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NOT1 C E  

T h i s  repor t  was prepared a s  an account of Government-sponsored 
work. Neither t h e  U n i t e d  S t a t e s ,  nor t h e  National Aeronautics 
and Space Administration (NASA),  nor any person a c t i n g  on be-  
half  of NASA: 

A . )  Makes any warranty o r  representa t ion ,  expressed o r  
imp1 i e d ,  w i t h  respect  t o  t h e  accuracy, completeness, 
o r  usefulness  of t he  information contained i n  t h i s '  
report ,  o r  t h a t  t h e  use of any information, apparatus ,  
method, o r  process d isc losed  i n  t h i s  repor t  may not 
i n f r inge  privately-owned r i g h t s ;  o r  

B.) Assumes any l i a b i l i t i e s  w i t h  respect  t o  the use of ,  
o r  f o r  damages r e su l t i ng  from t h e  use o f ,  any infor -  
mation, apparatus ,  method o r  process d isc losed  i n -  
t h i s  repor t .  

A s  u s e d  above, "person a c t j n g  on behalf of NASA" includes any 
employee o r  con t r ac to r  of NASA, o r  employee of such cont rac tor ,  
t o  t h e  ex ten t  t h a t  such employee o r  con t r ac to r  of NASA o r  
employee of such con t r ac to r  prepares,  disseminates ,  o r  provides 
access  t o  any information pursuant t o  h i s  employment o r  con' 
t r a c t  w i t h  NASA, o r  h i s  employment w i t h  such cont rac tor .  
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FOREWORD 

The s t u d i e s  d e s c r i b e d  h e r e i n ,  wh ich  were pe r fo rmed  by  t h e  AiResearch 
M a n u f a c t u r i n g  Company, a d i v i s i o n  o f  The G a r r e t t  Corpo ra t i on ,  were per fo rmed 
under NASA C o n t r a c t  NAS3-13453. The work was done under t h e  d i r e c t i o n  o f  t h e  
NASA Program Manager, M r .  P .  T. Kerwin,  Space Power Systems D i v i s i o n ,  NASA- 
Lewis  Research Center .  The AiResearch Program Manager was M r .  M. G. Coombs. 
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ABSTRACT 

The p r e s s u r e  conta inment  c a p a b i l i t y  o f  p l a t e - f i n  heat  exchangers f o r  
n u c l e a r  r e a c t o r  B r a y t o n  c y c l e  space power systems were e v a l u a t e d .  Representa- 
t i v e  p l a t e - f i n  specimens u s i n g  347 s t a i n l e s s  s t e e l  and H a s t e l l o y  X w i t h  a 
n i c k e l  base and g o l d  base braze a l l o y  were b u r s t  t e s t e d  a t  room tempera ture  
and 800'F (700'K) and c reep r u p t u r e  t e s t e d  a t  1200°, 1350' and 1600'F (920 ' ,  
1010' and 1140'K). 
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SECTION I 

INTRO DUCT1 ON 

As p a r t  o f  t h e i r  advanced space power systems s t u d i e s ,  NASA i s  i n v e s t i -  
g a t i n g  t h e  per formance c h a r a c t e r i s t i c s  o f  advanced c l o s e d  loop B r a y t o n  c y c l e  
e l e c t r i c  power g e n e r a t i n g  systems employ ing  l i q u i d - m e t a l - c o o l e d  r e a c t o r s .  The 
h e a t  exchangers a s s o c i a t e d  w i t h  t h i s  t y p e  o f  power c o n v e r s i o n  system a r e  t h e  
waste heat  exchanger,  t h e  h e a t  source heat  exchanger, and t h e  r e c u p e r a t o r .  
These t h r e e  heat  exchangers and t h e i r  a s s o c i a t e d  i n t e r c o n n e c t i n g  d u c t i n g  d e f i n e  
t h e  heat  exchanger and d u c t  assembly (HXDA) .  

To a i d  i n  t h e  development o f  advanced B r a y t o n  c y c l e  space power systems, 
NASA f o r m u l a t e d  a s t u d y  t o  d e f i n e  t h e  a s s o c i a t e d  HXDA h e a t  exchangers and 
s u i t a b l e  o v e r a l l  packag ing  c o n f i g u r a t i o n s .  T h i s  s t u d y  was o r g a n i z e d  i n  t h r e e  
phases: 

Phase I - P a r a m e t r i c  O p t i m i z a t i o n  S t u d i e s  

Phase I 1  - Pressure  Containment T e s t s  

Phase 111- P r e l i m i n a r y  Designs 

The Phase I e f f o r t  was concerned w i t h  t h e  s e l e c t i o n  of b a s i c  t y p e s  o f  
heat  t r a n s f e r  s u r f a c e s  f o r  each o f  t h e  t h r e e  system heat  exchangers and t h e  
development o f  optimum ( i . e . ,  minimum w e i g h t )  HXDA des igns and c o n f i g u r a t i o n s  
over  a w ide  range o f  c y c l e  o p e r a t i n g  c o n d i t i o n s  and des ign  v a r i a b l e s .  The 
r e s u l t s  o f  these s t u d i e s  a r e  p r e s e n t e d  i n  Reference I .  The Phase I11 s t u d i e s  
were d i r e c t e d  t o  t h e  development o f  two HXDA p r e l i m i n a r y  des igns;  one a s s o c i a t e d  
w i t h  t h e  SNAP-8 r e a c t o r  tempera ture  capabi  1 i t i e s - - a b o u t  12OO0F (920'K) maximum 
temperature--and t h e  o t h e r  w i t h  a more advanced h i g h e r  tempera ture  l i q u i d  
1 i t h i u m  c o o l e d  r e a c t o r - - a b o u t  I 7OO0F ( I  200'K). 
des igns a r e  p r e s e n t e d  i n  Reference 2. 

These two HXDA p r e l  i m i n a r y  

P 1  a t e - f  i n  h e a t  t r a n s f e r  m a t r i x e s  r e p r e s e n t  an a t t r a c t i v e  ( i  . e .  1 i g h t  
w e i g h t  and low volume) des ign  approach f o r  b o t h  t h e  HXDA-recuperators and 
waste heat  exchangers.  I n  o r d e r  t o  o b t a i n  d a t a  c o n c e r n i n g  t h e  p r e s s u r e  con- 
ta inment  c a p a b i l i t i e s  o f  p l a t e - f i n  m a t r i x e s  o p e r a t i n g  a t  t h e  tempera ture  and 
p r e s s u r e s  a s s o c i a t e d  w i t h  advanced B r a y t o n  c y c l e  systems, NASA f o r m u l a t e d  a 
s t r u c t u r a l  t e s t  program as Phase I 1  o f  t h e  HXDA s t u d i e s .  T h i s  r e p o r t  sum- 
mar izes  t h e  exper imenta l  r e s u l t s  o b t a i n e d  i n  t h i s  t e s t  program. 





SECTION 2 

SUMMARY 

Burs t  and c reep  r u p t u r e  t e s t s  were performed t o  de termine t h e  p ressu re  
conta inment  c a p a b i l i t y  o f  347 s t a i n l e s s  s t e e l  and H a s t e l l o y  X p l a t e - f i n  heat  
exchangers. Represen ta t i ve  p l a t e - f i n  specimens were b u r s t  t e s t e d  a t  room tem- 
p e r a t u r e  and 800'F (700'K) and c reep r u p t u r e  t e s t e d  a t  1200'F (920'K), 135OoF 
(IOIO'K) and 1600'F ( I  140'K). 
sure  c a p a b i l  i t y  da ta  over  a wide tempera ture  range as shown i n  F i g u r e  2-1. The 
d a t a  i s  a p p l i c a b l e  t o  a range o f  f i n  geomet r ies  and des ign  l i f e  requ i rements .  
A t y p i c a l  s t r e n g t h  c u r v e  f o r  a 50,000-hr des ign  l i f e  u s i n g  t h e  c reep  t e s t  f i n  
geometry i s  shown i n  F i g u r e  2-1. 

The tes ts ,  there fore ,  p r o v i d e  p l a t e - f  i n  p r e s -  

The t e s t s  a l s o  p r o v i d e  a s t r e n g t h  compar ison o f  p l a t e - f i n  s t r u c t u r e s  w i t h  
t h e  n i c k e l  base b raze  a l l o y ,  AMS 7-4778, and a g o l d  base b raze  a l l o y ,  P a l n i r o  I .  
The n i c k e l  base a l l o y  has c o n s i d e r a b l y  lower  c o s t  t h a n  t h e  g o l d  a l l o y  and i s  
t h e r e f o r e  p r e f e r r e d  f o r  f a b r i c a t i o n  where i t s  use w i l l  g i v e  s a t i s f a c t o r y  p l a t e -  
f i n  performance. The two a l l o y s  w i l l  r e s u l t  i n  d i f f e r e n t  p ressu re  c a p a b i l i t i e s  
s i n c e  t h e i r  d i f f e r e n t  b raze  tempera ture  and a l l o y i n g  p r o p e r t i e s  w i l l  e f f e c t  t h e  
347 s t a i n l e s s  s t e e l  and Haste1 l o y  X f i n  and sheet s t r e n g t h  p r o p e r t i e s .  The 
p ressu re  c a p a b i l i t y  v s  t i m e - t o - r u p t u r e  of t h e  f o u r  combina t ions  o f  pa ren t  meta l  
and b raze  a1 loy, t e s t e d  a t  1350'F ( I O I O ' K ) ,  a r e  compared i n  F i g u r e  2-2. 
r e s u l t s  show t h a t  H a s t e l l o y  X b razed w i t h  AMS 7-4778 had t h e  h i g h e s t  c reep 
s t r e n g t h  a l t h o u g h  t h e  H a s t e l l o y  X -Pa ln i ro  I and 347 s t a i n l e s s  steel-AMS 7-4778 
types  had comparable p ressu re  c a p a b i l  i t y .  
t h e  h i g h e s t  s t r e n g t h  a t  1350'F (IOIO'K), t h e  t e s t s  a l s o  showed t h a t  t h e  g o l d  
a l l o y  wou ld  be p r e f e r r e d  a t  t h e  h i g h e r  tempera tures  if c o r r o s i o n  were a des ign  
f a c t o r .  

The 

A l though t h e  n i c k e l  base a l l o y  had 

The p l a t e - f i n  s t r u c t u r e  e x h i b i t s  r e d u c t i o n s  i n  p ressu re  c a p a b i ' l i t y ,  as 
compared t o  t h e o r e t i c a l  c a p a b i l i t y  based on f i n  s t rength ,  due t o  t h e  e f f e c t s  
o f  t h e  f a b r i c a t i o n  process.  R a t i o s  o f  t e s t e d - t o - t h e o r e t i c a l  s t r e n g t h  based 
on pa ren t  meta l  p r o p e r t i e s  v a r i e d  f rom 0.41 t o  0.83 f o r  t h e  b u r s t  t e s t s  s p e c i -  
mens and 0.51 t o  0.85 f o r  c reep r u p t u r e  t e s t  specimens. These s t r e n g t h  r a t i o s  
p r o v i d e  des ign  da ta  f o r  use i n  p r e d i c t i n g  p ressu re  c a p a b i l i t y  o f  a wide range 
o f  f i n  geomet r ies  and l i f e  requi rements.  However, t h e  da ta  i s  n o t  s t r i c t l y  
a p p l i c a b l e  t o  o t h e r  pa ren t  meta l  o r  b raze  a l l o y  combina t ions  and shou ld  be' 
cons ide red  o n l y  as an i n d i c a t i o n  of expec ted  per formance o f  u n t e s t e d  a l l o y -  
pa ren t  meta l  combina t ions .  
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SECTION 3 

SAMPLE DESIGN AND FABRICATION 

The basic pressure containment element in plate-fin heat exchangers is a 
single-layer sandwich consisting of two sheets and one set of fins. The test 
specimen was a 3 by 3-in. (8 by 8-cm) section of a single layer enclosed by 
header bars with a pressurizing tube as shown in Figure 3-1. Photographs of 
fabricated specimens are shown in Figure 3-2, 

FIN GEOMETRY 

The rectangular offset fin geometry (shown in Figure 3-1) can be varied 
to accommodate a range of heat transfer conditions, including the pressure 
containment requirements. Pressure capability is particularly important for 
high temperature designs where limited material strength is available and where 
limitations on maximum fabricable fin densities may be reached. The fin 
selected for the creep rupture tests was of a relatively high density to be 
representative of high-temperature requi rements and to give conservative 
strength estimates. The estimates are conservative since as fin density is 
increased fin shape departs from the desirable square-cornered shape shown in 
Figure 3-1 and strength reductions are incurred. The creep rupture fin had a 
12 percent fin density achieved by having 20 fins/in. (8 fins/cm) with a thick- 
ness of 0.006 in. (0.015 cm). 

The fin for the burst specimens had a 
fins/in. (5 fins/cm) with a thickness of 0 
density fin was used to permit testing at 
because this fin is more representative of 
creep is not a factor. 

Fin heights were 0.18 in. (0.46 cm) f 

4.8-percent fin density having 12 
004 in. (0.010 cm). This lower 
ower pressure levels and also 
lower temperature operations where 

'r the burst specimens, 0.075 in. 
(0.19 cm) for 347 stainless steel creep specimens,and 0.05 in. (0.13 cm) for 
the Hastelloy X creep specimens. Fin height is not an important factor in 
determining pressure strength since height only effects fin load redistribution 
capability, primarily in the plastic strain region. The selected heights are 
typical for the expected design requirements of Brayton cycle power systems. 

SHEET THICKNESS 

The face sheets with 0.025-in. (0.06-cm) thickness were selected t o  avoid 
load transfer from the center of the specimen to the edges and to be represen- 
tative of minimum heat exchanger side plate thicknesses. The sheet thickness 
selected had a minor effect on pressure containment capability. Sheet thick- 
ness is related to pressure containment capability by its effect on the magni- 
tude of the bending stress due to the unsupported length between fins and due 
to the ability of the sheet to transfer load from the weaker to the stronger 
fins, It was estimated that fin load reductions at the center of the specimen 
due to sheet stiffness would be less than I percent, The face sheet bending 
stresses were a maximum of about 20 percent of the fin stress so that the sheets 
would not influence containment strength. 

7 
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Figure 3-2.  Burst and Creep Rupture Specimens 
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B R A Z E  ALLOY SELECTION 

A nickel-base braze a l loy  and a gold-base braze a l loy  were used t o  i l l u s -  
t r a t e  comparative s t r e n g t h s  of t yp ica l  a l l o y s .  The nickel base a l loy  was 
AMS 7-4778 w i t h  t h e  following percentage composition: 92 N i ,  36, 4.5 S i ,  and 
0.1 C (maximum). The gold-base a l loy  was Pa ln i ro  I (50 A u ,  25 P d ,  25 N i ) .  
The braz ing  temperatures f o r  t h e  nickel-base and gold-base a1 loys 
and 207OoF (1350' and 1410'K), r e spec t ive ly .  

were 1975' 

FABRICATION 

The bas i c  sample was f ab r i ca t ed  i n  a s i n g l e  brazing opera t ion  w i t h  a 2 t o  
5 p s i  (14 t o  34 kN/m2) loading appl ied  t o  the  3- b y  3 - i n .  (8- b y  8-cm) sur face .  
P r i o r  t o  braz ing , the  AMS 7-4778 a l loy  (which i s  i n  powder form) was appl ied  on 
t h e  shee t s  t o  a depth of about 0.003 i n .  (0.008 cm) whereas Pa ln i ro  I f o i l  of 
0.001 i n .  (0.003 cm) th ickness  were placed between t h e  sheets and f i n s .  The 
s p e c i f i e d  time a t  braze temperature was 0.25 hr t o  simulate actual recuperator 
f a b r i c a t i o n .  A n  add i t iona l  braze cyc le  was required i n  some cases  f o r  t h e  
p re s su r i z ing  tube and t o  r epa i r  leaks a t  t he  sheet-to-header bar j o i n t .  A 
lower melting poin t  a l l o y ,  Nioro (82 A u ,  18 N i ) ,  was used f o r  t h e  addi t iona l  
braze ope ra t ions  t h a t  were performed a t  18OO0F (1260'K). 

The creep  rupture  specimen; were pressure  t e s t e d  a t  room temperature 
p r i o r  t o  placement i n  t he  t e s t  furnace t o  v e r i f y  sample i n t e g r i t y .  Tes t  
p ressures  were 1500 p s i  (10300 kN/m2) f o r  347 s t a i n l e s s  s t e e l  specimens and 
2000 p s i  (13800 k N / m 2 )  f o r  Hastelloy X specimens. I n  s e l e c t e d  cases ,  t h e  
samples were repa i red  t o  obta in  panel i n t e g r i t y  f o r  the room temperature proof 
pressure  t e s t  s . 

IO 



SECTION 4 

TESTS 

Figure 4-1 i s  a schematic representa t ion  of one of the two furnaces  used 
f o r  t h e  c r e e p  rupture  t e s t s .  The two furnaces ,  w i t h  ins ide dimensions of 
10 by I O  by 24 i n .  (25 by 25 by  61 cm) were each capable of handling s i x  panels 
and two pressure leve ls .  One furnace had a pressure  c a p a b i l i t y  of 2000 t o  
3000 ps i ( I3800 t o  20700 kN/m2 ) and t h e  o ther  of 3000 t o  5000 ps i 
34400 kN/m2) .  
separa te  pressure  system. The specimens were pressurized from a h i g h  pressure  
argon b o t t l e  through a regulator  and an o r i f i c e .  The o r i f i c e  permitted s u f -  
f i c i e n t  argon flow t o  maintain pressure  i n  the  advent of small leaks occuring 
i n  t he  system. On specimen f a i l u r e  the  o r i f i c e  r e s t r i c t e d  the  argon flow, and 
the  decreased downstream pressure a c t i v a t e d  the  low pressure  alarm. A thermo- 
couple was at tached t o  each speciman and temperatures were recorded p e r i o d i c a l l y .  
A continuous record was taken of t he  furnace control  temperature. A separa te  
low temperature alarm was incorporated f o r  addi t iona l  system pro tec t ion .  The 
specimens were placed i n  a Hastelloy X rack which separated them so t h a t  the  
f a i l u r e  of one panel would not e f f e c t  t he  l i f e  of an adjoining panel .  Figure 
4-2 shows a furnace w i t h  s i x  panels i n s t a l l e d .  

(20700 t o  
The four  groups of th ree  specimens were each supplied w i t h  a 

The room temperature burst  specimens were connected t o  a h y d r o s t a t i c  pres- 
s u r i z i n g  system a f t e r  trapped a i r  was removed from the  panels .  Hydrostat ic  
pressure was slowly increased u n t i l  panel r u p t u r e  occurred as  evidenced by a 
sudden decay i n  panel pressure  o r  deformation of the panel i t s e l f .  A ruptured 
specimen i s  shown i n  Figure 4-3. The 8OO0F (700'K) burst  specimens were con- 
nected t o  the  argon supply on the  h i g h  pressure furnace.  Temperature was 
monitored by a thermocouple a t tached t o  the panel, while pressure was being 
gradual ly  increased u n t i l  rupture  occurred. Pressur iz ing  time was I t o  2 m i n .  
The panel was then removed from the  furnace f o r  visual  examination. 

The creep rupture t e s t  specimens were instrumented w i t h  a f i b e r g l a s s  
insulated C r - A 1  thermocouple t h a t  was at tached t o  the  0.025- i n .  (0.064-cm) 
sheet of t he  panel p r i o r  t o  placement i n  the  furnace.  Upon temperature s t ab i -  
l i z a t i o n  the  panel was pressur ized  t o  i t s  se lec ted  t e s t  pressure.  The panel 
temperature and pressure  were monitored a t  s p e c i f i c  i n t e r v a l s  and recorded t o  
insure t h a t  the  c o r r e c t  panel temperature and pressure were being maintained. 
Temperature and pressure v a r i a t i o n s  were +IO°F and +I percent ,  respec t ive ly .  
A typical  creep rupture  specimen f a i l u r e  i s  shown i n  Figure 4-3. 
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F i g u r e  4-1 Pressure Tes t  System Schematic 
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F i g u r e  4-2 .  Furnace Setup w i t h  T e s t  Specimens I n s t a l l e d  
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F i g u r e  4 - 3 ,  T y p i c a l  Creep Rupture and B u r s t  Specimen F a i l u r e s  
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SECTION 5 

RESULTS AND DISCUSSION 

The pressure  containment t e s t  r e s u l t s  f o r  burs t  and creep rupture  a r e  
summarized i n  Tables 5-1 and 5 - 2 ,  r e spec t ive ly .  The average test  values  a r e  
a l s o  compared t o  es t imated  f i n  p ressure  containment c a p a b i l i t y  assuming a f u l l y  
e f f e c t i v e  f i n  and u s i n g  published parent  metal s t r eng th  p rope r t i e s  of 347 
s t a i n l e s s  steel and Hastel loy X (References 3 and 4 ) .  
r a t i o s  f o r  t he  p l a t e - f i n  s t r u c t u r e ,  which ranged from 0.41 t o  0 . 8 3  f o r  burs t  
and 0.51 t o  0 . 8 5  f o r  creep rupture ,  represent  t h e  ove ra l l  e f f e c t s  of the p l a t e -  
f i n  f a b r i c a t i o n  process  on t h e  t h e o r e t i c a l  f i n  p ressure  c a p a b i l i t y .  P l a t e - f in  
pressure c a p a b i l i t y  vs temperature can b e  determined from the  t e s t  r e s u l t s  as  
i l l u s t r a t e d  i n  Figure 5-1, The curves use the t e s t  r e s u l t s  f o r  347 s t a i n l e s s  
steel brazed w i t h  AMS 7-4778 and f o r  Hastel loy X brazed w i t h  Pa ln i ro  I .  The 
curves show the  published parent  metal burs t  and 50,000-hr creep rupture  
s t r eng ths .  The curves a r e  shown f o r  the 20 f i n s / i n .  (8 fins/crn), 0 .006-in.  
(0.015-cm) th ickness  f i n  geometry, although s i m i  l a r  curves  could be cons t ruc ted  
f o r  a wide range of geometries t o  provide design data  f o r  p l a t e - f i n  heat 
exchangers . 

The r e s u l t i n g  s t r eng th  

For t h i s  t e s t  data  t o  be useful t o  the designer  a means of c o r r e l a t i n g  
t e s t s  such a s  those conducted i n  t h i s  eva lua t ion  w i t h  o ther  p l a t e  f i n  geome- 
t r i e s  i s  des i red .  The appl ied pressure  i s  not a t r u e  measure of t h e  s eve r i ty  
of the loading on t h i s  s t r u c t u r e  s ince  f i n  geometry and, t o  a l e s s e r  e x t e n t ,  
face sheet  geometry can be widely var ied  t o  improve o r  reduce the  p l a t e  f i n  
in te rna l  pressure  s t r e n g t h .  The s i m p l e s t  means of expressing the loading level 
devised t o  da te  is  the  f i n  t e n s i l e  s t r e s s ,  g i v e n  by t h e  following: 

= load/ f in  a rea  f i n  0 

The t h e o r e t i c a l  r e l a t i o n  between f i n  s t r e s s  and pressure ,  P ,  i s  t he re fo re  

where b and t a r e  the spacing and th ickness ,  respect ' ively.  The above 

r e l a t i o n  i s  modified t o  account f o r  actual  f i n  performance b y  including the 
s t r eng th  f a c t o r ,  f ,  as a c o r r e l a t i n g  f a c t o r  between pressure  and f i n  s t r e s s  a t  
f a i  l u re .  Therefore 

f i n  f i n  

rup t ure = f o  bf J ( b f  n-tf ( 5 - 2 )  

where CT i s  now t h e  mater ia l  s t r eng th  c a p a b i l i t y ,  e i t h e r  f o r  burs t  o r  creep 
rupture  

I5 



TABLE 5-1 

BURST TEST RESULTS 

~ 

31 60( 2 1800) 

4770 (32800) 

3770( 26000) 

2 
B u r s t  Pressure,  p s i  (kN/m ) 

5040(34700) 

5750( 39600) 

5040( 34700) 

Tempe r a t  ure, 
OF (OK) 

Average 
S t r e n g t h  
R a t i o  ( 2 )  

Test  
Values 

I 8 70 ( I 2900) 
I840( 12700) 
1900(13100) 

Average 
T e s t  Value Metal  S t r e n g t h  ( 1 )  Panel Type 

Room Temperature I870( 12900) 4550(31500) 0.41 

347 S t e e l -  
AMS 7-4770 I 330(9 160) 

I 405 (96 70) 
I370( 9440) 

2 I I O( 14500) 
2130( 14700) 
2140(14700) 

I600( I 1000) 
1625(11200) 
I700( I 1700) 

800( 700) 

Room Temperature 

800( 700) 

I370( 9440) 

2130( 14700) 

I640( I 1300) 

3280( 22600) 0.42 

4550( 3 I 500) 0.47 
347 S t e e l -  
P a l n i r o  1 

3280( 22600) 0.50 

0.61 
3540( 24400) 
36 I6( 24900) 
3280( 22600) 

3 l60( 2 1800) 
3000( 20600) 
3310(22800) 

4700(32400) 
4750(32500) 
4860(33500) 

3700( 25500) 
3 700 (25500) 
3900( 26800) 

3480( 24000) 5750( 39600) Room Temperature 

800( 700)  

H a s t e l l o y  X- 
AMS 7-4778 

0.63 

0.83 Room Temperature 

H a s t e l l o y  X- 
P a l n i r o  I 

800( 700) 0.75 

NOTE: (I) Based on nominal f i n  geometry; 12 f i n s / i n .  (5 f ins /cm),  0.004 i n .  (0.010 cm) th ickness ,  

‘burs t  = Oe505 u u l t i m a t e  

(2) R a t i o  o f  average t e s t  b u r s t  p ressure  t o  e s t i m a t e d  b u r s t  p r e s s u r e  based on p a r e n t  
meta l  s t r e n g t h .  
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TABLE 5-2 

C R E E P  TEST RESULTS 

Mater ia l  

Test 
Pressure, 

p s i  (kN/rn2) 

Time t o  
Rupture 

h r  

Average 
Strength 
Rat io  (I) 

Test 
Tempe r a t  u re,  
O F ( O K )  

Braze 
A I  l o y  

347 Stain- 
l ess  Steel 

AMS 7-4778 I ZOO(920) 0.81 3000( 20700) 
3000( 20700) 
3000( 20700) 
2400( 16500) 
2400( 16500) 

2500( 17200) 
2400( 16500) 
2400( 16500) 
2400( 16500) 
2000( 13800) 
2000( 13800) 
2000( 13800) 
I600( I 1000) 
I600( I 1000) 

I I O O (  7580) 

3300( 22700) 
3300( 22700) 
3300( 22700) 
2600( 17900) 
2600( 17900) 
2600( 17900) 
I800( 12400) 
I BOO( 12400) 

2000( 13800) 
2000( 13800) 
2000( 13800) 
2000( 13800) 
1650(1 1400) 
I650( I 1400) 
I500(  10300) 
I500( 10300) 
I500(  I 0300)  
I I O O (  7580) 
I I O O (  7580) 

3500(24100) 
3000( 20700) 
3000( 20700) 
3000(20700) 
2700( 18600) (4 .  
2400( 16500) ’ 
21 OO( 14500) 

81.9 
90. I 

164.8 
166.0 
212.7 

4.8 
3.9 

12.8 
14.4 
46.2 
47.8 
60 .5  
55. I 
62.  I 

7 2 2 . 0 ( 2 )  

3 . 0  
8.3 
9 .  I 

20.0 
25.3 
25.8 
60.0 
62.3 

I .3 
I .3 
3.0 
3.7 
4.3 
4.7 
7.5 
8.5 

10.2 
32.9 
36.8 

3.  I ( 3 )  
7.3 
8.0 

14.8 
15.8 
22.1 

656. 6 ( 2 )  

I350(  I 0 I 0 )  0.85 

Pa ln i ro  I I200(920)  0.58 

I350(  I O  I O )  0.53 

AMS7-4778 I350(  I01 0 )  0.62 Haste l loy X 

l 600(  1140) 0.51 1200(8260) 
1200(8260) 
I ZOO(8260) 
I OOO(6890) 
600(4130)  
600(4130)  

3000( 20700) 
3000( 20700) 
3000( 20700) 
2700( 18600) 
21 00( 14500) 

21 00( 14500) 
I800( I 2400) 

1300(9850) (4)  

1300(8950) (4)  
I200(8270 
850( 5840) 
850(5840) 

6.0 
6.6 
7 .  I 
9.4  

43. I 
79.0 

8.7 
15.3 
20. I 
10.2 
39.3 

103.6 
84.0 

3.0 

4 .3  
3.6 

59.2 
193.3 

(2) 

‘ P a l n i r o  I 0.59 

l600(  1140) 0.59 

NOTES: ( I )  Rat io  of t e s t  pressure t o  estimated pressure which would g ive equal rupture 
l i f e  using parent metal creep propert ies, based on 20 f i ns / i n .  ( 8  fins/cm), 
0.006-in. (0.015-cm) thickness f i n  geometry 

Test terminated p r i o r  t o  specimen f a i l u r e  ( 2 )  
( 3 )  Does not include an addi t ional  10 h r  a t  3000 ps i  (20700 kN/rn) 

( 4 )  Burst specimen; actual  t e s t  pressure was 0.37 times t h i s  pressure 
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BURST TESTS 

The bu r s t  t e s t s  (Table 5 - 1 )  ind ica te  t h a t  the  347 s t a i n l e s s  s t e e l  spec i -  
mens brazed w i t h  Pa ln i ro  I were about 17 percent  s t ronger  than those brazed 
w i t h  AMS 7 - 4 7 7 8 ,  For the Hastel loy X specimens, t h e  Pa ln i ro  I braze a l l o y  
gave bu r s t  p ressures  which were an average of 28 percent  higher than the AMS 
7-4778 a l l o y .  The Hastel loy X burs t  p ressures  were 61 t o  83 percent  of the 
theo re t i ca l  value based on parent  metal u l t imate  t e n s i l e  s t r eng th  whereas the 
347 s t a i n l e s s  s t e e l  specimens had 41 t o  5 0  percent  of the  t h e o r e t i c a l  value.  
This d i s p a r i t y  i n  burs t  s t r eng th  r a t i o s  f o r  the  same f i n  spacing and thickness  
i s  not understood, However, i t  may be due t o  reduct ions i n  347 s t a i n l e s s  s t e e l  
ul t imate  t e n s i l e  s t r e s s  r e su l t i ng  from the  brazing process .  Hastel loy X 
burs t  s t r eng th  was an average of more than a f a c t o r  of two higher than 347 
s t a i n l e s s  s t e e l ,  i nd ica t ing  a cons iderable  weight advantage f o r  Hastel loy X 
f o r  burs t  p ressure  l imi ted  designs where m n i m u m  gauge l imi t a t ions  a r e  not a 
f a c t o r .  

The observed s t r eng th  reductions due o the temperature increase from room 
temperature t o  800'F ( 7 0 0 ' K )  compare favorably w i t h  p u b 1  ished parent  metal 
behavior.  T h i s  i s  t o  be expected i f  t he  f i n  s t r e s s  level i s  a reasonable 
c o r r e l a t i o n  t o  the  p l a t e - f i n  bu r s t  p ressure  of Equation ( 5 - 2 ) .  

C R E E P  TESTS 

The creep  rupture  r e s u l t s  i n  Table 5-2  a r e  presented on curves of i n t e r -  
nal p ressure  v s  t ime-to-rupture  i n  Figures 5 - 2  through 5 - 5 .  The predic ted  
pressure c a p a b i l i t y  from average parent metal creep da ta  a r e  a l s o  shown u s i n g  
Equation (5 -1  >. 
published property curve s ince  i n  some cases  the range of rupture  l i f e  values  
is  l imi ted .  Where the range of tes t  data  extends over a f a c t o r  of 100 on l i f e ,  
the t e s t  da ta  gives  a s lope comparable t o  the  parent  metal s lope,  ind ica t ing  
t h a t  t h i s  i s  a reasonable assumption. 

The average 1 i n e  fo r  t h e  t e s t  da ta  i s  drawn para1 le1 t o  t h e  

The s t r eng th  r a t i o s  quoted i n  Table 5-2 were obtained from Figures 5-2  
through 5 - 5 .  The 347 s t a i n l e s s  s t e e l  brazed w i t h  AMS 7-4778 had a r a t i o  of 
0.81 t o  0 . 8 5 ;  t h i s  was considerably higher than the  o the r  specimens which 
ranged from 0.51 t o  0 . 6 2 .  T h i s  s i g n i f i c a n t  d i f f e rence  may be a t t r i b u t e d  t o  
increased 347 s t a i n l e s s  s t e e l  creep s t r eng th  r e s u l t i n g  from the  AMS 7-4778 
braze cyc le  and braze a l loy ing  e f f e c t s .  The r a t i o s  between p l a t e - f i n  and 
theo re t i ca l  f i n  s t r eng th  were genera l ly  comparable a t  the two t e s t  temperatures 
f o r  each a l loy  combination w i t h  t he  exception of the  Hastel loy X specimens 
brazed w i t h  AMS 7-4778.  These specimens e x h i b i t e d  a loss  i n  s t r eng th  r e l a t i v e  
t o  parent metal p rope r t i e s  a t  1600'F ( I  140'K)  as  compared t o  the  1350'F (IOIO'K) 
t e s t  temperature.  T h i s  may be a t t r i b u t e d  t o  cor ros ion  which would be expected 
fo r  t h e  nickel-base braze a l loy  i n  the  a i r  environment of the  furnace.  (Several  
of the  Hastel loy X-AMS 7-4778 specimens f a i l e d  a t  the  j o i n t  between the sheet  
and header bar which is  exposed t o  the  furnace environment.)  
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The p r e s s u r e  c a p a b i l i t y  o f  t h e  f o u r  specimen t ypes  a t  1350'F (IOIO'K) i s  
compared i n  F i g u r e  5-6. The average t e s t  l i n e s ,  t aken  f rom F i g u r e  5-2 th rough  
5-5, show t h a t  H a s t e l l o y  X brazed  w i t h  AMS 7-4778 was the  s t r o n g e s t  specimen, 
a l t h o u g h  t h e  H a s t e l l o y  X - P a l n i r o  I and 347 s t a i n l e s s  steel-AMS 7-4778 t ypes  
had comparable p ressu re  c a p a b i l i t y .  The 347 s t a i n l e s s  s t e e l  b razed  w i t h  
P a l n i r o  I had about 50 pe rcen t  o f  t h e  p r e s s u r e  c a p a b i l i t y  o f  t h e  o t h e r  combina- 
t i o n s .  A l t h o u g h  H a s t e l l o y  X b r a z e d  w i t h  AMS 7-4778 had t h e  h i g h e s t  s t r e n g t h  
a t  1350'F (IOIO'K), t h e  c o r r o s i o n  r e s i s t a n c e  o f  t h e  P a l n i r o  I a l l o y  would 
presumably make i t  t h e  p r e f e r r e d  a l l o y  comb ina t ion  f o r  temperatures i n  t h e  
1300' t o  1600'F (980 t o  I140'K) o p e r a t i n g  temperature range. 
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Report Control (MS 5-5) - I 
R e l i a b i l i t y  & Q u a l i t y  Assurance 

(MS 500-Ill) - I 
L ib ra ry  (MS 60-3) - 2 
R. L. Johnsen (MS 500-201) - I 

NASA-Lewis Research Center 
Plum Brook S ta t i on  
Sandusky, Ohio 44870 
Attent ion:  D. B. Fenn (MS 1441-1) - 2 
National Aeronautics & 
Space Admin is t ra t ion 
Washington, D. C. 20546 
Attent ion:  (See l i s t  below) 

RNP/P. R .  M i l l e r  - I 
RNP/H. D. Rochen - 1 
RNT/J. Lazar - I 

NASA S c i e n t i f i c  & Technical In format ion 
P. 0. BOX 33 
College Park, Maryland 20740 
Attent ion:  Acquis i t ions Branch 

(SQT-34054) - I 

NASA-Marshal 1 Space F1 i g h t  Center 
Marshall Space F I  i g h t  Center, Alabama 

At tent ion:  (See l i s t  below) 
3581 2 

L ib ra ry  - I 
C. Graf f  - I 
W. Brant ley - I 

NASA-Flight Research Center 
P. 0. Box 273 
Edwards, Ca l i f o rn ia  93523 
Attent ion:  L ib ra ry  - I 
NASA-Ames Research Center 
M o f f i t t  Field, C a l i f o r n i a  94035 
Attent ion:  L ib ra ry  - I 

NASA-Goddard Space F l i g h t  Center 
Greenbelt, Maryland 20771 
Attent ion:  L ib ra ry  - I 

NASA-Langley Research Center 
Langley S ta t i on  
Hampton, V i r g i n i a  23365 
At ten t i on :  L ibrary  - I 

Jet  Propulsion Laboratory 
4800 Oak Grove Dr i ve  
Pasadena, C a l i f o r n i a  91103 
Attent ion:  L ib ra ry  - I 

NASA-Manned Spacecraft Center 
Houston, Texas 77058 
Attent ion:  (See l i s t  below) 

L ib ra ry  - I 
A. Redding - I 
J. Grayson - I 

AEC Headquarters 
Space Nuclear Systems D iv i s ion  
Germantown, Maryland 20545 
Attent ion:  C. Johnson - 2 
A i r  Force Systems Command 
Aeronautical Systems D i v i s i o n  
Wright-Patterson A i r  Force Base, 

At tent ion:  L ibrary  - I 

U.S. Army Engineer R&D Labs 
Gas Turbine Test Faci 1 i t y  
F o r t  Belvoir,  V i r g i n i a  22060 
Attent ion:  W. C r i m  - I 

Bureau o f  Naval Weapons 
Department o f  the Navy 
Washington, D.C. 20025 
Attent ion:  Code RAPP - I 

I n s t i t u t e  f o r  Defense Analyses 
400 Army-Navy Dr ive 
Ar l ington,  V i r g i n i a  22202 
Attent ion:  L ib ra ry  - I 

O f f i c e  o f  Naval Research 
Department o f  t h e  Navy 
Washington, D. C. 20025 
Attent ion:  D r .  Ralph Roberts - 
Naval Fact 1 i t i e s  Engineering 

Command 
P. 0. Box 610 
F a l l s  Church, V i rg in ia  22046 
Attent ion:  Graham Heggy, 

I Ohio 45438 

Code 042 - I 

Bureau o f  Ships 
Department o f  t he  Navy 
Washington, D. C. 20025 
Attent ion:  L. Graves - I 

Un ive rs i t y  o f  V i r g i n i a  
School o f  Engineering & 

Applied Science 
Dept. o f  Mechanical Engineering 
Char lo t tesv i l  le, V i r g i n i a  22903 
Attent ion:  D r .  E. J. Gunter, Jr 

Un ive rs i t y  o f  Maryland 
College o f  Engineering 
College Park, Maryland 20740 
Attent ion:  M. E. Ta last  - I 

Massachusetts I n s t i t u t e  o f  

Cambridge, Massachusetts 02139 
Attent ion:  L ib ra ry  - I 

B a t t e l l e  Memorial I n s t i t u t e  
505 King Avenue 
Columbus, Ohio 43201 
At ten t i on :  L lb ra ry  - I 

Power In format ion Center 
Un i ve rs  i t y o f  Penns y 1 van i a 
3401 Market Street, Room 2107 
Philadelphia, Pennsylvania 19104 

Aerospace Corporation 
2350 East E l  Segundo Blvd. 
E l  Segundo, C a l i f o r n i a  90045 
Attent ion:  H. T. Sampson - I 

AVCO-Bay State Abrasives D i v i s i o n  
Westboro, Massachusetts 01581 
Attent ion:  George Her te r i ck  - I 

Technology 

Aerojet-Genera 1 Corporati  on 
Von Karman Center 
Azusa, Ca l i f o rn ia  91702 
Attent ion:  L ib ra ry  - I 

Bendix Research Labs. D i v i s i o n  
Detro i t ,  Michigan 48232 
At ten t i on :  L ib ra ry  - I 

Bora-Warner Corporation 
Pesco Products D i v i s i o n  
24700 North Mi les Road 
Bedford, Ohio 44014 
Attent ion:  L ib ra ry  - I 

Continental Av ia t i on  & 

12700 Kercheval Avenue 
Detro i t ,  Michigan 48215 
Attent ion:  L ib ra ry  - I 

The Boeing Company 
Aero-Spa ce D i v i  s i  on 
Box 3707 
Seatt le, Washington 98124 
Attent ion:  L ib ra ry  - I 

Curt iss-Wright Corporation 
Wright Aero D i v i s i o n  
Main and Passaic St reets  
Woodridge, New Jersey 07075 
Attent ion:  L ib ra ry  - I 

Consol i dated Controls Corp. 
15 Durant Avenue 
Bethel, Connecticut 06801 
Attent ion:  L ibrary  - I 

Garret t  Corporation 
AiResearch Manufacturing Company 
402 South 36 St ree t  

At tent ion:  R. A. Rackley - 2 
Garret t  Corporation 
AiResearch Manufacturing Company 
9851 Sepulveda Blvd. 
Los Angeles, C a l i f o r n i a  90009 
Attent ion:  M. G. Coombs - I 

Eng i neer i n g Corpora t ion 

I 

. - I Phoenix, Arizona 85034 
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General Dynamics Corporation 
16501 Brookpark Road 
Cleveland, Ohio 44142 
At tent ion:  L ib ra ry  - I 
General E l e c t r i c  Company 
M i s s i l e  & Space Vehicle Oept. 
3198 Chestnut S t ree t  
Philadelphia, Pennsylvania 19104 
At tent ion:  L ib ra ry  - I 

General E l e c t r i c  Company 
Lynn, Massachusetts 01 905 
At tent ion:  L ib ra ry  - I 

General E l e c t r i c  Company 
Mechanical Technology Laboratory 
R&D Center 
Schnectady, New York 12301 
At tent ion:  L ib ra ry  - I 

General E l e c t r i c  Company 
FI  i g h t  Propulsion Laboratory Div. 
Cincinnati ,  Ohio 45215 
A t ten t i on :  L ib ra ry  - I 

General Motors Corporation 
Indianapolis, Indiana 46206 
At tent ion:  L ib ra ry  - I 
Frank l i n  I n s t i t u t e  Research 

Benjamin F rank l i n  Parkway a t  

Philadelphia, Pennsylvania 19103 
At tent ion:  L i b r a r y  - I 

General E l e c t r i c  Company 
M i s s i l e  and Space D iv i s ion  
Cincinnati ,  Ohio 45215 
At tent ion:  D. Huebner - 2 

Lear Siegler, Inc.  
3171 S. Bundy Dr i ve  
Santa Monica, C a l i f o r n i a  90406 
At tent ion:  L ib ra ry  - I 

Lockheed M iss i l es  & Space Co. 
P.O. Box 504 
Sunnyvale, C a l i f o r n i a  94088 
At tent ion:  L ib ra ry  - I 

Laboratories 

20th St reet  

McOonnel1 -Douglas Corporation 
Space S ta t i on  O f f i c e  
Huntington Beach, Ca l i f o rn ia  
A t ten t i on :  R. Gervais - 2 

McDonnel 1 -0oug 1 as  Corporation 
Lambert F i e l d  
S t .  Louis, Missouri 63166 
A t ten t i on :  L i b r a r y  - I 

North American Rockwell Corp. 
Space D iv i s ian  
12214 Lakewood Blvd. 
Downey, Ca l i f o rn ia  
At tent ion:  (See l i s t  below) 

A. Nusseberger - I 
C. Gould - I 
W. Schmil l  - I 

North American Rockwell 
Atomics In te rna t i ona l  D iv i s ion  
P. 0. Box 309 
8900 DeSota Avenue 
Canoga Park, C a l i f o r n i a  91304 
At tent ion:  (See l i s t  below) 

T. A. MOSS - I 
W. B O t t S  - I 

Northern Research & Engineering Co. 
219 Vassar S t ree t  
Cambr i dge, Massachusetts 02 I39 
At tent ion:  L ib ra ry  - I 

Mechanical Technology Inc. 
968 Albany-Shaker Road 
Latham, New York 121 I O  
At tent ion:  L ib ra ry  - 2 

Solar D iv i s ion  o f  I n te rna t i ona l  

2200 P a c i f i c  Highway 
San Diego, Ca l i f o rn ia  92112 
At tent ion:  L ib ra ry  - I 

Sunstrand Denver 
2480 West 70 Avenue 
Denver, Colorado 80221 
At tent ion:  L ib ra ry  - I 

Harvester 

TRW Systems D i v i s i o n  
One Space Park 
Redondo Beach, C a l i f o r n i a  90278 
A t ten t i on :  L ib ra ry  - I 

Union Carbide Corporation 
Linde D iv i s ion  
P. 0. Box 04 
Tonawanda, New York 14152 
At tent ion:  L ib ra ry  - I 

United A i r c r a f t  Corporation 
P ra t t  & Whitney A i r c r a f t  
West Palm Beach, F lo r i da  33402 
At tent ion:  D r .  R. A. Schmidtke - I 

United A i r c r a f t  Research Lab. 
East Hartford, Connecticut 06108 
At tent ion:  L ib ra ry  - I 
West i nghouse Elect r i  c Corporation 
Aerospace E l e c t r i c a l  D i v i s i o n  
P. 0. BOX 989 
Lima, Ohio 45802 
At tent ion:  A. King - I 

Westinghouse E l e c t r i c  Corporation 
As t ronuc 1 ear Laboratory 
P. 0. Box 10864 
Pi t tsbur th ,  Pennsylvania 15236 
At tent ion:  L ibrary  - I 

Wil l iams Research 
Walled Lake, Michigan 48088 
At tent ion:  L ib ra ry  - I 

Naval Ship Engineering Center 
Hyattsvi I le ,  Maryland 20782 
At tent ion:  Frank Well ing - 2 

TRW, Inc. 
23555 Eucl i d  Avenue 
Euclid, Ohio 441 I 7  
At tent ion:  B i l l  Davis - I 
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