w i l l  b e  made a t  t h e  

r e a c t o r  s i t e .  F i n a l  c l o s u r e  o f  t h e  l e a d  sys tem w i l l  b e  accom- 

p l i s h e d  by TIG we ld ing .  The c l o s u r e  w i l l  be  l e a k - t e s t e d  t o  

a s s u r e  a d e q u a t e  c l o s u r e .  A l l  thermocouples  w i l l  be  checked f o r  

r e s i s t a n c e  and c o n t i n u i t y  b e f o r e  and a f t e r  making t h e  f i n a l  

c o n n e c t i o n s .  The r e s i s t a n c e  measurements s h o u l d  be  compared w i t h  

t h o s e  accompanying t h e  c a p s u l e s .  

SPECIFIC INSTRUCTIONS 

Keep c a p s u l e  v e r t i c a l  

c Measure thermocouple  r e s i s t a n c e s  and check v a l u e s  a g a i n s t  

t h o s e  accompanying c a p s u l e s .  

Connect P a r t s  25 and 26, Dwg H-3-27601 ( 1 ) .  

Fus ion  weld  P a r t  1 3  t o  P a r t  23 p e r  Note 6  on Dwg H-3-27601(1) 
Helium l e a k  t e s t  weld t o  conform w i t h  Note 4 on 

Dwg H-3-27601 ( 1 ) .  

Make T-C l e a d  w i r e  c o n n e c t i o n s  i n  j u n c t i o n  box p e r  

Dwg H-3-27795. 

e Connect T-C l e a d s  a t  t h e  c o n s o l e s  s o  t h a t  T - C ' s  1 th rough  6  

f o r  each  c a p s u l e  w i l l  p r i n t  i n  n u m e r i c a l  sequence  1 t h r o u g h  

6 ;  7  t h r o u g h  1 2 ,  e t c .  

C A P S U L E  INSTALLATION 

Keep c a p s u l e s  v e r t i c a l  a t  a l l  t i m e s .  

I n s p e c t  c a p s u l e s  and l e a d  t u b e s  f o r  any s i g n  of damage. 

Should t h e  c a p s u l e s  b e  s u b j e c t e d  t o  any s i g n i f i c a n t  shock 

p r i o r  t o  i n s t a l l a t i o n ,  t h e  t e s t  e n g i n e e r  and t h e  s p o n s o r  a r e  

t o  be  n o t i f i e d  b e f o r e  p r o c e e d i n g  f u r t h e r .  



Inspect facility tubes and the radial mechanisms. Any 

observed malfunctions should be reported to the respon- 

sible test engineer. 

After a final thermocouple check, carefully install the 

capsule in the facility tube. 

Perform functional checks of radially adjusting mecha- 

nisms. Determine actual distance from facility tube to 

the reactor vessel and calibrate the scale on adjusting 

mechanism. The distance from the facility tube to the 

vessel is to be measured at the top, center, and bottom 

of the facility tube. 

Perform a continuity and resistance check on all thermo- 

couples. These data should be compared with those 

obtained earlier. 

All tests should be performed to the satisfaction of 

the test engineer and the test sponsor prior to startup. 

O P E R A T I O N  

N O R M A L  O P E R A T I O N  A N D  C A P S U L E  P O S I T I O N  

The capsules are to be repositioned radially during 

irradiation to maintain the required experimental power. The 

capsules are to operate at a maximum power of 14.5 kW/ft. 

Power level will be determined by the capsule internal tempera- 

tures as indicated by the thermocouples. 

The RAFTs will be full out prior to and during startup. 

After the reactor has reached full power, the RAFTs will be 

moved in steps toward the core until the required operating 

conditions are achieved. Capsule position should be main- 

tained for a minimum of 10 min after each radial movement to 

allow capsule temperatures to equilibrate for reading accuracy. 

E X P E C T E D  T H E R M O C O U P L E  R E A D I N G S  

Internal capsule temperatures, as measured from the thermo- 

couples, will be used to adjust the capsule positions. Expected 



thermocouple readings at 14.5 kW/ft for rod banks from 18.6 in. 

to 27.8 in. are presented in Table 5 and plotted in Figure 1. 

TABLE 5. Expected Thermocouple Readings for Capsules 
PNL-59-1 through 59-12 (at 14.5 kW/ft) 

Temperature, OF, for Rod Bank Height of: 

T/C No. Position 18.6 in. 23.0 in. 25.8 in. 27.8 in. 

1 Lower 
Inner 598 578 543 514 

2 Lower 
Outer 274 267 256 246 

3 Center 
Inner 594 67 2 707 710 

4 Center 
Outer 282 307 318 319 

5 Upper 
Inner 323 386 461 522 

6 Upper 
Outer 20 3 224 245 263 

All indicated temperatures in any capsule exceeding the 

expected temperatures by a uniform amount would suggest a prob- 

able overpower condition. The RAFT should be backed out until 

the expected temperatures are obtained or until the cause of 

the high temperatures is confirmed and corrected. Figure 2 

shows the allowable temperature range of thermocouple No. 3 at 

the required power ratings. Thermocouple No. 3 will be used as 
a control guide for positioning the capsules during irradiation. 

Thermocouple No. 1 will be the alternate control thermocouple. 

Figure 3 shows the allowable temperature range of Thermocouple 

No. 1 

The radial temperature drop from the inner to the outer 

thermocouples versus rod bank at a power of 14.5 kW/ft is shown 

in Figure 4. Figure 5 shows peak rod power versus Thermocouple 

No. 3 readings at various rod banks. 



A S S U M P T I O N S :  P E A K  ROD POWER = 1 4 . 5  k W / f t  

WATER I N L E T  T E M P  = 110  O F  
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FIGURE 1. Expected Thermocouple Readings 
f o r  Capsules PNL 59-1 through 59-12 
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R O D  B A N K  HEIGHT, i n .  

FIGURE 3 .  Thermocouple No. 1 ( a l t e r n a t e  c o n t r o l )  
I n d i c a t e d  Temperature Versus  Rod Bank 
P o s i t i o n  f o r  PNL 59-1 th rough  PNL 59-12 





ASSUMED 1 1 0  O F  WATER 

T E M P E R A T U R E ,  O F  

FIGURE 5. Peak Rod Power Versus 
Thermocouple No. 3 Temperature 



D A T A  

Standard GETR data sheets should be used for the collection 

of data and, in addition to the recorder strip charts, the test 

sponsor should be supplied with the following: 

Reactor power level 

Rod bank 

Equivalent full power days of operation 

Raft position changes 

O P E R A T I O N A L  F A I L U R E S  A N D  W I T H D R A W A L  C O N D I T I O N S  

Thermocouple Failure 

Since the capsule temperatures will be the primary control 

basis during these tests, any indication of T-C failure should 

be reported to the test engineer as soon as possible. Failure 

of too many thermocouples could preclude testing. 

RAFT Failure 

The test should not be significantly disturbed by the 

development of functional difficulties in positioning devices. 

The test sponsor should be notified of any malfunctions prior 

to discharging of any test capsules. 

Fuel Element Failure 

A sudden change in temperature registered by all of the 
thermocouples in a capsule may be attributed to a change in 

power, a change in coolant flow, or a capsule failure. 

Capsule failure would probably occur by one of the follow: 

mechanisms: (1) NaK discharged to coolant, (2) NaK and fuel 

discharged to coolant, 0.r (3) fuel discharged to the NaK 

reservoir. 



Although a failure is unlikely, any capsule removed 

because of a suspected failure should be handled with care. 

The sponsor should be notified of any suspected failure as 

soon as possible. If nondestructive examination of a suspected 

failure fails to disclose a defect, the capsule will be rein- 

serted for additional irradiation. 



A P P E N D I X  

C A L C U L A T I O N S  



N O M E N C L A T U R E  

A = Area 

D, = Equivalent Diameter 

E = Moduius of E l a s t i c i t y  

f = Fr ic t ion  Factor 

g = Gravi ta t ional  Acceleration 

hf = Cooiant Film Coefficient  

hi = Fuel-Clad Interface  Coefficient  

K = T'nermal Conductivity 

L = Length 

IIT = Metric Ton 

N = Number of atoms 

P = Pressure 

Qy = Gamma Heat 

Q '  = Heat Generation Rate 

Q ' ' = Surf ace Heat Flu:  

S~ 
= Yield Strength 

T = Temperature 

a i  = Poissons Ratio 

V = Volume 

. v = Velocity 

W = Mass Flow Rate 

c: = Coefficient  of Tnermal Expansion 

p = Density 

o = Hoop S t r e s s  
1: 

at. = Tnermal S t ress  



A P P E N D I X  

C A L C U L A T I O N S  

I. CAPSULE SURFACE HEAT FLUX 

A. Power Genera5ion 

Capsules PNL 59-1 through PITL 59-12 ( so l id  pe l l e t  fue l  specimens) 

w i l l  be i r radiated i n  the GETR pool i n  RAFT f a c i l i t i e s  so t ha t  a 

(1 naxiruum power generation of 14.5 k ~ / f t  w i l l  be maintained. Tne 

f a c i l i t y  tubes w i l l  be moved closer t o  the core a s  required t o  

maintain the power l eve l  during i r rad ia t ion .  

Q' = i4.5 kw/ft 

B. Fission Heat 

Q' = 14.5 kw/ft x 3413 Btu/lcw iu. 

= 49,469 ~ tu1h . r - f t  

C .  Gamma Heating @ 1.6 watts/@ = 2480 Btu/hr-lb. 

where : 

C = 0.0313 lb/in3 
NaK 

v $ - (0.3402 - 0.25$) 12 in. 0.0313 l b  2480 Btu 
Q v 3 - F  f t  ins hr -1b 

* ~ e e - ~ i ~ u r e  A-1 f o r  zone i d e n t i f i c a t i o n .  

A- 3 



D. Total Linear H e a t  Generation Rate 

I& Ca = 49,489 Btu/hr-ft 



E . Capsule Surface Heat Flux 

11. COOLANT CONDITIOI\TS 

A.  Flow Area ( A ~ )  

Capsule 0 .D. i.i.25 in .  

Coolant Cnannel I.D. = 1.250 in .  

Af = ~ ( i . 2 5 0 ' ~  - 1 . ~ 2 5 ~ ) / 4  

2 
= 0.233 i n  = 0.00i;2 f t 2  

3 .  !later Velocity ( v )  

RequesJi,ed -:mter Tiow r a t e  = 6.55 g2m = 32iO ib/m. 

2 
-J = (6.57 gai/ain) ( i /o.oolhr f t  ) ( r t2 /7 .@i  ga l )  (i nlin/60 see) 

= 9.01 f t / s ec  

C. Bulk Coolant Temperabe  Rise ( r j ~ g )  

where : 

Peak ~ o w e r / ~ v  Power = 1.45 

Coolant I n l e t  Temp = 110 OF 

2 
Heat, Transfer Area (A~) = 0.761 f t  

Mass Flow Rate (w) = 3210 l b / h  

(AT,) = i85,600 B~~ 0.761 f t 2  inr x x  ~b OF i nr - f t  32 .0 ib .  Btu 1.45 
= 31 FO 

Coolant Outlet Te;;-qeratvlre = 110 + 31 = 141 OF 



D .  Temp Drop Across Fiha   AT^) 

bT* = Q ' '/?iIr - 

-' - t2 x 10-5)V0*8/De~ a 2  ( 2 )  h = 170 (1 + t x 10 f 

E . Capsule Surface Temperature ( T ~ )  

T, = 126 + 59 = 185 OF 

where 126 OF = bulk temp. a t  peak power posit ion f o r  cycle 

average f l u  condition. 

F. Pressure Drop Across Fuel Element 

Assume coolant channel i s  4 f t  long 

Assume commercial pipe f r i c t i o n  factors  

where : f = 0.044 



G. Eurnout fieat F i w  - 
(4) 

(a. "1 - - n 

E.G. '3.0. (% - T d S . 0 .  

2. F i i n  Coelficient (n, ) J.O. 

wilere : 

DL = (1.125 in) (1 ft/i2 in) = 0.394 ft 

D, = 3.3104 ft. 

0.6 
Slope = 4 b / ( ~ , )  = 742 

v = g.Qi i 't/sec 



- (2 ' I )  (T 
B.O. - ilg.o. w.B.0. - Tb)B.O. 

' = 7763 (323-126) 
B.O. 

= 1,530,000 ~tu/hr-ft~ 

4. Critical Heat Flux 

H. Minimum Flow 

1. Assume v = 6 ft/sec  l low rate = 4.37 gpm 

a. Burnout Wall Temp ( T ~  ,B. 0. ) 

P = 20 psig = 34 psia 

b. Film Coefficient (% ) .o. 

%.o. = 1083 + (742)(6) 

= 5553 

c . Burnout Heat Flux 
where: ATb = g OF ( 9  ft/sec)/(6 ft/sec) = 470 OF 

*See Figure A-2 for Critical Heat Flux versus  Flow Rate. 



d. C r i t i c a i  Heat F i n  (Q, ") 
c r i t  . 

2. A s s m  v = 3 f t / s e c  (FLOW r a t e  = 2.16 gprn) 

a. Burnout Wall Temz. (T, eB 1 

P = 34 psi 

T 
v.B.0. 

= 324.5 OF 

b. Film Coefficient 

'r13.0. = 1083 + (742) (3) = 3308 

c. Burnout Heat Flux 

wnere : 

( 2 )  = 3 3 0 ~  (324.5 - 157) 
B.O. 

= 554,000 Btu/nr-ft2 

d. C r i t i c a l  Heat Flux 

0.6 (Q") = 333,000 ~ t u / & - f t "  
B .O. 

e.  Surface Heat Flux a t  25% Overpower 

f .  Surface Iieat Flux a t  Noiten Fuel Condition 

q ' I = (iE5,6ao ~ t u / i m - f ' i ~  ) (20 14d/fJ~ j l ( i4 .5  k..!/ft) 

= 255,000 ~ t u / l r r - f t  2 



111. THERMAL CONDITIONS 

A. Temperature Drop Through Element 

where 

sK (see Figure A-3 ) 

K3*4 = (see Figure A- 4 ) 

#See Figure A-1 for zone i d e n t i f i c a t i o n .  



B . Capsule Temperatures 

T, = 185 OF 

T7 
= 185 + 83  = 268 OF 

T~ = 268 + 53 = 3a OF 

Ts = 323 + 234 = 555 OF 

T4 = 555 + 63 = 618 OF 

T, = 618 + 49 = 667 OF 

T = 667 + 161 = 829 OF 
a 

T, = 829 + €38 = 917 O F  

C . Fuel Temperature 
1 - Fuel Surface Temperature 

= (49,489 Btu/hr-ft) (12 in/ft) 
i (TT x O . a 2  in. ) (1000 Btu/&-ft2 -OF) 



D. Fuel Central  Texperature 
(5) 

?? = 0.33 for solid pellet 
Ps 

Kdt = g F / Tc 

T c 

I Kdt = 25.2 w/cm + 27.8 w/cm = 53 w/cm 
0 

Tc = 2230 OC = 4046 OF (see Figure A-5)  



IV. STRESS ANALYSIS 

A .  Thermal Expansion (see Figure A-6) 

where : * 

a 
3 

NaK = 1.62 x lo0- f t  /ft3/9F (calculated fmrn p values 
i n  Figure A-7) 

1. Outer Tube ( 6-71 

164 + 267 
4L = (3  in ) (g .2  x lo-' i n / i n / ~ F )  ( - 70) 

= 0.0491 in .  

2. S/S Thermal Dam ( 5 - 8 )  

4 + 320 
AL ( (3 ) (9 .7  - 70) 

= 0.106 in. 

*See Figure A-1 for zone i d e n t i f i c a t i o n .  



Thermal Expansion (~ont Id) 

3.  Al ~ h e r n ~ a l  Da~r, (3-4) 

-' (466 + 617 - 
AL=(31)(13=1x10 8 

= 0.227 in. 

4. Fuel Tube (i-2) 

= 0.264 in. 

5 .  NaK Ekpansion 

where : 

3 
V1 = 9.52 in = 0.0055 it3 



T h e m 1  Expansion ( ~ o n t  'd) 

6 .  Final NaK Volume 

7. Total NaK Cavity Volume 
1 

3 where V, = 17.27 i n  

v, = 17.27 in3 + 0.00814 inb - (0.0327 + 0.0501 + 0.0129) in;' 
3 

= 17.18 i n  

8. Fuel Pin Plenum Volume 

V = v 1  + Av 
2 

where 
3 

V1 = 0.301 i n  

Fuel Axial Expansion = 3qb 



B. Fuel Rod Internal  Pressure 

1. Fission Gas Pressure 

where : 

Fission Energy = 200 ~ev/f 

Capsule containe 163 x 10'~ MT fissile material 

1 Mev = 5.3916 x MWD 

Av. Burnup = 50,000 M I J d I m  

Assume 10@ gas release 

Nf = (5.0 x l o 4 )  (1.63 x 10-4)(l/200)(5.3916 x loa3) 
2 2 

= 2 . 0 9 7 ~ 1 0  atoms 

.In a thermal flux 32$ of f iss ions from gas 
(6 



Fission Gas Pressure (~ont'd) 

Pressure will increase to: 

where : 

P, = 1 atm. 

. 
= 73.8, atm. 

#T2 i s  es t imated  at 200 OF based upon t h e  maximum coolant  temperature 
(185 O F )  and conserva t ive  a n a l y t i c a l  analyses  which i n d i c a t e  t h a t  a l l  
a v a i l a b l e  h e a t  a t  t h e  e n r i  ched-depleted p e l l e t  i n t e r f a c e  t r a n s f e r r e d  
a x i a l l y  through t h e  deple ted  p e l l e t  and n i c k e l  r e f l e c t o r  would be 
d i s s i p a t e d  wi th in  t h e s e  components. 



2. Helium Expansion 

P, = 1 atm. 

= 1.36 atm. 

3.  Moisture 

Assume: Fuel contains < 30 p p  moisture 

Each mole of X20 produces 1.5 moles gas 

Total fue l  wt. = 32 in. x 5.97 d i n .  = 190.7 gm 

- 4  
r 4.8 x 10 gram-mole 



4. Absorbed and Adsorbed Gases 

Assume 1 0 6  release @ 0.06 cm3 @s/@J fuel  

(1  atm) (190.7 gm) (0.06 cm3/gm) 
g (82.06) (.a + 273) 

= 4.74 x 10s4 gram-mole 

C . NaK Annulus Pressure 

1. Mormal O~era t ion  

Cavity Volume 

NaK Volume 

Void Volume 
Void Temp. 
He Pressure 

Room Temp. (70  OF^ Oper . Tem-g. 

2 atm. 

7.07 in3 
660 OR 
2.73 atm. 

= 2.73 a t m .  



2. Fuel Pin Failure 

(fuel pin gases released to NaK annulus) 

where : 

PI = 2 atm. 

3 

V, 0.301 + 7.75 = 8.051 in. 

V, 5 0.275 + 7.07 7.345 in9 

T, = 70 + 460 = 530 OR 

T, = 200 + 460 = 660 OR 

n = I n i t i a l  moles of gas = 8.051 in? (STP) 
1 

= Final moles of gas = 27.392 i d  

wheren = 8 . 0 5 1 + 1 6 . 3 0 1 + m + a  
2 

and. 16 .3Ol id _ m 5 
a 

73.8 atm. 3 . 2 - a a =  3.2 atm- 

3 
n = 8.051 +16.301 + 0.7 + 0.7 = 25.8 i n .  
2 

= 8.8 a t m .  



D . Stress  Arising From Internal Pressure (50,000 MW~/MTM capsule ) 

1. Fuel Pin 

where : 

D = mean diam. = 0.234 in .  

= 0775 p s i  

2. Outer Containment 

= 442 ps i  

3. Outer Containment ( if  f'uel pin fa i l s )  

- - 1428 p s i  



BNWL- 1 3 8 2  

E .  Thermal Stress 

1. Fuel Pin 

e 
(28 x 10 p i )  (10.2 x 1 0 - ' i n / m - ~ ~ ( 8 8  OF) 

=H = 
2 (1-0.3) 

= 18,000 p s i  

2. Outer Containment 

= 16,400 ps i  

F. Design Stress  L i m i t s  '7' (see Figure A-8) 

1. Fuel Pin 

N-414. 1 

General primary membrane s t r e s s  in tens i ty  (P,) (I -220, ~ 1 0 0 )  

P = 1271 ps i  

R - 0.109 in .  

t = 0.016 in .  

(1200 ps i )  (0.109 in . )  + (1200 ps i )  

(0.016 i n . )  2 

= 8175 psi + 600 ps i  

= 8775 ps i  

Design l i m i t  = S,  a able N-4'1) = 14,500 ps i  @ 900 O F .  
- - . - .  -- 



Local rnembrane s t r e s s  i n t e n s i t y ( p L )  

Dcsign l i m i t  = 1 . 5  Sn, = 2i,75i, psi 

Primary membrane plus primary bending s t r e s s  i n t e n s i t y  

P~ + pb 

p + pb = 8775 p s i  + 0 p s i  = 8775 p s i  

Design l i m i t  = 21,750 p s i  

Primary plus secondary s t r e s s  i n t e n s i t y  

pL + C; = 8775 p s i  + 0 = 8775 p s i  

Design l i m i t  = 3Sm = 43,500 p s i  

N-414. 5 

Peak s t r e s s  i n t e n s i t y  

P L + P  + Q + F  
b 

8775 p s i  +O +O + 18,000 p s i  = 26,775 p s i  

Design i i m i t  = Sa = 43,500 psi  

ra-415.1 

Cycle operat ion (3esig-n i i m i t s  ) 

a )  S, = 3 Sm = 3 (14533 p s i )  = 43,500 p s i  

liaximunl number of design cycles = 3.5 x 1 0  4 

f ~ c t ~ l a i  num1:er of  opera t in6  cycies < 109 



b) Ful l  range of pressure fluctuation = P - 
1 'a P < Design pressura x - x - 
3 'rn 

where : 

Design pressure = 1200 ps i  

Sa = 110,000 psi  (FIB N-415-~) @ 1000 cycles 

Sm = 14,500 p s i   able N-421) @ 900 OF 

1 110 000 s i  P < 1200 ps i  x - 
3 i&&i 

P < 3029 psi 

actual  number of operating cycles < 100 

actual  P = 1200 psi 

c)  AT a t  any two adjacent points during operation sha l l  be 

~,/(2 Ea) 

where 

Sa = 240,000 psi @ 100 cycles 

* E = d x lo6 psi 

* a = 10.7 x lom6 in/ in  - OF @ 8750 OF 

s , / ( z E ~ )  = 240,000 ps i / (2  x 28 r lo6 pi x 10.7 x in/in. OF) 

= 400 OF 

AT @ peak position = 88 OF < 400 OF 

d) Not applicable: 

Section "C" indicates tha t  the required design l imi t  has been 

met. 



e )  Not applicable 

Ea t e r i a l s  of construction f o r  f ue i  pin a re  of  same material 

(tube and end caps) 

f )  Not applicable 

A l l  mechanical load i s  applied by in te rna l  pressure. 

N-417-3 

Thermal s t r e s s  ra tchet  

where : 

Y' = max. allowable range of thermal s t r e s s ,  divided by 

yield  s t rength 

X = max hoop s t r e s s  due t o  pressure divided by yield  s t rength.  

x = 8775 psi/15,600 p s i  = 0.562 

Y '  = 4(1-0.562) = 1.76 

0th' (1.76) (16,100 p s i )  = 28,100 p s i  

2 .  Outer Container: 

N-414. 1 

General primary membrane s t r e s s  i n t ens i t y  (P,) 

Pm = 1428 p s i  

Design l i m i t  = Sm = 19,800 p s i  

Local membrane s t r e s s  i n t ens i t y  ( P ~ )  

assume 5 6  weld penetrat ion 

P = 2 P  = 2 8 5 6 p s i  
L rn 

Design l i m i t  = 1 . 5  S, = 29,700 ps i  



IT-414. 3 

Local membrane plus primary bending stress intensity 

P + Pb = 2856 psi + OPsi = 2856 psi 
L 

Design Limit = i.5 (s,) = 29,700 psi 

N-414 .lc 

Local plus secondary stress intensity 

pm + Q = 2856 psi + o = 2856 psi 

Design limit = 3 S, = 59,400 psi 

Peak stress intensity 

PL + Pb + 4 + F = (2856 + O + O + 16,400)~si = 19,256 psi 

Design Limit = Sa = 59,400 psi 

Cyclic operation (design limits) 

a )  Sa = 3(i9,800 ~ s i )  = 59,400 psi 

blax. number of design cycles = 10,000 

Actual number of operating cycles <loo. 



b) F u l l  range of pressure f luc tua t ion  (p)  
7 

P < design pressure x x S a 

3 s rn 

where : 

P = (8.8 atm) (i4.7 p s i l a l a )  = 129 p s i  

S,= i10,000 p s i  ( ~ i g  N-415 B )  2 1000 cycles 

Sin= 19,888 p s i  

1 110,000 P < 129 p s i  x - x 
3 19,00 

P < 239 p s i  

a c t u a l  number of operat ing cycles < i29 p s i  

c )  AT a t  any two adjacent  points  during operation s h a l l  be 

< ~ a / ( 2  E -0 

wnere : 

S, = 240,000 p s i  @ 100 cycles 

E = 28 x 106 p s i  

a = 9.9 x in/ in.  OF 

~ a / ( . r  E z) = 433 OF 

AT @ peak posi t ion  = 83 OF < 433 OF 

d )  Not appl icable  

e )  Not appl icable  

f) Not appl icable  



N-417. 3 

Thermal s t r e s s  r a t c h e t  

Y' = Maximum al lowable range of thermal  s t r e s s  d iv ided  by 
y i e l d  s t r e n g t h  

X = maximum hoop s t r e s s  due t o  p re s su re  d iv ided  by y i e l d  
s t r e n g t h  

X = 2856 psi/23,500 p s i  = 0.121 

G. Summary of S t r e s s  Conditions 

ASME P.V. CODE, VOL 3 S t re s s  Component Fuel Pin Outer Containment* 
1955 Edi t ion Design Design 

Paragraph No. S t r e s s  Component Condition Design Limit Condition Design L M t  

In te rna l  Pressure 1,200 ps i  40 p s i  

Thermal S t r e s s  18,000 ps i  16,400 p s i  

N-414.1 Gen. Primary S t re s s  In t ens i ty  8,775 ps i  14,500 psi  1,428 p s i  19,800 psi 

N-414.2 Local Membrane S t re s s  Intensi ty  8,775 ps i  21,750 psi  2,856 p s i  29,700 p s i  

N-414.3 Primary Membrane + Primary Bending 8,775 ps i  21,750 ps i  2,856 p s i  29,700 p s i  
S t r e s s  In t ens i ty  

N-414.4 Primary + Secondary S t re s s  Inten. 26,775 ps i  43,500 ps i  2,856 p s i  59,400 p s i  

N-414.5 Peak Stress  In t ens i ty  6 , 7 7 5  ps i  43,500 ps i  19,256 p s i  59,400 ps i  
@ 46,000 cycles B 10,000 cycles 

N-415.1 Cyclic Operation (no. of cycles) < 100 cyc. a 0 0  cycles 

a .  Sa 43,500 PSI 59,400 p s i  
B 46,000 cycles @ 10,000 cycles 

b .  Maximum Pressure Range 1200 ps i  3029 p s i  129 ps i  239 p s i  
O 1000 cycles @ 10,000 cycles 

c .  Max. AT a t  two adjacent points 88 OF 400 OF 83 OF 432 OF 

d. Not applicable 
e .  Not sppl icable  
I. Not applicable 

N-417.3 Thermal Ratchet Mechanism 

Pressure S t re s s  8775 p s i  8775 ps i  2856 2856 p s i  

Thermal S t r e s s  18,000psi 28,100psi 16,400 ps i  19,400 psi 

*Outer containment design conditions assume fue l  pin f a i lu re  a t  the  end of 50,000 Mdd/MlM burnup and 5 6  penetration 
on closure velds. Though neither of these conditions should occur,the assumpticms a r e  made t o  assure conservatism i n  
the s t r e s s  analysis .  



NaK 

FIGURE A-1. Zone Identification 
PNL 59-1 through PNL 59-12 



0.6  BURNOUT H E A T  FLUX ( x  l o 4  ~ t u / h r - f t 2 )  

FIGURE A-2. Coolant Flow Rate Versus 0.6 Burnout Heat Flux 
Capsules PNL 59-1 through PNL 59-12 



T E M P E R A T U R E ,  O F  

FIGWFtE 'A-3. Thermal Conductivity of NaK-78 
(From Liquid Metals Handbook - 
NaK ~u~plement, p. 40) 



T E M P E R A T U R E ,  O F  

FIGURE A-4. Thermal Conductivity of 304 SS 
(From Metals Handbook, 8th Ed. ) 





T E M P E R A T U R E ,  O F  

FIGURE A-6. Coefficient of Thermal Expansion for 304 SS 
(From U.S. Dept. of Commerce, Tentative 
Structural Design for Pressure Vessels - 1958) 



T E M P E R A T U R E ,  O F  

FIGURE A-7. Density of NaK-78 (from Liquid Metals 
Handbook, NaK Supplement) 



T E M P E R A T U R E ,  O F  

FIGURE A-8. Y i e l d  S t r e n g t h  f o r  A n n e a l e d  3 0 4  SS T u b i n g  
(ASME B o i l e r  and P r e s s u r e  V e s s e l  C o d e )  
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