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S p e c i f i c a t i o n s  f o r  t h e  counter f low p l a t e - f i n  recupera tor  a r e  presented i n  
Table I, and t h e  a s - b u i l t  u n i t  i s  shown i n  f i g .  1 .  Special p rov i s ions  a re  
incorpora ted  t o  ( 1 )  o b t a i n  un i fo rm flow d i s t r i b u t i o n ,  which i s  c r u c i a l  f o r  meet- 
i ng  t h e  e x c e p t i o n a l l y  h igh  temperature ef fect iveness,  and (2) achieve enhanced 
s t r u c t u r a l  r e l i a b i l i t y .  

Low-cycle f a t i g u e  was i d e n t i f i e d  as t h e  most c r i t i c a l  and l i f e - l i m i t i n g  
s t r u c t u r a l  design problem. Prev ious c y c l i c  l i f e  es t imates  were re f ined.  
Resu l ts  i n d i c a t e  t h a t  t h e  recuperator  has a minimum f a t i g u e  l i f e  of  200 
cyc les.  T h i s  i s  i n  excess o f  t h e  BlPS requirements o f  100 cyc les.  

F a b r i c a t i o n  and development t e s t i n g  of a p ro to type  heat  exchanger were 
completed. For t h e  heat  t r a n s f e r  performance t e s t ,  a spec ia l  procedure was 
developed t o  accura te ly  account for heat leak e f f e c t s .  These a re  e s p e c i a l l y  
s i g n i f i c a n t  a t  a h i g h  temperature e f fec t i veness .  
i n d i c a t e  t h a t  heat  t r a n s f e r  performance w i th  xenon-helium w i l  I s l i g h t l y  exceed 
requirements.  The pressure drop exceeds t h e  requ i red  va lue  by less  than 10 
percent  and w i l l  be o f f s e t  by t h e  a v a i l a b l e  excess heat  t r a n s f e r  c a p a b i l i t y .  

Tes t  data obta ined w i t h  a i r  

The p ro to type  u n i t  was subjected t o  200 r a p i d  s t a r t u p  and shutdown t e s t  
cyc les  designed t o  v a l i d a t e  t h e  c y c l i c  l i f e  p r e d i c t i o n  and t o  shake down t h e  
s t r u c t u r a l  desi n. A f t e r  t h i s  exposure, t h e  ex te rna l  he l ium leakage was less 
than 2.3 x scc/sec, which i s  below t h e  s p e c i f i c a t i o n  l i m i t .  Some i n t e r n a l  
bypass leakage was detected a f t e r  100 thermal cycles,  b u t  t h e  r e s u l t i n g  e f f - e c t  
on system performance i s  n e g l i g i b l e .  

A second u n i t ,  scheduled for i n s t a l l a t i o n  i n  a power system, was proof  
pressure tested,  t es ted  for isothermal pressure drop (flow c a l i b r a t i o n ) ,  he l ium 
leak checked, and cleaned t o  spacecra f t  c lean l i ness  standards p r i o r  t o  de l i ve ry .  

INTRODUCTION 

As p a r t  of i t s  Brayton-cyc le space power system advanced technology pro-  
gram, NASA-Lewis Research Center has been pursu ing t h e  development o f  power 
conversion equipment for use w i t h  so la r ,  reactor ,  and iso tope heat sources. 
The recupera tor  i s  a key component i n  these systems and has been t h e  sub jec t  
o f  a development program extending over the  pas t  14 years. 
t h i s  a c t i v i t y  has been t raced  and i s  documented i n  t h i s  repo r t .  

The h i s t o r y  o f  

The p a r t i c u l a r  e f f o r t  descr ibed i n  t h i s  r e p o r t  covers t h e  design, 
f a b r i c a t i o n ,  and t e s t  o f  t h e  Mini-Brayton recupera tor  (MBR) t h a t  i s  p a r t  o f  
a 2.0-kW space power system, which uses an iso tope heat  source. The desig- 
n a t i o n  of Min i -Brayton i s  used t o  d i s t i n g u i s h  t h i s  system f r o m  o ther ,  la rger  
power systems designed f o r  opera t ion  w i t h  i so tope or reac to r  heat  sources. 
The u n i t  i s  f ab r i ca ted  from Has te l l oy  X and i s  designed for 10 years of  

1 



TAB LE I . --M IN I -BRA YTON R EC UPERATOR SPEC I F I CAT IONS 

Parameters 

Working f I ui  d 

Hot, low-pressure gas f low 

C o l d ,  high-pressure gas f l o w  

Hot-side i n l e t  temperature 

Col d-si de i n  I e t  temperature 

Cold-side temperature e f fec t i veness ,  E: 

Hot-si de in  I e t  pressure 

Co I d-s ide i n  1 e t  pressure 

Combined pressure drop, AP/p i n I e t  

Heat t r a n s f e r  r a t e  

Heat t r a n s f e r  area 

Overal I dimensions 

Height 

Width 

Length 

Ma te r ia l  o f  c o n s t r u c t i o n  

Weight 

Design l i f e  

~~ ~~ 

Descr i p t  ion 

Xenon-he1 ium , molecular weight = 83.8 

0.162 kg/sec (0.357 I b/sec) 

0.159 kg/sec (0.350 I b/sec 1 

722°C (1332°F) 

107°C (224°F) 

0.975 

0.494 MPa (71.7 p s i a )  

0.732 MPa (106.2 p s i a )  

0.70 percent  

23.75 kW (22.53 Btu/sec) 

46.0 m2 (495 sq f t )  

35.1 an (13.8 in.) 

17.5 cm (6.9 in.) 

71.1 cm (28.0 in.) 

Hastel loy X 

59.4 kg (131 Ib )  

100,000 h r  (10 years) 

2 
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Figure 1.--MBR As-Built Configuration. 
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cont inuous opera t ion  a t  1000°K (1300°F) w i t h  a xenon-helium working f l u i d .  
The primary goa ls  a r e  h i g h  r e l i a b i l i t y  and performance w i t h  minimum weight. 

The cur ren t  a p p l i c a t i o n  f o r  t h e  MBR i s  t h e  Brayton Isotope Power System 
(BIPS), a space power system now being developed by t h e  Department of Energy, 
D i v i s i o n  of Advanced Systems and M a t e r i a l s  Product ion,  Washington, D.C. 
The f i n a l  MBR has been d e l i v e r e d  t o  t h e  AiResearch Manufactur ing Company o f  
Arizona, where it i s  i n s t a l l e d  i n  t h e  BIPS Ground Demonstrator System. 

4 



HISTORY AND BACKGROUND 

The MBR design i s  t h e  r e s u l t  of a recuperator development program t h a t  
has extended over t h e  past  14 years. The i n d i v i d u a l  c o n t r a c t s  between 
AiResearch and NASA-Lewis Research Center t h a t  comprise t h i s  e f f o r t  a re  
summarized i n  Table I I .  H i g h l i g h t s  a r e  discussed below. 

Solar  Brayton-Cycle Recuperator 

Extensive parametr ic  analyses o f  p l a t e - f i n  and t u b u l a r  heat exchanger 
geometries were conducted. The f i n a l  s e l e c t i o n  was a p l a t e - f i n  con f igu ra t i on - -  
a design used i n  a l l  subsequent programs. Related design items i n c l u d i n g  
t r i a n g u l a r  end s e c t i o n  design f o r  un i form f l ow  d i s t r i b u t i o n ,  a x i a l  heat con- 
duc t i on  e f f e c t s ,  and mani fo ld  f low d i s t r i b u t i o n  were f i r s t  analyzed here. 
An opt imized p l a t e - f i n  recuperator  was b u i l t  and t e s t e d  t o  con f i rm  t h e  ana ly t -  
i c a l  design techniques. The ma te r ia l  o f  c o n s t r u c t i o n  was t ype  s e r i e s  347 
s t a i n l e s s  s t e e l  and t h e  assembly weight was 199 kg (438 I b ) .  Estimated per-  
formance w i t h  argon working f l u i d  was a temperature e f f e c t i v e n e s s  o f  0.95 
and an o v e r a l l  pressure drop (bo th  s ides)  o f  2.3 percent. The recuperator  
i s  shown i n  f i g .  2 and t h e  program r e s u l t s  a r e  documented i n  Reference 1. 

Brayton Heat Exchanger U n i t  (BHXU) 

The BHXU i s  an i n t e g r a l  heat exchanger u n i t  i nco rpo ra t i ng  a p l a t e - f i n  
recuperator,  a p l a t e - f i n  gas - to - l i qu id  heat s i n k  heat exchanger, and t h e  d u c t i n g  
and bel lows. The assembly i s  shown i n  f ig .  3 .  The BHXU mates w i t h  a t u r b i n e -  
al ternator-compressor assembly, t h e  NASA Brayton R o t a t i n g  U n i t  (BRU). T h i s  
power system, capable o f  producing 2.25 t o  10.5 kW, has been operated by Lewis 
Research Center f o r  over 30,000 hr. 

Parametr ic a n a l y s i s  and design layout s t u d i e s  i d e n t i f i e d  t h e  p l a t e - f i n  
counter f low c o n f i g u r a t i o n  as optimum f o r  t h e  recuperator.  
was f a b r i c a t e d  from s e r i e s  347 s t a i n l e s s  s t e e l  and t h e  core assembly weight 
was 91 kg (201 Ib ) .  With xenon-helium working f l u i d ,  t h e  p red ic ted  recuperator  
e f f e c t i v e n e s s  was 0.941 and t h e  o v e r a l l  pressure drop (both s ides )  was 2.99 
percent. An impor tant  p a r t  o f  t h i s  study was t h e  s t a r t  o f  a comprehensive 
design procedure for high-temperature bellows. Three BHXU systems were 
d e l i v e r e d  t o  NASA. 

The recuperator  

Power system t e s t s  a t  NASA showed t h a t  a f t e r  repeated s t a r t u p  and shutdown 
cycles, t h e  recuperator  would develop cracks i n  t h e  header bar-to-tube p l a t e  
j o i n t s ,  which r e s u l t e d  i n  working f l u i d  leakage. The c rack ing  mechanism was 
i d e n t i f i e d  as low-cycle fa t i gue .  No heat t r a n s f e r  performance degradat ion 
has been observed i n  30,000 h r  of t e s t  operat ion.  Experience gained i n  t h i s  
program has led t o  improved s t r u c t u r a l  designs t h a t  have been incorporated 
i n  t h e  MBR. Resu l t s  o f  t h i s  program a re  presented i n  References 2 and 3. 

5 



TABLE I I .--BHAYTON-CYCLE HEAT EXCHANGER DEVELOPMENT 
(NASA-Lewi s Research Center Sponsored Programs 1 

- 

Program 

,oI ar Brayton-Cycl e Hecuperator 

D e l  ivered development un i t 

,oIar  Brayton Heat Source HX Design Study 

Wayton Heat Exchanger U n i t  (BHXU) 

Del ivered 3 systems - recuperator,  
heat s i n k  HX, duct ing,  and bel lows 

Tested a t  Lewis for  30,000+ hr 

\ I t e r n a t e  Design BHXU 

Del ivered advanced system w i t h  Hastel loy X 
recuperator,  t u b u l a r  HSHX, and I ink-type 
bel  lows 

k a t  Exchanger and Duct Assembl y (HXDA) 

Study program for nuc lear  system 

{rayton-Cycl e Heat Exchanger Techno1 ogy 

Low-cycle f a t i g u e  t e s t  

New brqze a I I oys 

Hiyh-temperature bel  lows 

Ther?nal c y c l e  t e s t  on submodules 

l i n  i-Brayton Recuperator 

Test p ro to type  design 

Del iver MER 

Con t rac t  

MS 3-2793 

NAS 3-8025 

NAS 3-10607 

NAS 3-13454 

NAS 3-13453 

NAS 3-15347 

NAS 3-18029 

Per iod o f  
'erformance 

11/63 - 3/65 

6/65 - 1/68 

5/67 - 3/72 

11/69 - 8/73 

11/69 - 12/70 
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Figure 2.--Solar Brayton-Cycle Recuperator. 

64203 -3 

F -2 7 04 9 

F i g u r e  3.--Brayton-Cycle Heat Exchanger U n i t .  
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Alternate Design BHXU 

This was the second generation of the BHXU designed to be integrated with 

( 1 )  using stronger materials 
the Brayton Rotating Unit (BRU) and installed in the NASA Engine B. The pro- 
gram goal was to achieve greater reliability by: 
and more ductile braze alloys to increase the recuperator thermal fatigue life; 
(2) providing double containment against external leakage of the gaseous 
working fluid; and ( 3 )  elimination of possible leak paths of the organic coolant 
into the gas stream. 

Recuperator size was increased by 16 percent to provide a temperature 
effectiveness of 0.95. The predicted overall pressure drop was 2.68 percent 
(both sides). The material of construction was Hastel loy X and the recupera- 
tor core weight was 158 kg (348 Ib). Double containment of the working fluid 
was achieved by brazing an additional cover plate to the core header bars, 
thus eliminating direct exposure of any braze joint to space vacuum. 

Operating pressures for this unit were increased over those for the ori- 
ginal BHXU. Utilization of a single bellows in the interconnecting ducts would 
have produced excessive stresses. A successful .design solution was achieved 
by using three hinged bellows in each duct. An internal hinge in each bellows 
made the bellows self-sufficient for absorbing the pressure thrust load. 

A tubular waste heat exchanger was selected for the alternate design 
because it offered a significant reduction in the number of leak paths for a 
modest increase in weight compared with the plate-fin design. Each core con- 
tained a total of 2016 stainless steel tubes heIicaIly.wrapped with a copper 
fin. 

A complete BHXU assembly was manufactured and delivered to NASA. The 
final assembly is shown in fig. 4. Results of the parametric analyses 
are presented in Reference 4 and a description of the fabrication develop- 
ment and manufacturing operations in Reference 5. 

Heat Exchanger and Duct Assembly (HXDA) 

As part of advanced space power systems studies, NASA investigated the 
performance characteristics of Brayton power conversion systems in the 35- 
to 150-kW class (Reference 6 ) .  These systems, which employ a liquid metal 
cooled reactor, use three heat exchangers: waste heat exchanger, heat source 
heat exchanger, and the recuperator. These heat exchangers and their inter- 
connecting ducting comprise the HXDA. 

The Phase I AiKesearch effort was concerned with the selection of basic 
types of heat transfer- surfaces for each heat exchanger and the development of 
minimum weight designs. Four designs were selected for final optimization 
and the recuperator was in all cases a counterflow plate-fin design with 
triangular end sections; the heat source heat exchanger was a cross-counterflow 
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F igu re  4.--Alternate Design BHXU. 

f i nned  t u b u l a r  design; and t h e  waste heat exchanger was a c ross-counter f  low 
p l a t e - f i n  u n i t  w i t h  two independent I iqu id  c o o l i n g  c i r c u i t s  i n  t h e  core.  
Concept o p t i m i z a t i o n  s t u d i e s  a r e  presented i n  Reference 7. 

Experimental data regard ing  t h e  pressure containment capabi I 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  c o n d i t i o n s  t y p i c a l  for  advanced power systems 
were ob ta ined  i n  Phase I I .  Specimens fab r i ca ted  from s e r i e s  347 s t a i n l e s s  
s t e e l  and Hastel  loy X w i t h  n i c k e l -  and yold-braze a l  l o y s  were b u r s t  and 
c reep- rup ture  tes ted  a t  temperatures up t o  1 140°K ( 1  600°F).  Test r e s u  I t s  
were pub1 ished i n  Reference 8. 

The Phase I I I s t u d i e s  were d i r ec ted  t o  t h e  development o f  two HXDA 
p r e l  im inary  designs: one assoc ia ted  w i t h  t h e  SNAP-8 r e a c t o r  temperature 
capabi I i t i es - -about  920°K (1200°F) maximum temperature--and t h e  o t h e r  w i t h  
a more advanced system o p e r a t i n g  a t  about 1200°K (1700°F). These two 
p r e l  im inary  designs a r e  presented i n  Reference 9. 

In  June 1971, t h e  f a b r i c a t i o n  o f  the HXDA was i n i t i a t e d  w i t h  a program 
t o  design, f a b r i c a t e ,  and t e s t  a heat exchanger and d u c t  assembly f o r  a 
Brayton power system i n  t h e  15- t o  80-kW c lass .  P re l  im inary  component designs 
were es tab l  ished based on t h e  des ign  p o i n t  c o n d i t i o n s  i n  Reference 10. The 
f i n a l  r e c u p e r a t o r  design was p l a t e - f  i n  counter f low w i t h  t r i a n g u l a r  end 
s e c t  i ons  and cons t ruc ted  o f  Haste I I oy X. W i t h  a xenon-he I i um worki ng f I ui  d 
(mo lecu la r  weight = 39.941, t h e  design p o i n t  e f f e c t i v e n e s s  was 0.925 and t h e  
overa l  I p ressure  drop fo r  bo th  s ides  was 1.15 percent .  Estimated recupera tor  
weight was 382 kg  (842 I b ) .  
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Smal I-scal e t e s t s  were performed t o  eval uate recupera tor  braze j o i n t  
s t reng th  and t h e  c h a r a c t e r i s t i c s  o f  an a l t e r n a t e  braze a l  loy  (Nicuman 23) 
for  the  waste heat exchanger. A t  t h i s  s tage of  development i t  was c, lear 
t h a t  low-cycle f a t i g u e  was t h e  most c r i t i c a l  s t r u c t u r a l  design fac to r .  
Accordingly,  a s e r i e s  o f  reverse  bending, s t r a i n - c o n t r o l  led, f a t i g u e  
t e s t s  were performed t o  o b t a i n  b a s i c  des ign  da ta  on t h e  c y c l e  l i f e  o f  
parent  metal, paren t  metal weld j o i n t s ,  and brazed and welded heat  exchanger 
j o i n t  sect ions.  Resu l ts  o f  t h e  smal I -sca le  t e s t s  and t h e  p r e l  iminary 
desiyn e f f o r t s  a r e  documented i n  Reference 11. 

Brayton Cycle Heat Exchanger Techno1 ogy 

In January 1972, t h e  HXDA program was reo r ien ted  from t h e  development o f  
a s p e c i f i c  power system t o  a technology program for advanced Brayton-cycle 
heat exchangers and associated equipment. The d e t a i l  design o f  t h e  HXDA 
wds terminated; t h e  srnal I -sca le  t e s t s  and f a b r i c a t i o n  technology e f f o r t s  were 
cont inued and u l t i m a t e l y  d i r e c t e d  s p e c i f i c a l  l y  t o  t h e  development o f  t h e  
Min i-Brayton Recuperator (MBK). 

Spec i f i c  accompl ishments o f  .the technology program were: ( 1  ) heat 
t r d n s f e r  and pressure drop da ta  were obta ined f o r  a f inned-tube heat t rans-  
f e r  m a t r i x  rep resen ta t i ve  o f  t h e  heat source heat  exchanger; ( 2 )  a 
modularized, p l a t e - f i n  waste heat  exchanger w i t h  means t o  v e r i f y  double con- 
t a  inrnent was developed; ( 3 )  twenty-two high-temperature braze a l  loys were 
evaluated t o  f i n d  a low-cost a l  loy  w i t h  t h e  d e s i r a b l e  a t t r i b u t e s  o f  a 
yold-based a l l o y ;  t h e  f i n a l  s e l e c t i o n  was N ic robraz  30; and (41, bel  lows 
designs s u i t a b l e  f o r  opera t ion  a t  1400°K (1600°F) and 1.4 MPa (200 p s i a )  
for 1000 cycles and 50,000 hours were determined t o  be feas ib le .  Bel lows 
des iyn techniques developed here were bel  ieved t o  be an advancement i n  
the s t a t e  o f  t h e  a r t .  

The basic MBR design for  a 2-kW power system was f i r s t  es tab l i shed 
as  p a r t  o f  t h i s  technology prqram.  Special a t t e n t i o n  was pa id  t o  f l ow  
d i s t r i b u t i o n  and a x i a l  conduct ion e f f e c t s  t o  ensure meet ing t h e  0.975 
temperature e f f e c t i v e n e s s  requirement. A thorough t r a n s i e n t  tempera- 
t u r e  ana lys is  was performed t o  i d e n t i f y  those areas w i t h i n  t h e  recupera- 
t o r  s t r u c t u r e  where excessive temperature grad i e n t s  a r e  developed. High- 
temperature grad i e n t s  can occur when ad jacent  s t r u c t u r a l  elements respond 
a t  d i f f e r e n t  r a t e s  t o  a system s t a r t u p  o r  shutdown t r a n s i e n t .  These 
data were the bas is  f o r  a p r e d i c t i o n  o f  thermal f a t i g u e  I i f e ,  and a l s o  
were used t o  develop a l t e r n a t e  s t r u c t u r a l  concepts w i t h  increased f a t i g u e  
I i f e .  

The f i n a l  design incorporated new man i f o l d  cons t ruc t i on  and header 
bar shapes designed t o  a l  lev i a t e  t h e  thermal s t ress.  Double-conta inment 
s ide  p la tes,  a scheme o r i g i n a l  l y  developed f o r  t h e  a l t e r n a t e  des ign BtIXU, 
were incorporated i n  t h e  MBK design. Hastel  loy X was s p e c i f i e d  f o r  con- 
s t r u c t i o n  because o f  i t s  super io r  s t r e n g t h  and f a b r i c a b i  I i t y  compared w i t h  
a 300-series s t a i n l e s s  s tee l .  
o f  t h e i r  h igh s t reng th  and d u c t i  I i t y  compared w i t h  n icke l -base a l  loys.  

Gold-base braze a l  loys  were se lec ted  because 
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Two submodules, h a l f  t h e  flow length and h a l f  t h e  s tack  h e i g h t  o f  
t h e  f u l l - s i z e  MBR, were const ructed.  One o f  t h e  u n i t s  i s  shown i n  f i g .  5. 
The s t r u c t u r a l  design was s i m i l a r  t o  t h e  f u l l - s i z e  u n i t .  The f i r s t  submodule 
was performance t e s t e d  t o  v e r i f y  t h e  thermal design and was then sub jec ted  
t o  repeated thermal cyc les.  Test  parameters, i.e., t h e  t i m e  t o  reach peak 
opera t i ng  temperature, were purposely set  a t  o f f - l i m i t  c o n d i t i o n s  t o  r a p i d l y  
induce f a t i g u e  crack ing.  I n  t h i s  manner any weak areas cou ld  be i so la ted ,  
t h e  f a i l u r e  mechanism i d e n t i f i e d ,  and approp r ia te  design m o d i f i c a t i o n s  
i n s t i t u t e d .  The second submodule was modi f ied t o  r e i n f o r c e  weak areas 
de tec ted  i n  t h e  f i r s t  submodule and was subjected t o  thermal c y c l e  t e s t i n g .  

The f i r s t  submodule accumulated 80 thermal c y c l e s  be fo re  t h e  t e s t  was 
stopped. I n t e r n a l  bypass leakage was observed b u t  t h e  u n i t  was e x t e r n a l l y  
he l ium leak t i g h t .  The second submodule d isp layed s i m i l a r  r e s u l t s ,  bu t  
i n  t h i s  t e s t  ex te rna l  he l ium leakage was detected a f t e r  100 thermal cyc les.  
These leaks, which occurred i n  a corner  of  t h e  man i fo ld  at tachment f lange,  
were r e p a i r e d  and t e s t i n g  cont inued. 
There was no ex te rna l  leakage except i n  t h e  corner  areas, which cont inued 
t o  c rack  a f t e r  severa l  r e p a i r  operat ions.  A f t e r  a d e t a i l  m e t a l l u r g i c a l  
examination, i t  was concluded t h a t  w i t h  app rop r ia te  m o d i f i c a t i o n  t h e  MBR 
cou ld  w i ths tand  a t  l e a s t  100 c y c l e s  w i thou t  i n t e r n a l  o r  ex te rna l  leakage. 
R e s u l t s  of t h e  technology program a r e  presented i n  Reference 12. 

A f t e r  278 c y c l e s  t h e  t e s t  was stopped. 
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F i g u r e  5.--Brayton-Cycle Heat Exchanger, 
Recuperator Submodu I e. 
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HEAT EXCHANGER DES I GN 
I 

The bas ic  design fea tu res  a r e  shown i n  t h e  recupera tor  ou t1  ine i n  f i g .  6 
and t h e  f low and conf gu ra t i on  schematics i n  f i g .  7. The heat exchanger i s  o f  
a1 I-brazed and welded cons t ruc t i on  and i s  f ab r i ca ted  e n t i r e l y  of  Hastel  loy X. 
The i n t e r n a l  const ruc ion  i s  t y p i c a l  for  counter f low heat  exchangers. Heat 
t r a n s f e r  takes p lace  predominately i n  t h e  rec tangu la r  counter f low sec t i on  where 
high-performance rec tangu lar  o f f s e t  f i n s  a r e  used. T r iangu la r  end sec t i ons  a r e  
used t o  d i s t r i b u t e  and c o l l e c t  t h e  gas flow t o  and from t h e  coun te r f l ow  sect ion.  
P l a i n  rectangular  f i n s  a r e  used i n  t h e  end sec t i ons  t o  min imize pressure drop. 
To ta l  heat  t rans fe r  area ( h o t  and c o l d  s ides )  i s  46.0 m2(495 sq  f t ) .  

Design Features 

The Mini-Brayton Recuperator (MBR) incorpora tes  severa l  unique fea tures  
d i rec ted  towards increas ing heat exchanger r e l i a b i l i t y  and c y c l i c  l i f e .  They 
a r e  descr i bed be I o w .  

Mani fo ld  construct ion.--Manifolds a r e  n o t  d i r e c t l y  welded t o  t h e  co re  
a s  i s  t h e  case f o r  a t y p i c a l  p l a t e - f i n  heat  exchanger. Separate man i fo ld  
attachment s t r  i ps a r e  brazed t o  t h e  co re  s i  des. 
s e t  back from t h e  corners  o f  t h e  co re  assembly because o f  t h e  h i g h  tem- 
pera ture  grad ien ts  t h a t  e x i s t  i n  t h i s  area. As shown i n  f i g .  1, a cy1 in-  
d r i c a l  man i fo ld  extends across t h e  co re  and i s  welded t o  t h e  at tachment s t r i p s .  
T h i s  shape provides for  ideal  pressure containment. A s p l  i t t e r  p l a t e  separates 
t h e  h o t  and c o l d  gas streams w i t h i n  t h e  mani fo ld .  The s p l i t t e r  i s  d ished t o  
b e t t e r  wi thstand t h e  pressure d i f f e r e n t i a l  between streams. 

These s t r  ips  a r e  purpose1 y 

Braze a i  loy.--Gold-base braze a l  l o y s  a re  s p e c i f i e d  for  a l  I opera t ions  
because o f  t h e i r  super io r  d u c t i  I i t y  and s t r e n g t h  compared w i t h  n ickel-base 

'a1 ~ o y s .  

Channel header bars.--To reduce t h e  d i f f e r e n c e  i n  thermal mass between t h e  
t h i n  tube sheet and t h e  header bars, t h e  ba rs  a r e  machined i n  a channel shape 
as shown i n  f i g .  8. 

Seal p late.--After t h e  f i r s t  braze opera t i on  wherein t h e  p la tes ,  bars,  and 
f i n s  a r e  jo ined,  t h e  braze j o i n t s  a long t h e  s ides  o f  t h e  co re  a r e  exposed. 
A de fec t  i n  any o f  these exposed braze j o i n t s  cou ld  r e s u l t  i n  leakage o f  c y c l e  
working f l u i d  t o  space and eventual  shutdown o f  t h e  power system. To reduce 
t h e  number of  exposed j o i n t s  and p o t e n t i a l  leak paths, seal  p l a t e s  a r e  brazed 
t o  t h e  s ides  o f  t h e  core  a s  shown i n  f i g .  8. A f t e r  t h e  seal  p l a t e s  a r e  
brazed in  place, t h e  edges a r e  welded t o  p rov ide  a double containment seal .  

A f t e r  the f i r s t  braze, t h e  co re  s ides  a r e  machined f l a t  t o  r e c e i v e  t h e  
seal p la tes .  The corner  rad i i a r e  matched t o  t h e  seal p l a t e  bend rad ius.  
The seal  p l a t e  a l s o  prov ides a sur face  fo r  j o i n i n g  o f  t h e  man i fo ld  a t tach-  
ment f langes and mountiny brackets  t o  t h e  c o r e  mat r ix .  
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(a)  C o u n t e r f l o w  Sect  i o n  

H i gh- 
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P l a i n  f i n  
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F i g u r e  7.--MER Prel i rn inary Design. 
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F i g u r e  8.--Core C o n s t r u c t i o n .  
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Graduated tube  p l a t e  thickness.--Tube p l a t e  th i ckness  increases from a 
nominal dimension o f  0.2 mrn (0.008 in . )  i n  t h e  center  p o r t i o n  o f  t h e  co re  t o  
0.81 mn (0.032 in.) ad jacent  to  t h e  1.0-mm-thick (0.040-in.) s idep la te .  T h i s  
feature,  shown i n  f i g .  8, p rov ides  a gradual t r a n s i t i o n  between t h i c k  and 
t h i n  p l a t e s  and thereby prov ides improved load d i s t r i b u t i o n  du r ing  a thermal 
t r a n  s i en t  . 

S p l i t t e r - t o - c o r e  jo int . - -To withstand t h e  h igh  t e n s i l e  loads developed 
a t  t h i s  locat ion,  a tongue-in-groove j o i n t  design as shown i n  . f i g .  9 was 
developed. Each header bar incorporates a paddle-shaped end and when stacked 
and brazed, a m o n o l i t h i c  s t r u c t u r e  i s  formed a t  t h e  c o r e  apex. A tapered 
groove-and-tongue arrangement i s  used t o  f a c i l i t a t e  a c l o s e  f i t  f o r  brazing. 
The s p l i t t e r  over laps t h e  s i d e p l a t e s  t o  prevent d i r e c t  exposure of  a pr imary 
braze j o i n t .  

Weld over braze.--As p r e v i o u s l y  described, t h e  man i fo lds  a r e  n o t  welded 
d i r e c t l y  t o  t h e  c o r e  ma t r i x .  The c y l i n d r i c a l  man i fo ld  i s  welded t o  an at tach-  
ment s t r i p  t h a t  has been p r e v i o u s l y  brazed t o  t h e  core. T h i s  scheme avoids 
welding over t h e  c o r e  braze j o i n t s ,  which i s  n o t  d e s i r a b l e  because t h e  process 
can r e s u l t  i n  cracks i n  t h e  weld nugget as we1 I as cracks i n  t h e  co re  braze 
j o i n t s  away from t h e  weld zone. 

S idep la te  thickness.--The s idep la tes  a r e  chemical ly  machined t o  o b t a i n  
t h e  nominal t h i ckness  o f  1.0 mm (0.040 in.) w h i l e  ma in ta in ing  t h e  edges, which 
a t t a c h  t o  t h e  mani fo lds a t  2.3 mm (0.090 in.).  Thus, t h e  weld j o i n t  between 
t h e  man i fo ld  and s i d e p l a t e s  i s  e f f e c t e d  i n  m a t e r i a l  o f  i d e n t i c a l  th ickness. 

M a n i f o l d  attachment flange.--To co r rec t  a weakness observed i n  t h e  
submodule t e s t s ,  t h e  f langes were re in fo rced  by adding a gusset where 
t h e  f langes j o i n  t o  t h e  s i d e p l a t e  ( h o t  end on ly ) .  

Thermal Design 

Design p o i n t  c o n d i t i o n s  a r e  presented i n  Table I I I .  The u n i t  i s  designed 
for a c losed Brayton power system capable of  producing a gross power ou tpu t  o f  
2345 W. 

The;-mal design o p t i m i z a t i o n  o f  t h e  MBR was f i r s t  conducted as p a r t  of  t h e  
Brayton-Cycle Heat Exchanger Technology Program (Reference 12). Optimum f i n  
geometries were se lected for t h e  counterf  low sec t i on  and t h e  t r i a n g u l a r  end 
sect ion.  The man i fo ld  was designed t o  prov ide un i fo rm flow d i s t r i b u t i o n .  

Resu l t s  o f  t h i s  o p t i m i z a t i o n ,  which were used i n  t h e  f i n a l  MBR design, 
a r e  presented i n  Table I V .  

Test  r e s u l t s  obta ined i n  t h e  technology program us ing  submodules---heat 
exchangers w i t h  h a l f  t h e  f l ow  length and h a l f  t h e  stack h e i g h t  o f  t h e  f i n a l  
MBR--indicated several areas f o r  improvement or f u r t h e r  ana lys i s .  These 
con t  i nued s t u d i e s  a r e  repo r ted  here. 
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TAB LE I I 1 . --THERMAL DES I GN HEW I REMENTS 

Combined p ressu re  drop, 
AP/P , percen t  

i Parameter I Ho t  S ide  I Cold  S ide  I 

0.100 

F l u i d  

Flow,  g/s ( I b / s c c )  

inlet temperature, ‘C ( O F )  

In le t  pressure, Wa ( p s i a )  

Ef f e c t t  veness 

Xe-He* 

162 ( 0 . 3 3 7 )  

722 (1352)  

0.494 ( 1 1 . 7 )  

Xe-He* 

159,(0.550) 

I 0 7  ( 2 2 4 )  

0.752 (106.2) 

0.975 

* b l e c u l a r  we igh t  = 83.8 grams/mole 

TAB LE 1 V. --PROTOTYPE HEAT EXCHANGER DES I GN CHARACTER I ST i C S  

Nanina l  o v e r a l l  d imensions, c m  ( i n . )  

He igh t  
Wid th  
Length 

Es t imated we iyh t ,  k g  ( I b )  

Mater  i a I 

Header bar  t y p e  

Thickness, mm ( i n . )  

Nan ina l  p l a t e  thickness!’)mrn ( i n . )  

Coun te r f l ow  c o r e  f ins( ’ )  t y p e  

Count, f i ns / cm ( f i n d i n . )  
He igh t ,  m ( in . )  
Thickness, mm ( i n . )  

End s e c t i o n  c o n f i g u r a t i o n  

He igh t  ho t / co ld  end, cm ( i n . )  

Wid th  h o t / c o l d  end, cm ( i n . )  
Spl i t  ho t /  o l d  end, pe rcen t  
F i n  t y p e  (25  
Count,  f i n s / a n  ( t i n d i n . )  
He igh t ,  rnm ( i n . )  
Thickness, mm ( i n . )  

35.0 (13.8) 
17.5 (6.9) 
73.2 (28 .8 )  

594 (131.2) 

H a s t e l l o y  X - 

Channel 

2.5 (0.10) 

0.20 (0 .008)  

Rectanqu lar ,  o f f s e t  

7.87 (20) 
2.5 (0.100) 
0.10 (0.004) 

1.27/5.08 (0.5/2.0 

14.22/14.22 (5. b/5.6 
50 
Rectangu lar ,  p l a  i n  
6.30 (16 )  
2.5 (0.100) 
0.15 (0.006) 

Number o f  p l a t e - f  i n  sandwiches, ho t / co ld  50/49 

P o r t s ,  number 4 

OD, cm ( i n . )  6.35 (2.5) 

Notes: 

( 1 )  P l a t e  th i ckness  i s  v a r i a b l e  f o r  t h e  o u t e r  sandwiches. 

( 2 )  F i n  t y p e  i s  t h e  same for  both h i yh -  and low-pressure  
passages. 
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End sect ion design.--Achievement of a ' h i g h  temperature e f f e c t i v e n e s s  i s  
e s p e c i a l l y  dependent on o b t a i n i n g  un i fo rm f l o w  d i s t r i b u t i o n  across t h e  passage 
width. Flow d i s t r i b u t i o n  i s  c o n t r o l  led by t h e  end s e c t i o n  des ign parameters 
a s  i l l u s t r a t e d  i n  f i g .  10. S i z i n g  f o r  un i fo rm f l o w  u s u a l l y  r e s u l t s  i n  
asymmetrical , unequal end s e c t i o n  geometries a t  t h e  two recuperator  ends. 
Use o f  t h e  same geometry a t  each end would r e s u l t  i n  poor d i s t r i b u t i o n  because 
t h e  pressure drop would n o t  be equal for t h e  same mass v e l o c i t y  even though 
t h e  flow path lengths a re  equal. Nonuni formi ty  along p a r a l l e l  paths r e s u l t s  
from t h e  large d e n s i t y  d i f f e r e n c e ,  and t o  a smal l e r  e x t e n t  from t h e  v i s c o s i t y  
d i f f e rence ,  t h a t  occurs frm t h e  i n l e t  to o u t l e t .  

I 

Three para1 I e l  gas f I ow paths th rough  t h e  heat exchanger I ow-pressure 
passages are i d e n t i f i e d  by dashed I ines i n  f i g .  10(a>. For un i fo rm c o r e  
f l o w  d i s t r i b u t i o n ,  t h e  t o t a l  ( i n l e t - t o - o u t l e t )  pressure drop along each f l o w  
path should be t h e  same for a cons tan t  v a l u e  o f  t h e  gas mass v e l o c i t y .  Since 
t h e  entrance, e x i t ,  and t u r n  losses a r e  equal f o r  a l  I t h r e e  f l o w  paths,  regard- 
l e s s  o f  end s e c t i o n  geometry, t h i s  requirement reduces t o  a requirement f o r  
equal f r i c t i o n a l  losses, i .e., 

i 

where APf = f r i c t i o n  pressure drop. 

= APf 3A, t h i s  i s  equ iva len t  t o  t h e  c o n d i t i o n  "f 1B S i  nce 

- - APf 3 8 J  or APf = APf 2B- "f 1A 

That i s ,  f o r  un i form f l o w  d i s t r i b u t i o n ,  t h e  average f r i c t i o n a l  pressure loss 
i n  t h e  i n l e t  end should be equal t o  t h e  average f r i c t i o n a l  pressure loss i n  
t he  out  I e t  end. Thi s i s n o t  equi va l  e n t  t o  r e q u i r i n g  t h e  average t o t a  I pressure 
drops t o  be equal because k i n e t i c  losses a t  o p p o s i t e  ends a r e  n o t  equal. 

I 

I 
F ig.  10(b) shows t h e  high-pressure-side f i n  sandwich f o r  t h e  same 

recuperator.  S i m i l a r  cons ide ra t i ons  a s  those  discussed f o r  f l o w  d i s t r i b u t i o n  
on the low-pressure s i d e  apply  t o  the  high-pressure s ide. Thus, t o  o b t a i n  
un i form f low d i s t r  i b u t  ion throughout t h e  heat  exchanger , t h e  end s e c t  ion  gecme- 
t r i e s  must.be such t h a t  t h e  i n l e t  f r i c t i o n a l  loss equals  t h e  o u t l e t  f r i c t i o n a l  
l oss  on each s i d e  o f  t h e  exchanger. W i t h i n  t h i s  requirement, a number o f  
design so lu t i ons  e x i s t ,  because f o r  each geometry se lec ted  a t  one end of  t h e  
exchanger, t h e r e  i s  a geanetry a t  t h e  o t h e r  end (obta ined by v a r y i n g  t h e  para- 
meters def ined i n  f i g .  l O ( c ) )  t h a t  r e s u l t s  i n  balanced pressure drops. 

I 

For the  MBH i t  i s  b e s t  t o  use symnetr ica l  end sect ions , i .e. , t h e  r a t i o s  
x/y and z/y a r e  both equal t o  0.5. Th is  l oca tes  t h e  sp l  i t t e r  p l a t e  i n  the 
c e n t e r  o f  t h e  mani fo ld  , thereby reducing t h e  s t r e s s  developed i n  t h e  s p l  i t t e r  
and mani fo ld  t o  a minimum. For t h e  submodules descr ibed i n  Reference 12, t h e  
h e i y h t  h was s e t  equal and, hence, t h e  end sec t i ons  were symnetr ica l  and iden- 
t i c a l ;  it was e lec ted  t o  accept t h e  r e s u l t a n t  f l o w  r n a l d i s t r i b u t i o n  and perform- 

~ ance loss. 
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(a) Low-Pressure Gas Passage 

(b)  H igh-Pressure Gas Passage 

Hot End 

x/y and hp 

(c) Geometry Parameters 

Cold End 

x/y  and h ,  

S-25653 

F igure 10. --End Sect ion  Design. 
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For t h e  p ro to type  heat exchanger, end s e c t i o n  pressure drops were 
ca lcu lated,  combined w i t h  those i n  t h e  counter f low sect ion,  and t h e  f low 
d i s t r i b u t i o n  along the  recuperator  w id th  t h a t  g i ves  equal pressure drop 
(impedance) was then determined. The r e s u l t a n t  f low d i s t r i b u t i o n  shown i n  
f i g .  1 1  i nd i ca tes  nonuniform f l ow  c h a r a c t e r i s t i c s  w i t h  a f low v a r i a t i o n  
from one s i d e  o f  t h e  recuperator  t o  t h e  o t h e r  o f  approximately 8 percent. 
Th is  f low v a r i a t i o n  i s  induced by a pressure drop v a r i a t i o n  o f  approximately 
11 percent a long t h e  flow w i d t h  i f  t h e  flow were u n i f o r m l y  d i s t r i b u t e d .  The 
n e t  e f f e c t  o f  t h e  f low m a l d i s t r i b u t i o n  i s  t o  c r e a t e  a loca l  unbalance i n  t h e  
capaci ty  r a t e  r a t i o ,  (Wcp)cold/(Wcp)hot, which degrades t h e  performance. 

Heat exchanger performance w i t h  t h e  f i g .  1 1  f l ow  d i s t r i b u t i o n s  was 
determined and compared w i t h  t h e  un i fo rm f l o w  so lu t i on .  The r e s u l t s  f o r  t h e  
high-pressure s i d e  a r e  shown i n  Table V .  

- ___ 

Uni form F low 7::;; Flow* ~ 

__- - 1 - - __I - - - 
I I n l e t  temperature, " C  ( O F )  107 (224) 
I 
O u t l e t  temperature, "C ( O F )  1 710.4 (1310.7) 1 706.3 (1303.3) 

I 

I Ef fec t i veness  I 0.9808 

I 

I 

0.9741 
i 1 

TABLE V.--RECUPERATOR PERFORMANCE FOR HIGH-PRESSURE SIDE 

"Flow d i s t r i b u t i o n  shown i n  f i g .  1 1  

The reduc t i on  i n  temperathre e f f e c t i v e n e s s  caused by t h e  nonuniform f l ow  
i s  small  (0.68 percent) ;  however, because of t h e  h i g h  e f f e c t i v e n e s s  requ i red  
of  t h e  recuperator,  t h e  nonuniform f l o w  degrades t h e  thermal conductance, 
UA, by 24 percent. T h i s  performance pena l t y  i s  unacceptable. 

Further parametr ic s tud ies  were conducted. The end sec t i ons  were kep 
symmetrical ( r a t i o  = 0.51, b u t  t h e  s e c t i o n  h e i g h t  h was var ied.  I t  was de 
mined t h a t  a reasonable s o l u t i o n  could be obta ined by s e t t i n g  t h e  sec t i on  
he igh ts  on t h e  ho t  and c o l d  ends a t  51 and 13 mm (2.0 and 0.5 in . )  respect  
This  con f igu ra t i on ,  shown i n  f i g .  12, l i m i t s  t h e  f low m a l d i s t r i b u t i o n  
t o  less than 2 percent. 

Mani fo ld  f low d is t r ibut ion. - -The heat exchanger man i fo ld ing  mdst be 
As discussed c a r e f u l l y  s ized t o  promote un i fo rm f l ow  i n t o  each passage. 

above, f low u n i f o r m i t y  i s  e s p e c i a l l y  impor tant  f o r  a h igh -e f fec t i veness  
app l i ca t i on .  The problem i s  i l l u s t r a t e d  i n  f i g .  13. I n  a U-flow con- 
f i g u r a t i o n ,  t h e  s t a t i c  pressure r i s e  due t o  f low dece le rd t i on  i n  t h e  i n l e  
mani fo ld  must be matched t o  s t a t i c  pressure drop due t o  f low a c c e l e r a t i o n  
i n  t he  o u t l e t  manifold. I n  t h i s  fashion, t h e  s t a t i c  pressure d i f f e r e n t i a  
i s  maintained equal across each passage, and u n i f o r m  f l o w  r e s u l t s .  I n  

e r  - 

vely.  
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F igu re  11.--Flow D i s t r i b u t i o n  w i t h  an 1 1  Percent  Pressure Drop Imbalance. 
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a U-flow design i t  i s  p o s s i b l e  t o  match t h e  pressure g r a d i e n t s  by us ing 
constant  f low area mani fo lds and a d j u s t i n g  t h e  area r a t i o  between manifolds.  

Based on a n a l y t i c a l  techniques developed i n  References 13 and 14, t h e  
man i fo lds  were s ized t o  promote un i fo rm co re  f low. 
A,, a r e  shown i n  f i g .  12. Gross mani fo ld  f l ow  area i s  c o n t r o l l e d  by t h e  
shape o f  the c y l i n d r i c a l  manifold,  which i s  f i xed .  The c a l c u l a t e d  n e t  f l o w  
area i s  achieved by l o c a t i n g  sheet metal b a f f l e s  w i t h i n  t h e  mani fo ld  as i n d i -  
cated i n  f i g .  12. The b a f f l , e s  a r e  vented, and hence, they merely d i r e c t  t h e  
f low, and pressure containment i s  by t h e  man i fo ld  s t r u c t u r e .  

The r e s u l t a n t  f low areas, 

Predic ted performance.--The MBR s p e c i f i c a t i o n  and t h e  p red ic ted  per- 
formance are compared i n  Table V I .  Heat t r a n s f e r  performance i s  based 
on zero heat loss t o  ambient. A p o s i t i v e  margin i n  t h e  o v e r a l l  thermal 
conductance, UA, of 19.5 percent i s  ind icated;  however, known f a c t o r s  
o f  f low m a l d i s t r i b u t i o n  and manufactur ing to le rances  can be expected t o  
reduce t h e  UA margin t o  12.0 percent. Based on t h e  submodule r e s u l t s  
repo r ted  i n  Reference 12, t h e  n e t  UA margin i s  adequate. 

The recuperator pressure drop i s  p red ic ted  t o  be equal t o  t h e  spec i f  i- 
c a t i o n  l i m i t  w i t h o u t  margin. T h i s  i s  considered acceptable because t h e  
a n a l y t i c a l  technique has been shown t o  produce a conserva t i ve  r e s u l t  when 
used t o  p r e d i c t  t h e  submodule performance (Reference 12). 
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TAB LE V I . --PRED I CTED PERFORMANCE 

-'er formance 

;old s i d e  e f f e c t i v e n e s s  

I q u i v a l  e n t  thermal conductance, UA, 
kW/"C (Btu/sec"F) 

Pred i c ted  
Required (No rnarg i n )  

0.975 0.9798 

1.406 (0.741 1 1.748 (0.921 1 

Total AP/Pinlet, percent  

'red i c t e d  Pressure Drop Breakdown 

I 0*700 I 0*696 

Hot s i d e  
( low pressure) 

AP/Pi,, pe rcen t  

UA rnarg i n  = 19.5 percent  
Pressure drop margin = 0 

Factors  p red ic ted  t o  decrease equiva lent  UA 

Up t o  2 percent  f I ow 4.0 percent UA 
m a l d i s t r  i b u t i o n :  

Manufactur iny 3.5 percent UA 
to1 erance: 

Tota I 7.5 percent UA 

Net UA marg in = 12 percent  

C o r  e 

End sec t i ons  

I n I e t - o u t  I e t  d ucts.x 

Man i fo lds  

Tota I 

To ta l  f o r  both s ides 

0.248 ' 

0.130 

0.071 

0.029 

0.478 

~ ~~~~~~~~~ 

Cold s i d e  
(h igh  pressure) 
AP/P , percen t  

0.109 

0.056 

0.022 

0.031 

0.218 

0.696 percent  

%1.5 d u c t  v e l o c i t y  heads 6.17 cm (2.43 in.) ID  duct 
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S t r u c t u r a  D.es i gn 

The u n i t  must be capable of 100,000 h r  (10 years)  cont inuous opera t i on  a t  
a maximum operat ing temperature of 1000°K (1330°F). L i f e  requirements f u r t h e r  
s p e c i f y  t h a t  t h e  recuperator  must endure 1000 opera t i ng  c y c l e s  w i t h o u t  f a i l u r e .  
A c y c l e  i s  def ined as s t a r t u p  of t h e  system, fo l  lowed by susta ined s teady-state 
ope ra t i on  a t  maximum c o n d i t i o n s  and f i n a l l y ,  shutdown o f  t h e  system u n t i l  ambi- 
ent  cond i t i ons  a r e  obtained. I n  general , thermal s t resses exceeding t h e  mate- 
r i a l  y i e l d  s t reng th  w i l l  occur d u r i n g  t h e  s t a r t u p  t r a n s i e n t .  C y c l i c  l i f e  i s  
determined by comparing t h e  accumulated p l a s t i c  s t r a i n  per c y c l e  t o  t h e  c r i t i -  
ca l  p l a s t i c  s t r a i n  t o  cause crack i n i t i a t i o n  i n  t h e  heat exchanger s t r u c t u r e .  

Resul ts  of t h e  submodule t e s t  program (Reference 12) i d e n t i f i e d  low-cycle 
f a t i g u e  as t h e  most c r i t i c a l  design problem. 
d i c t  t r a n s i e n t  temperature d i s t r i b u t i o n s  throughout t h e  co re  assembly, t h e  
r e s u l t a n t  thermal stresses, and t h e  c y c l e  l i f e  a t  c r i t i c a l  sect ions;  r e s u l t s  
were reported in  Reference 12. Because o f  t h e  c r i t i c a l  na tu re  of low-cycle 
fat igue-induced cracking, these i n i t i a l  s tud ies  were extended and t h e  r e s u l t s  
f o r  t h e  MBR a r e  presented i n  a separate sect ion.  

Analyses were performed t o  pre- 

I n e r t i a  loads, shock, v i b r a t i o n ,  and a c c e l e r a t i o n  a r e  considered t o  be 
p o s s i b l e  dur ing any phase of t h e  opera t i ng  cyc le .  
theref.ore, be designed t o  endure t h e  requ i red  loads a t  t h e  e levated temperature 
cond i t i on .  I n e r t i a  loads occur for a r e l a t i v e l y  s h o r t  t ime, such as v e h i c l e  
launch, and, therefore,  s h o r t  t i m e  m a t e r i a l  p r o p e r t i e s  a r e  app l i cab le .  

The mounting brackets  must, 

Design c r i t e r i a  a r e  summarized i n  Table V I  I .  A f t e r  cons ide ra t i on  o f  
p o s s i b l e  load a m p l i f i c a t i o n ,  a combined load f a c t o r  o f  50 g was s p e c i f i e d  f o r  
v i b r a t i o n ,  shock, and a c c e l e r a t i o n  loads. Th is  maximum loading i s  considered 
t o  a c t  independently along any one ax is .  Proof and b u r s t  pressure t e s t s  a r e  
s p e c i f i e d  t o  v e r i f y  heat exchanger i n t e g r i t y  and t o  ensure a capac i t y  f o r  w i t h -  
standing short-term overpressure condi t ions.  

Loads induced by pressure containment were analyzed and t h e  r e s u l t s  
presented in  Reference 12. A d d i t i o n a l  a n a l y s i s  performed on t h e  man i fo ld  
s p l i t t e r - t o - c o r e  j o i n t  and t h e  recuperator  i n s t a l  l a t i o n  i s  descr ibed 
below. 

S p l i t t e r - c o r e  j o in t . - -Resu l t s  of t h e  thermal c y c l e  t e s t  conducted 
on t h e  f i r s t  submodule (Reference 12) showed a d e f i c i e n c y  a t  t h e  s p l i t t e r /  
co re  j o i n t .  A f t e r  10 cyc les  o f  operat ion,  a f a t i g u e  crack developed a t  
t h e  p o i n t  where t h e  man i fo ld  s p l i t t e r  p l a t e  i s  brazed t o  t h e  apex of  t h e  
t r i a n g u l a r  end sect ion,  thereby p e r m i t t i n g  i n te rpass  leakage t o  occur. 
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TABLE V 1 I . --STRUCTURAL DES I GN CR ITER I A 

~ 

Requirement 

Uperat i  ng I i f e  

Cycl i c  I i f e  

Proof pressure 
t e s t  

Bur s t  pressure 
t e s t  

I n e r t i a  loading 

Condi t ion 

100,000 h r  (10  y r )  a t  maximum 
temperature and pressure 

1000 cycl  es; t r a n s i e n t  s t a r t u p  
and shutdown w i t h  400 sec t o  
reach maximum gas i n l e t  tem- 
per a t  ur  e 

150 percent  overpressure f o r  
s h o r t  t i m e  

250 percent  overpressure f o r  
s h o r t  t i m e  

150 percent  load fac to r  for 
s h o r t  t i m e  

Design C r i t e r i a  I 
Tota I d i s t o r t i o n  does n o t  
exceed 1 percent  creep 

Accumu I ated p I a s t  i c s t r a  i n  
i s  l e s s  t h a n  c r i t i c a l  
f a  i I u re  s t r a i n  

Stresses must be l ess  than 
m a t e r i a l  y i e l d  s t r e n g t h  

Stresses must be l ess  than 
m a t e r i a l  u l t i m a t e  s t r e n g t h  

Stresses must be less than 
mater i a l  y i e l d  s t r e n g t h  

To ga in  a b e t t e r  understanding o f  the s t resses developed a t  t h i s  l oca t i on ,  
a two-dimensional f i n i t e  element model o f  t h e  man i fo ld  c o n f i g u r a t i o n  was con- 
s t ruc ted  using beam elements. Temperature d i s t r i b u t i o n s  associated w i t h  a 
100-second and a 300-second s t a r t u p  ramp* were imposed on t h e  model, together  
w i t h  boundary displacements from t h e  core s t r e s s  ana lys i s .  

Resu l t s  showed t h a t  t h e  thermal stresses developed i n  t h e  man i fo ld  s t r u c -  
t u r e  were helow t h e  r n ~ t ~ r i ~ l  ;tie!rj c+ynnn+h- %e ; rcd ic tcd s t r e n g t h  =+ 
t h e  sp l  i t t e r / c o r e  j o i n t  f o r  t h e  t e s t  cond i t i ons  (60-second s t a r t u p  ramp) was 
18.6 MPa (2700 p s i ) .  Th is  s t r e s s  leve l  i s  be l ieved t o  be below t h e  y i e l d  p o i n t  
o f  t h e  braze j o i n t  (Hastel loy X brazed with P a l n i r o  RE f i l l e r  a l l o y ) ,  a l though 
spec i f  i c  data a r e  I acki ng. 

-"a ' . '  

Metal lographic  examination o f  t h e  spl i t t e r / c o r e  j o i n t  showed t h a t  cracks 
had developed i n  t h e  ba r - to -p la te  j o i n t s  a t  t h e  core apex, i n d i c a t i n g  t h a t  a 
high-tensi  l e  loading i n  the  stack-height d i r e c t i o n  occurred du r ing  t h e  t e s t .  
Thus, i t  was decided t o  perform a three-dimensional a n a l y s i s  t o  account f o r  
t h e  man i fo ld  r e s t r a i n t  i n  the s tack  height  d i r e c t i o n .  

The f i n i t e  element model i s  shown i n  f i g .  14. Resul ts  f o r  pressure- 
r e l a t e d  loading showed lower d i s t o r t i o n s  than p red ic ted  by a two-dimensional 
ana lys i s ,  i n d i c a t i n g  t h a t  t h e  s p e c i f i e d  man i fo ld  gauges a r e  conservat ive.  

Resu l t s  o f  t h e  a n a l y s i s  a r e  shown i n  f i g .  15 i n  the  form o f  thermal 
d i s t o r t i o n s  t h a t  occur 70 sec a f t e r  t h e  beginning o f  t h e  100-sec s t a r t u p  

*Time f o r  h o t  gas ( l o w  pressure) i n l e t  temperature t o  reach maximum opera t i ng  
temperature from a c o l d  s t a r t .  
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Figure 14.--Three-Dimensional F i n i t e  Element Model. 

Distorted geometry 

Undistorted 
.try 
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s 25651 

Figure 15.--Thet-mal D i s t o r t i o n s  o f  MBR Man i fo ld  
a t  Mid-Stack Height Sect ion.  
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t r a n s i e n t .  A t  . t h i s  t i m e  t h e  c o r e  had expanded more than t h e  mani fo lds,  thereby  
imposing a compressive load ing  on t h e  man i fo ld  s p l i t t e r  p l a t e .  T y p i c a l  s t r e s s  
contours  a r e  shown i n  f i g .  16. These r e s u l t s  show s i g n i f i c a n t l y  h i g h e r  
s t r e s s  l e v e l s  than shown by t h e  prev ious  two-dimensional thermal s t r e s s  anal -  
y s i s .  The increased s t r e s s e s  can be a t t r i b u t e d  t o  t h e  end e f f e c t s  caused by 
t h e  r i g i d  s i d e  p l a t e s .  The apparent e l a s t i c  s t r e s s  exceeds t h e  m a t e r i a l  y i e l d  
s t r e n g t h  a t  c e r t a i n  l o c a t i o n s  and some p l a s t i c  de format ion  w i l l  occur;  however, 
no f a i l u r e  i n  t h e  p a r e n t  m a t e r i a l  or t h e  weld j o i n t s  over  t h e  heat  exchanger 
c y c l  i c  l i f e  i s  p r e d i c t e d  based on t h e  Hastel loy  X d u c t i  I i t y  c h a r a c t e r i s t i c s .  

Thermal ly  induced loads on t h e  c r i t i c a l  s p l i t t e r - c o r e  braze j o i n t  a r e  
t a b u l a t e d  i n  f i g .  17, which shows t h e  load v a r i a t i o n  a long t h e  s tack  h e i g h t  
d i r e c t i o n .  These loads a r e  much g r e a t e r  than t h o s e  o b t a i n e d  w i t h  a two-dimen- 
s i o n a l  a n a l y s i s  and increase s i g n i f i c a n t  y a t  t h e  m a n i f o l d  ends where t h e  ends 
a r e  brazed t o  t h e  s i d e  p l a t e .  

As a r e s u l t  of t h i s  a n a l y s i s  t h e  sp 
T h i s  j o i n t  p r o v i d e s  s u f f i c  was evolved. 

and pressure- induced loads. 

i t t e r  j o i n t  des ign shown i n  f i g .  9 
e n t  shear area t o  r e a c t  t h e  thermal-  

The three-d imensional  a n a l y s i s  exp la ins  why f a t i g u e  c racks  developed i n  
t h e  s p l i t t e r - c o r e  j o i n t  d u r i n g  t h e  submodule thermal c y c l e  t e s t .  Dur ing  t h e  
s t a r t u p  temperature t r a n s i e n t , , t h e  c o r e  m a t r i x  responds f a s t e r  than t h e  mani- 
f o l d s  because t h e  m a t r i x  c o n t a i n s  f i n s  t h a t  enhance t h e  heat  t r a n s f e r  r a t e .  
The m a t r i x  wants t o  expand i n  t h e  c o r e  stack h e i g h t  d i r e c t i o n  as we1 I as o u t -  
ward from t h e  c o r e  apex, b u t  i s  r e s t r a i n e d  by t h e  s t i f f  m a n i f o l d  s t r u c t u r e .  
A h i g h  compressive load i s  produced i n  the  c o r e  m a t r i x ,  e s p e c i a l l y  a t  t h e  apex, 
and t h e  m a t e r i a l  y i e l d  s t r e n g t h  i s  probably exceeded d u r i n g  a p o r t i o n  o f  t h e  
cyc le .  Dur ing  t h e  l a t t e r  stages o f  t h e  t r a n s i e n t ,  t h e  m a n i f o l d s  s t a r t  t o  
respond and t h e  load a t  t h e  c o r e  apex i s  reversed and a h i g h  t e n s i l e  s t r e s s  

r e l a x e s  and a measure of creep damage i s  incurred.  Thus, a p l a s t i c  loop i s  
produced, which, a f t e r  a number of opera t ing  cyc les ,  causes a low-cycle f a t i g u e  
c rack  t o  develop. 

: r  A - s , - I - - - . - l  n n * - : - -  &h- -+--A.. -+-+- -L +he . . ~ ~ - l -  +hm +-nr:tm - + r - r r  
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I n s t a l l a t i o n . - - T h e  recupera tor  mounts were designed t o  w i ths tand a 
50 g load a p p l i e d  independent ly  a long any a x i s .  The a l l o w a b l e  loads f o r  
tmth a 3- and 4-mount system a r e  de f ined i n  o u t  I i n e  drawing '190930 (see 
f i g .  7 ) .  A l l o w a b l e  d u c t  loads and t h e  thermal growths were c a l c u l a t e d  
and t h e  r e s u l t s  a r e  a l s o  shown on drawing 190930. 

F a i l u r e  Mode, E f f e c t ,  and C r i t i c a l i t y  A n a l y s i s  (FMEA) 

A f a i l u r e  mode, e f f e c t ,  and c r i t i c a l i t y  a n a l y s i s  was performed f o r  t h e  
r e c u p e r a t o r  c o n s i d e r i n g  t h e  component and t h e  system i n s t a l l a t i o n ,  and t h e  
r e s i r l t s  a r e  presented i n  Reference 15. No s e r i o u s  design d e f i c i e n c i e s  were 
found. A number of recommendations were advanced, i n c l u d  ng t h e  f o l  lowing: 

1. System c o n t r o  I s shou I d  prevent impos i ng o f f  - I i m 
or temperatures on t h e  recuperator.  

t pressures 
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( a )  Low-Pressure Mani fo ld .  

( b )  High-pressure M a n i f o l d  
S 25521 

F i g u r e  16.--Maximum P r i n c i p a l  Thermal S t r e s s  C o n t o u r s .  
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Node No. 

N(1b) Fx 

463 
(104) 

(91 1 

(61 1 

107 
(24) 

405 

271 

-27 
(-6) 

833 r 

Fy, N(1b)  Fz, N(1b)  MZ, m-kg 
( i n . - l b )  

8940 -91 3 
(1 560) (-205) - 

( 1  147) (362) (14) 

(809) (341) (25) 

2150 1082 .3 10 
(483) (243) (27) 

(283) , (170) (26) 
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3600 1520 .287 
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733 

Z 
F 

4 633 

~ MZ (p/ Fx 

FY 533 

43 3 
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233 

- -  
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Figure 17.--Thermally Induced Loads i n  t h e  S p l i t t e r / C o r e  
Braze J o i n t  Due t o  System S t a r t u p  T rans ien t .  . 
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2. An i n s p e c t i o n  techn ique should be developed t o  v e r i f y  f u l  I b raze  
a l l o y  f low on The m a n i f o l d  at tachment f lange- to -core  braze j o i n t .  

3. System i n t e g r a t o r  should v e r i f y  t h a t  loads a p p l i e d  t o  t h e  duc ts  
o r  mounts do n o t  exceed t h e  design a l  lowables. 

4. A q u a l i f i c a t i o n  t e s t  should be performed t o  s u b s t a n t i a t e  t h e  
recupera tor  mount ing arrangement. 

PROTOTYPE HEAT EXCHANGER 

A p r o t o t y p e  MBR was f a b r i c a t e d  t o  develop f a b r i c a t i o n  techn iques  and t o  
The u n i t  was e q u i v a l e n t  v e r i f y  t h e  performance and c y c l i c  l i f e  p r e d i c t i o n s .  

t o  t h e  f i n a l  MBR i n  a l l  r e s p e c t s  except fo r  t h e  mount ing pads, which were 
n o t  used on t h e  pro to type.  

Fabr i c a t  ion  

The heat exchanger c o r e  was assembled i n  a th ree-s tep  b r a z i n g  procedure. 
I n  t h e  f i r s t  opera t ion ,  P a l n i r o  1 braze a l l o y  (AMS 4784, 50 Au25Ni25Pd) i n  t h e  
form o f  0.025-mm f o i l  was c u t  t o  s i z e  and tack-welded t o  t h e  i n d i v i d u a l  t u b e  
sheets. The header bars  were then a t tached t o  t h e  f o i l - c o a t e d  t u b e  p l a t e s  
us ing  a f i x t u r e  t o  m a i n t a i n  t h e  bars  w i t h i n  0.25 mm o f  t r u e  p o s i t i o n  a long 
t h e i r  e h t i r e  length. A p a r t i a l  passage assembly w i t h  t h e  f i n s  i n  p l a c e  i s  
shown i n  f i g .  18. The s o l i d  header bar i s  stopped about 18 mm s h o r t  o f  t h e  
end of t h e  passage on t h e  c o r e  s i d e  n e x t  t o  t h e  passage i n l e t .  T h i s  p r o v i d e s  
f o r  a d d i t i o n a l  f l e x i b i l i t y  i n  t h e  c o r n e r s  of t h e  c o r e  where t h e  t r a n s i e n t  tem- 
p e r a t u r e  grad ien ts  a r e  high. A t h i n  sheet metal  b a f f l e  i s  used t o  p revent  f low 
from bypassing. 

I n d i v i d u a l  passages were assembled i n  a s t a c k i n g  f i x t u r e  and h e l d  i n  p l a c e  
us ing  temporary t i e s .  
brazed i n  a vacuum furnace. 

The assembly was t r a n s f e r r e d  t o  a g r a p h i t e  f i x t u r e  and 

A f t e r  brazing, t h e  s i d e s  o f  t h e  header bars  a r e  machined f l a t  and a 
tapered groove i s  c u t  a t  t h e  apex t o  r e c e i v e  t h e  m a n i f o l d  sp I i t t e r  p l a t e .  
The machined c o r e  assembly i s  shown i n  f i g .  19. The h e a v i e r  sec t ion ,  
chemica l l y  machined i n  t h e  s i d e p l a t e  fo r  m a n i f o l d  at tachment,  i s  a l s o  v i s i b l e .  

I n  the  second braze opera t ion ,  t h e  seal  p l a t e s  and m a n i f o l d  s p l i t t e r s  
( f ’ ig .  20) a r e  j o i n e d  t o  t h e  c o r e  assembly u s i n g  P a l n i r o  RE (55Au37Ni8Pd) 
braze a l l o y .  F ig .  21 shows t h e  c o r e  assembly a f t e r  comple t ion  of t h i s  
o p e r a t  ion. 

I n  a t h i r d  and f i n a l  braze opera t ion ,  u s i n g  P a l n i r o  7 a l l o y  (70Au22Ni8Pd), 
t h e  man i fo ld  pan at tachment f l a n g e s  ( f i g .  22) a r e  brazed t o  t h e  seal p l a t e  
t o  f o r m  the complete c o r e  assembly ( f i g .  23).  

The man i fo ld  pans were f i t t e d  and welded t o  t h e  c o r e  assembly. AI I welds 
were v i s u a l l y  checked for c racks  u s i n g  20X m a g n i f i c a t i o n  and were then r a d i o -  
g r a p h i c a l l y  inspected. A photograph of t h e  completed p r o t o t y p e  u n i t  i s  shown 
i n  f i g .  24. Conoseal f langes  a r e  i n s t a l  l e d  on t h e  duct ends t o  f a c i l i t a t e  
t e s t i n g .  
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( a )  Hot End. 

( b )  C o l d  End. 

F i g u r e  18. --Passage Assembl y. 

76369-4 
F-27052 
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F i g u r e  19.--Core Assembly A f t e r  Machining of  t h e  Header 
Bar Surface and Mani f o l d  Spl i t t e r  Groove. 

F-270% 

Figure  20.--Manifold Sp l  i t t e r  P l a t e s .  
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( a )  Core Assembly, Hot End V i e w .  

F-27053 

( b )  Core Assembly ,  C o l d  End View. 

F i g u r e  21.--Core Assembly  Fol lowing  Braze t o  
At tach Seal P l a t e s  and Spl i t t e r s .  



76362-1 

F i g u r e  22.--Manifold A t tachment  Flange. 

3J 



F-27046 

F i g u r e  23. Core A s s e m b l y  Fo l  lowing Braze t o  
A t tach  t h e  Mani fo ld  Side Flanges. 



F igu re  24.--Mini-Brayton Recuperator, P r o t o t y p e  Assembly. 
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Performance Tes t  

Proof  p ressure  test.--A proof -pressure t e s t  was conducted a t  l a b o r a t o r y  
ambient temperature.  Pressure was app l ied  t o  both c i r c u i t s  a t  t h e  same 
t ime. The f o l l o w i n g  pressure l e v e l s  were h e l d  f o r  f i v e  minutes:  

Lower p ressure  ( h o t )  1.21 t 0.03, -0 MPa (175 + 5, -0 p s i g )  

High pressure ( c o l d )  1.79 t 0.03, -0 MPa (260 + 5, -0 PSig) 

D u r i n g  t h e  p r e s s u r i z a t i o n  and subsequent p ressure  re lease,  t h e  c i r c u i t  d i f f e r -  
e n t i a l  pressure was n o t  a l lowed t o  r i s e  above 0.59 MPa (85 p s i ) .  

No v i s i b l e  deformat ion o r  leakage was noted d u r i n g  these t e s t s .  

Hel ium leak check.--Fol lowing a thorough trichlorotrifluoroethane c l e a n i n g  
of t h e  i n t e r n a l  sur faces  o f  t h e  assembly, a he l ium leak check was made t o  d e t e r -  
mine t h e  leakage r a t e  between t h e  h igh-  and low-pressure c i r c u i t s  o f  t h e  u n i t  
and from t h e  u n i t  t o  t h e  surroundings. The o b j e c t i v e  f o r  t h e  i n t e r c i r c u i t  
and e x t e r n a l  leakage i s  atmospher ic cc/sec o r  less. 

For t h e  e x t e r n a l  leakage determinat ion,  bo th  c i r c u i t s  were evacuated and 
t h e  e x t e r n a l  sur faces  o f  t h e  u n i t  were enveloped w i t h  he l ium a t  a s l i g h t  p o s i -  
t i v e  pressure.  The leakage r a t e  measured was 1.0 x atmospher ic cc/sec. 

The i n t e r c i r c u i t  leakage r a t e  was determined by evacuat ing  t h e  low-pressure 
c i r c u i t  o f  t h e  u n i t  and f i l l i n g  t h e  h igh-pressure c i r c u i t  w i t h  he l ium a t  a max- 
imum d i f f e r e n t i a l  p ressure  of 1 atm. I n  t h i s  check, t h e  measured leakage r a t e  
was 3 x atmospher ic cc/sec. 

Isothermal nress i i re  d r o n  teq t - - -The preqqirre d r o p  teqtq were 
l a b o r a t o r y  a i r  a t  ambient temperature exhaust ing t o  sea- level  amb 
Data were ob ta ined a t  e i g h t  flow p o i n t s  i n  each c i r c u i t  and t h e  f 
covered 20 t o  400 percent  o f  t h e  des ign p o i n t  Reynolds number. F 
a photograph o f  t h e  t e s t  setup. 

p e r f  n r m e d  w i t h  
e n t  pressure.  
ow range 
g .  25 shows 

The p r e d i c t e d  pressure drop w i t h  xenon-helium based on t h e  a i r  da ta  
c o r r e c t e d  for  Reynolds number e f f e c t s  i s  shown i n  f i g .  26. A t  t h e  design 
p o i n t  fl'ow, t h i s  p a r t i c u l a r  u n i t  e x h i b i t e d  a p ressure  drop 10 percent  above 
t h e  design value. 

Heat t r a n s f e r  performance tes t . - - In  a c t u a l  opera t ion ,  t h e  Min i -Bray ton  
Recuperator w i l l  be i n  a space vacuum environment w i t h  xenon-helium as 
t h e  work ing f l u i d .  Heat t r a n s f e r  performance t e s t i n g  under these c o n d i t i o n s  
was r u l e d  o u t  because o f  c o s t  cons idera t ions .  C a l i b r a t i o n  t e s t s ,  t h e r e f o r e ,  
were r u n  u s i n g  l a b o r a t o r y  compressed a i r  w i t h  t h e  u n i t  exposed t o  a sea- level  
pressure environment and t h e  t e s t  da ta  cor rec ted  t o  design p o i n t  c o n d i t i o n s  
u s i n g  a n a l y t i c a l  techniques. 
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F i g u r e  25.--Performance Test  Setup. 
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F i g u r e  26.--Pressure Orop w i t h  Xetie f o r  t h e  P r o t o t y p e  
M i  n i -Brayton Recuperator. 
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The design p o i n t  e f fect iveness i s  E, = 0.975. A t  t h i s  h i g h  e f fec t i veness  
l eve l ,  smal I v a r i a t i o n s  i n  heat t r a n s f e r  sur face  c h a r a c t e r i s t i c s ,  a x i a l  conduc- 
t i o n ,  and core f low d i s t r i b u t i o n  tend t o  produce la rge  changes i n  the  thermal 
conductance (UA).  Smal I heat leaks t o  ambient t h a t  o therwise would be negl i- 
g i b l e  must be accounted fo r .  For example, us ing 150 mn (6.0 in.) th ickness o f  
a hiyh-temperature f i b r o u s  i nsu la t i on  around t h e  heat exchanger would I i m i t  
t he  heat loss t o  1.0 percent of t h e  heat t rans fer red .  For the  MBR, using 
a i r  as the  t e s t  f l u i d ,  t h i s  small heat loss would r e f l e c t  a 15 percent 
decrease in  the  overal I thermal conductance, UA ( w i t h  xenon-he1 ium, t h e  
UA deyradat ion wou I d  exceed 35 percent) 

The basic approach used t o  c o r r e c t  t he  heat leak was t o  t e s t  a t  f lows much 
la rger  than t h e  f u l l - s c a l e  flow ra tes ,  b u t  a t  t h e  design temperature leve l .  In 
t h i s  case the  heat leak i s  about t h e  same as a t  t h e  design p o i n t  f l ow  bu t  t he  
e f f e c t  on UA i s  much less  and an a n a l y t i c a l  c o r r e c t i o n  f o r ' h e a t  leak  i s  reason- 
able. The exact  procedure was as fo l lows:  

1. 

2. 

3. 

4. 

5. 

Test a t  a i r  f lows t h a t  exceed t h e  design p o i n t  Reynolds number 
by a f a c t o r  o f  four. 

Correct  the  t e s t  r e s u l t s  f o r  heat leak (estimated t o  be a 
2 percent o r  l ess  c o r r e c t i o n  t o  t h e  measured UA va lue) .  

P r e d i c t  recuperator  performance a t  t he  h i g h  a ir f l ow  t e s t  
condi t ion.  
o r i g i n a l  ly used t o  design the  MBR. 

Use t h e  same design data and c o e f f i c i e n t s  as 

Compare t h e  pred i c ted  performance t o  t e s t  performance. Since 
heat  leak has been accounted for, any remaining discrepancy i s  
a t t r i b u t e d  t o  f l ow  m a l d i s t r i b u t i o n ,  manufacturing tolerances, 
o r  o ther  r e l a t e d  fac to rs .  

The percent discrepancy i n  UA, p lus  or minus, was assumed 
qonstant over t h e  flow range o f  i n t e r e s t  and t h i s  fac to r  was 
used when conver t ing  the  t e s t  data t o  performance w i  t h  Xe-He. 

The success of  t h i s  procedure depends on t h e  a b i l i t y  t o  scale t h e  losses 
other  than the  heat leak. I f  c a l i b r a t i o n  t e s t s  a r e  performed a t  ful l- tempera- 
tu re ,  then complex and non-l inear temperature func t i ons  a re  e l  iminated from t h e  
process. Reynolds number e f f e c t s  on t h e  heat t r a n s f e r  and pressure drop per- 
formance can be accounted for because t e s t  da ta  a re  a v a i l a b l e  over t h e  range o f  
i n t e r e s t .  The f r i c t i o n  f a c t o r  ( f )  and Colburn modulus Cj) are  monotonic func- 
t i o n s  o f  t h e  Reynolds number; t he re  a r e  no t r a n s i t i o n  regions. 

. 

Flow d i s t r i b u t i o n  i n  the  core  and mani fo lds a t  t h e  h igh  a i r f l o w  cond i t i on  
was checked using t h e  prev ious ly  described techniques, and no s i g n i f i c a n t  
m a l d i s t r i b u t i o n  e f f e c t s  were found. A d e t a i l  d iscuss ion of  t h e  t e s t  plan i s  
presented i n  Reference 16. 
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Test  setup.--A view of t h e  o v e r a l l  setup for t h e  heat t r a n s f e r  t e s t s  i s  
shown i n  f i g .  25. Here, t h e  t e s t  u n i t  i s  insu la ted  w i t h  150 mm (6  in.)  o f  Kaowool. 
A schematic of t h e  t e s t  arrangement and instrumentat ion i s  g iven i n  f i g .  27. 

Special  cons idera t ion  was given t o  temperature measurement because a t  h igh  
e f fec t i veness  leve ls ,  smal I temperature v a r i a t i o n s  cause a subs tan t i a l  change 
i n  UA. For example, a t  design p o i n t  Reynolds number cond i t ions ,  a 3°C e r r o r  i n  
t h e  ho t  gas i n l e t  temperature (nominal ly  a t  722°C) y i e l d s  an 18 percent  change 
i n  UA. The f o l l o w i n g  specia l  procedures were fo l lowed:  

1. Premium grade chromel-alumel w i re  was used and t h e  j u n c t i o n s  
were c a l i b r a t e d  us ing  me l t i ng  p o i n t  standards. 

2. For t h e  high-temperature locat ions ( co ld  o u t l e t  and ho t  i n l e t ) ,  
T h i s  p a r t i c u l a r  probe design asp i ra t i ng - t ype  probes were used. 

i s  e f f e c t i v e  i n  e l i m i n a t i n g  thermocouple r a d i a t i o n  and conduct ion 
errors .  The probes were c a l i b r a t e d  t o  ob ta in  t h e  recovery fac to r .  

3. Thermocouple ou tpu t  was read on a p r e c i s i o n  potent iometer.  

With t h i s  i n s t a l l a t i o n ,  it was predic ted t h a t  u n c e r t a i n t i e s  i n  t h e  temper- 
a t u r e  measurements were l i m i t e d  t o  0.25 percent, which corresponds t o  - +1.8"C. 

Data ana lys i s  and results.--Heat t r a n s f e r  data were obta ined over a f l ow  
range corresponding t o  a core  Reynolds number range o f  100 t o  400 percent  o f  t h e  
design p o i n t  cond i t ion .  Heat loss cor rec t ions  were app l i ed  and t h e  t e s t  per- 
formance w i t h  a i r  was matched on a heat exchanger performance computer program. 
Resu l ts  a r e  shown i n  f i g .  28. 

Once an accurate match was achieved w i th  a i r ,  t h e  performance w i t h  Xe He 
was determined merely by chanaina t h e  f l u i d  p roper ty  i npu t  data. F i a .  29 
shows t h e  resu I t s  o f  t h i s  scal i ng  procedure. The p red ic ted  thermal performance, 
exceeds t h e  requ i red  e f fec t i veness  by 0.0015 u n i t s  and t h e  equ iva len t  UA by 1 1  
percent. 

The increased heat t r a n s f e r  performance tends t o  compensate f o r  t h e  excess 
pressure drop noted i n  f i g .  26. 

A f t e r  complet ing t h e  performance tes t ,  t h e  u n i t  was hel ium leak checked. 
The measured i n t e r c i r c u i t  leakage was 6.4 x lo-' atmospheric cc/sec, and t h e  
measured ex terna l  leakage was 6.0 x atmospheric cc/sec. These r a t e s  were 
thus we1 I below t h e  a l  lowable leakage r a t e  o f  1 x atmospheric cc/sec. 

Therma I Cycle Test 

Test  o b j e c t i v e s  were t o  v e r i f y  t h e  c y c l i c  I i f e  p red ic t i ons .  Test  para- 
meters, i.e., t h e  t ime  t o  reach peak operat ing temperature, were purposely set  
a t  o f f - l i m i t  cond i t i ons  t o  induce premature f a t i g u e  cracks. Thus, t h e  t e s t  
becomes a shakedown of t h e  s t r u c t u r a l  design i n  which any p o t e n t i a l  l y  weak 
areas can be Iso lated,  t h e  f a i l u r e  mechanism I d e n t i f l e d ,  and approprlate 
design m o d i f i c a t i o n s  I n s t i t u t e d .  
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Test conditions 

F1 u i d  

Cold side Hot s ide 

Natural gas A i r  
product of combustion 

I n l e t  temp, OC (OF) 722 (1 332) 107 (224) 

I n l e t  pressure, MPa (psig) 0.393 (57) 0.631 (91.5) 

2 

High pressure a i r  f low,  kg/min s25647 

Figure 28.--Thermal Performance with Air.  
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Tes t  c o n d i t i o n s ,  d e f i n e d  i n  f i g .  30, a re  equ iva  e n t  i n  s e v e r i t y  t o  those  
used i n  t h e  r e c u p e r a t o r  submodule t e s t s  of  Reference 12. The h o t  gas tempera- 
t u r e  p r o f i l e  i s  i d e n t i c a l  t o  t h a t  used i n  t h e  submodule t e s t .  The h o t  and c o l d  
gas f l o w s  a r e  double those  o f  t h e  submodule t e s t ,  co r respond ing  t o  t h e  i nc rease  
i n  s tack  h e i g h t ;  flow v e l o c i t y  i s  i d e n t i c a l .  The h o t  and c o l d  gas p ressu res  
a r e  a l s o  i d e n t i c a l .  The s t e p  i nc rease  i n  t h e  c o l d  gas i n l e t  temperature f rom 
l a b  ambient t o  107°C (224°F)  was d e l e t e d  f o r  t h e  p r o t o t y p e  t e s t s .  Because o f  
t h e  increased performance o f  t h e  p r o t o t y p e  ( l o n g e r  f l o w  leng th ) ,  excess i ve  
s t r e s s e s  d u r i n g  t h e  h o t  gas cool-down pe r iod  do n o t  occur,  and a r e d u c t i o n  o f  
t h e  ho t - to -co ld  gas temperature d i f f e r e n t i a l  was n o t  requ i red .  

The t e s t  setup was s i m i l a r  t o  t h a t  f o r  performance t e s t i n g .  Process con- 
t r o l  equipment was used t o  vary t h e  a i r  and n a t u r a l  gas f l o w s  t o  achieve t h e  
s p e c i f i e d  h o t  gas i n l e t  temperature t r a n s i e n t  i n  a p r e c i s e ,  r e p e a t a b l e  fashion.  

A f t e r  comp le t i ng  5, 10, 20, 40, 70, and 100 c y c l e s  o f  ope ra t i on ,  t h e  u n i t  
was checked for  e x t e r n a l  leakage by p r e s s u r i z i n g  b o t h  s i d e s  o f  t h e  u n i t  t o  
0.21 MPa (30 p s i g )  and obse rv ing  f o r  pressure decay. A soap s o l u t i o n  was a l s o  
used t o  h e l p  d e t e c t  any v i s i b l e  leakage. A p ressu re  decay t e s t  a t  0.21 MPa 
(30 p s i g )  was a l s o  made t o  d e t e c t  any evidence of i n t e r n a l  bypass leakage. 
There was no i n d i c a t i o n  of leakage a t  any t ime. 

A f t e r  t h e  100th c y c l e  t h e  u n i t  was cleaned and sub jec ted  t o  a h e l i u m  leak 
check. R e s u l t s  were as f o l l o w s :  

Externa I 2.5 x SCC per sec 

I n t e r n a  I bypass > I O +  scc per sec 

The u n i t  was w i t h i n  t h e  s p e c i f i c a t i o n  fo r  maximum a l l o w a b l e  e x t e r n a l  leak- 
internal h y p a q q  l e a k -  age  ( 1  x 10-7 s c c / s e c ) ,  hiit there waq evidence of a small I 

The p ressu re  decay t e s t  w i t h  a i r  was repeated w i t h  t h e  f o l l o w i n g  r e s u l t s :  

I n i t i a l  pressure 0.21 MPa (30 p s i g )  

P ressu re  a f t e r  40 minutes 0.21 MPa (30 p i g )  

P ressu re  a f t e r  48 hours 0.14 MPa (20.9 p s i g )  

There was d e f i n i t e l y  a smal l  i n t e r n a l  leak b u t  t h e  r a t e  was t o o  smal l  t o  be 
v i s i b l e .  T h i s  leak r a t e  would r e s u l t  i n  an u n d e t e c t a b l e  change i n  system 
power ou tpu t .  

T e s t i n g  was resumed and an a d d i t i o n a l  33 c y c l e s  were accumulated f o r  a 
t o t a l  of 133 cyc les .  There was no v i s i b l e  e x t e r n a l  leakage a t  0.21 MPa 
(30 p s i g ) .  Wi th  t h e  h igh-pressure s i d e  o f  t h e  u n i t  p r e s s u r i z e d  t o  0.21 MPa 
(30 p s i g ) ,  t h e  p ressu re  decayed t o  0.14 MPa (20.7 p s i g )  i n  30 minutes. Upon 
examinat ion a smal l  i n t e r n a l  c r a c k  was detected i n  a t u b e  p l a t e  j u s t  behind 
t h e  s o l i d  mass t h a t  c o n s t i t u t e s  t h e  man i fo ld  s p l i t t e r - t o - c o r e  j o i n t .  
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T e s t i n g  was cont inued u n t i l  a t o t a l  of 200 c y c l e s  had been accumulated. 
A t  t h i s  p o i n t ,  t h e  ex terna  he l ium leakage was less  than 2.25 x scc/sec. 
T h i s  leak r a t e  i s  less  than t h a t  recorded a f t e r  100 cyc les;  t h e  d i f f e r e n c e  i s  
a t t r i b u t e d  t o  d i f f u s i o n  of he l ium through t h e  rubber  s toppers used t o  seal t h e  
p o r t s ,  which was less  fo r  t h e  t e s t  a f t e r  200 cyc les .  

The amount o f  i n t e r n a l  bypass leakage cont inued t o  increase; t h e  t e s t  
h i s t o r y  i s  summarized below: 

Time I n t e r n a l  Bypass Leakage 

S t a r t  o f  t e s t i n g  Less than 6.4 x scc/sec 

100 c y c l e s  

133 c y c l e s  

170 c y c l e s  

200 c y c l e s  

Pressure decay from 0.21 t o  0.14 
MPa (30 t o  20.9 p s i g )  i n  48 h r  

Pressure decay from 0.21 t o  0.14 
MPa (30 t o  20.7 p s i g )  i n  30 min 

Pressure decay from 0.21 t o  0.10 
MPa (30 t o  14.2 p s i g )  i n  5 min 

Pressure decay f r o m  0.21 t o  0.15 
MPa (30 t o  21.8 p s i g )  i n  30 sec 

A f l o w  check was performed and based on these data, i t  was est imated t h a t  
t h e  bypass f low of  h igh-pressure xenon-helium gas would be 0.31 gm/s (6.9 x 
Ib /sec)  a t  des ign p o i n t  c o n d i t i o n s .  T h i s  bypass i s  about 0.2 percent  o f  t h e  
t o t a l  f low, which appears t o  be n e g l i g i b l e  from t h e  p o i n t  o f  view of recupera tor  
p e r f  or man ce. 

The appearance o f  t h e  seal  p l a t e  a f t e r  200 c y c l e s  i s  shown i n  f i g .  31 
( t h e  s u r f p c e  was moistened w i t h  a l c o h o l  t o  make t h e  b l i s t e r s  more apparent) .  
The l a r g e s t  b l i s t e r  (7  cm long by 2.5 cm wide by 0.08 cm h i g h  and located 7 
cm from t h e  h o t  end at tachment f l a n g e )  was f i r s t  de tec ted  a f t e r  170 cyc les .  
I t  d i d  n o t  appear t o  have grown a f t e r  being sub jec ted  t o  another 30 cyc les.  
Another s m a l l e r  b l i s t e r ,  which i s  e v i d e n t  on t h e  l e f t  s i d e  of f i g .  30, was 
n o t  detected d u r i n g  t h e  170th c y c l e  examination. 

Voids were known t o  e x i s t  i n  t h e  s e a l - p l a t e  braze p r i o r  t o  t e s  
Apparent ly,  a c rack  developed i n  t h e  header-plate braze j o i n t  i n  an 
c o i n c i d e s  w i t h  a s e a l - p l a t e  braze void. Gas pressure  a c t i n g  i n  t h e  
caused t h e  b l i s t e r  t o  develop. S ince t h e  u n i t  remained h e l i u m  leak 
concept o f  double containment u s i n g  a seal p l a t e  was e f f e c t i v e .  

The corner  area where t h e  m a n i f o l d  attachment f l a n g e  i s  j o i n e d  
p l a t e  on t h e  h o t  end o f  t h e  c o r e  was known t o  be c r i t i c a l .  D u r i n g  

ing. 
area t h a t  
v o i d  area 
i g h t ,  t h e  

t o  t h e  s i d e  
he p r e v i o u s  

submodule t e s t ,  low-cycle f a t i g u e  cracks developed i n  t h i s  area; based on these 
observat ions,  t h e  corner  area was strengthened by t h e  a d d i t i o n  o f  gussets. 
T h i s  area on t h e  p r o t o t y p e  u n i t  was c l o s e l y  examined and smal l  c racks  were 
de tec ted  I n  t h e  weld j o i n t .  The c racks  were b a r e l y  v i s i b l e  t o  t h e  naked eye, 
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Figure 31.--Bl isters i n  Seal P la te  Observed A f t e r  200 Cycles.  
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bu t  c o u l d  be observed w i t h  7X m a g n i f i c a t i o n .  The c r a c k  l o c a t i o n  i s  d e f i n e d  i n  
f i g .  32. The c r a c k s  were i n  t h e  weld j o i n t  on t h e  c o r n e r s  o f  t h e  assembly 
and were o n  b o t h  s i d e s  o f  t h e  s i d e  p l a t e  l oca ted  c l o s e s t  t o  t h e  p o r t s .  No 
c r a c k s  were de tec ted  on t h e  o p p o s i t e  s ide  p l a t e .  

The c racks ,  which appear t o  be  t h e  r e s u l t  o f  low-cyc le f a t i g u e ,  d i d  n o t  
extend t h r o u y h  t h e  s i d e  p l a t e  because t h e  u n i t  s t i  I i was he1 ium leakp roo f .  

Conc I usions 

The c o m p l e t i o n  o f  100 c y c l e s  o f  thermal c y c l e  t e s t i n g  w i t h  no e x t e r n a l  
leakage and a m inu te  amount o f  i n t e r n a l  bypass f l o w  v a l  i d a t e s  t h e  s t r u c t u r a l  
des ign  o f  t h e  h e a t  exchanger. M ino r  m o d i f i c a t i o n s  were i n c o r p o r a t e d  on t h e  
del  i v e r a b l e  MBR t o  improve t h e  low-cycle f a t i g u e  performance. 

14 IN I -BRAYTON RECUPERATOR 

The M in i -B ray ton  Recuperator (MER) t h a t  was ass igned f o r  de l  i v e r y  t o  
NASA-Lewis Research Center i s  i d e n t i c a l  t o  t h e  p r o t o t y p e  des ign  except  f o r  
t h e  f o l  lowing:  

e Four mount ing pads were i n s t a l l e d  t o  p e r m i t  r e c u p e r a t o r  
i n s t a l  l a t i o n  i n  t h e  Brayton power system. These mounts 
were designed for  low thermal  i n e r t i a ,  and were c o n f i g u r e d  
t o  accep t  a f i t t i n g  t h a t  i nco rpo ra tes  a s p h e r i c a l  ( s e l f -  
a l  i g n i n g )  bear ing.  T h i s  mounting arrangement i s  r e q u i r e d  
t o  p e r m i t  t he rma l  g rowth  w i t h o u t  b i n d i n g  or appl  i c a t i o n  o f  
bending moments a t  t h e  mount l o c a t i o n .  

e The s i d e  p l a t e  doub le rs  were extended p a s t  t h e  ends o f  t h e  
gusse ts  on t h e  m a n i f o l d  at tarhrnent flanges tn r ~ r j ~ n  +k 
s t r a i n  c o n c e n t r a t i o n  and thereby a l  l e v i a t e  t h e  p o t e n t i a l  
for  f a t i g u e  c r a c k i n g  observed on t h e  p r o t o t y p e  c y c l e  t e s t .  

No o t h e r  changes were bel  ieved necessary based on t h e  r e s u l t s  o f  t h e  Performance 
and thermal c y c l e  shakedown t e s t s .  

Changes were a l s o  made t o  t h e  manufactur ing o p e r a t i o n s  t o  improve t h e  
u n i t  q u a l i t y .  These inc luded :  

0 A d d i t i o n  o f  a g l a s s  bead peening process performed on each 
d e t a i l  f i n  t o  remove any b u r r s  produced d u r i n g  t h e  f i n - f o r m i n g  
o p e r a t i o n .  Any b u r r s  t h a t  separate from t h e  f i n s  d u r i n g  
a c t u a l  o p e r a t i o n  c o u l d  b e c m e  a source o f  c o n t a m i n a t i o n  t o  
t h e  power system turbocompressor assembl y. 

M o d i f i e d  b raze  tool  i n y  t o  improve s e a l - p l a t e  b raz ing .  
Pressure-bag f i x t u r  ing was used t o  o b t a  i n  more un i form 
l o a d i n g  compared w i t h  t h e  dead-weight l oad ing  techn ique  
used on t h e  p r o t o t y p e  h e a t  exchanger. 
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0 A c l e a n i n g  s p e c i f i c a t i o n  us ing tr ichlorotrifluoroethane t o  ach ieve  
t h e  f o l  lowing standard:  ( 1  1 no p a r t i c l e s  g r e a t e r  than 500 microns, 
( 2 )  5 p a r t i c l e s  maximum, 175 t o  500 mircrons,  ( 3 )  2.2 micrograms 
per sq cm t o t a l  f i I t e r a b l e  sol ids, and ( 4 )  1.1 micrograms per 
sq cm non-vo la t i  l e  res idue.  

0 A s t ress- re1  i e v i n g  heat  t reatment  was performed on t h e  welded 
assembly p r i o r  t o  f i n a l  machining o p e r a t i o n s  t o  ensure t h a t  
no unaccounted-for s t r e s s e s  were imposed on t h e  r e c u p e r a t o r  
i n s t a l  l a t i o n  d u r i n g  opera t ion .  

The as-brazed core  assembly i s  shown i n  f i g .  33. A v iew o f  t h e  corner  
c o n s t r u c t  ion show iny t h e  braze j o i n t s  between t h e  machined bar and p l a t e  m a t r i x ,  
t h e  seal p l a t e ,  and t h e  m a n i f o l d  attachment f l a n g e  i s  presented i n  f i g .  34. 
The c l o s e  f i t  i s  ev ident ;  t h e  p o s s i b i l i t y  o f  a v i r t u a l  l e a k  i n  t h i s  corner  has 
been e l  iminated. 

The completed recupera tor  i s  shown i n  f i g s .  35 and 36. The f l a n g e  
gussets  and extended s i d e  p l a t e  doubler  a r e  e v i d e n t  i n  t h e  v iew o f  t h e  h o t  
end c o n s t r u c t i o n ,  f ig .  33. 

Acceptance Tes t  

Acceptance t e s t i n g  c o n s i s t e d  o f :  ( 1 )  a p roo f  pressure t e s t ,  (2) a he1 i i m  
leak check, ( 3 )  weight de terminat ion ,  ( 4 )  isothermal p ressure  drop  ( f l o w  c a l  i -  
b r a t i o n ) ,  (5)  d imensional  check, and ( 6 )  a f i n a l  c l e a n i n g  opera t ion .  D e t a i l s  
of t h e  t e s t  procedure a r e  presented i n  Reference 17; r e s u l t s  a r e  discussed below. 

For t h e  proo f  pressure t e s t ,  t h e  low- and h i g h - p r e s s u r e , c i r c u i t s  were 
pressur ized  t o  1.21 and 1.79 MPa (175 and 260 p s i g ) ,  r e s p e c t i v e l y ,  a t  r o a n  

p l a t e  i s  0.58 MPa (85  p s i ) .  These pressure l e v e l s  a r e  t h e  r e s p e c t i v e  ambient 
temperature e q u i v a l e n t s  o f  0.84 MPa and 56°C (122 p s i g  and 133°F) and 
1.20 MPa and 707°C (174 p s i g  and 1304°F). No v i s i b l e  de format ion  was noted 
on t h e  u n i t  f o l  lowing these t e s t s .  

t e m ! > p r a t i i r , a Z  M z x i m ~ m  n y a c c i i r e  u-u... difcn--n-- I " ,  U I I b G  " b . I v J J  -e---- + k -  I l l G  - - - :  IIIUIII L - ' d  l U l U  3 p l  - - I  I I lei 

R e s u l t s  o f  t h e  he1 ium leak check were as follows. 

Loca t i on 
Measured Leak Rate, 

SCC per sec 
Leak Rate 
O b j e c t i v e ,  SCC 

Externa I < 3 . 4  x 10-8 

I n t e r n a l  bypass 1.0. 10-4 

< I  10-7 

Al though t h e  bypass leakage exceeds t h e  o b j e c t i v e ,  t h e  u n i t  i s  acceptab 
t h e  absence o f  any v i s i b l e  leakage ind ica ted  t h a t  t h e  n t e r n a l  braze j o  
a r e  s t r u c t u r a l  l y  sound. The amount o f  bypass f l o w  dur  ng o p e r a t i o n  w i l  
n o t  produce a d e t e c t a b l e  e f f e c t  on system power o u t p u t .  

sec 

e; 
n t s  
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F igu re  33.--MBR Core Assembly. 

F-75061 

F igu re  34.--Closeup View of Corner Braze J o i n t  Area. 
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( a )  Cold  End. 

(b )  Hot End. 

F i g u r e  35.--MBR Construction. 
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F i g u r e  36.--MBR As-Bui It. 
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T o t a l  weight  o f  t h e  MBR was 56.5 kg (128.8 I b ) .  T h i s  compares q u i t e  we l l  
w i t h  t h e  p r e d i c t e d  we igh t  o f  59.6 k g  (131.2 I b) .  

Isothermal p ressu re  d rop  t e s t s  f o r  both t h e  h igh-  and low-pressure 
c i r c u i t s  were conducted a t  room temperature w i t h  a i r  a s  t h e  t e s t  f l u i d ;  
t h e  r e s u l t s  a r e  p l o t t e d  i n  f i g s .  37 and 38. The da ta  a r e  conver ted  t o  
s tandard c o n d i t i o n s  u s i n g  t h e  f a c t o r  

where P = pressure,  kPa 

and T = temperature,  O K  

For canpar i son  purposes, t h e  r e s u l t s  o f  t h e  p r o t o t y p e  p ressu re  d r o p  t e s t s  
a r e  a l s o  p l o t t e d  i n  t h e s e  f i g u r e s .  The MBR p r e s s u r e  d r o p  i s  S I  i g h t l y  
I ower than t h e  correspond i ng p r o t o t y p e  pressure drop. Th i s r e d u c t i o n  may 
i n  p a r t  be a t t r i b u t e d  t o  t h e  glass-bead c lean ing  performed on t h e  f i n s  
o f  t h e  MBK u n i t .  

Design p o i n t  sca l  ing o f  t h e  above pressure d rop  da ta  i n d i c a t e s  t h a t  
t h e  r e c u p e r a t o r  would have an ove ra l  I pressure drop ( b o t h  s i d e s  combined) 
AP/P = 0.73 p e r c e n t  compared w i t h  0.78 f o r  t h e  p r o t o t y p e  u n i t  ( see  f i g .  
26). 

CYCLIC LIFE ANALYSIS 

Dur i ng  t h e  system s t a r t u p  t r a n s i e n t ,  t h e  r e c u p e r a t o r  temperature 
response v a r i e s  i n  t h e  f i n s ,  p l a t e s ,  header bars,  and m a n i f o l d s .  Large 

d i f f e r e n c e  i n  t h e i r  mass and i n  t h e  l o c a l  heat  t r a n s f e r  c o e f f i c i e n t .  T h i s  
r e s u l t s  i n  h i g h  thermal  s t r e s s e s  t h a t  can produce p l a s t i c  de fo rma t ion  i n  
I oca1 areas. 
c y c l e  accumulat'es, and a f t e r  a s u f f i c i e n t  number o f  c y c l e s ,  a low-cyc le 
f a t i g u e  c r a c k  develops; t h i s  c r a c k  can propagate th rough  t h e  p a r e n t  meta l ,  
weld, o r  b r a z e  j o i n t .  Crack ing can r e s u l t  i n  i n t e r n a l  bypass ing o f  t h e  
working f l u i d  ( l o s s  i n  system power o u t p u t )  or i n  loss o f  work ing f l u i d  
t o  space (system shutdown). 

< ~ I I I ~ ~ I - ~ ? u I c ~  d i  f ~ ~ I C C C I C C S  C O I - I  ije pi-&hc& ill o d j ~ c e i i t  s f i - ~ ~ t ~ i - ~ ~  6 " ~  to 

oamage produced by p I a s t  i c  i t y  and creep du r  ing each o p e r a t i n g  

Low-cycle f a t i g u e  was i d e n t i f i e d  as t h e  f a i l u r e  mechanism on t h e  
NASA Engine 8 recupera to r .  
i n  t h e  header bar- to- tube p l a t e  j o i n t s  a f t e r  15 t o  30 c y c l e s  o f  o p e r a t i o n .  

I n  t h i s  t e s t ,  c r a c k s  were observed t o  develop 

Submodule thermal  c y c l e  t e s t s  repo r ted  i n  Reference 12 showed t h a t  
low-cycl e f a t i g u e  was t h e  mechanism r e s p o n s i b l e  f o r  t h e  c r a c k s  t h a t  
developed i n  t h e  m a n i f o l d  s p l  i t t e r - t o - c o r e  j o i n t .  F a t i g u e  c r a c k s  were 
a l s o  observed i n  t h e  heat  exchanger s t r u c t u r e  a t  t h e  c o n c l u s i o n  o f  t h e  
p r o t o t y p e  MBH thermal  c y c l e  t e s t .  Indeed, low-cyc le f a t i g u e  i s  t h e  
mechanism r e s p o n s i b l e  f o r  I i m i t i n g  t h e  recupera to r  I i f e .  
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A thorough understanding of t h e  f a t i g u e  mechanism can lead t o  an 
improved design. I d e n t i f i c a t i o n  of c r i t i c a l  areas and means t o  a l l e v i a t e  
t h e  thermal s t ress  can increase f a t i g u e  l i f e .  I t  i s  e n t i r e l y  poss ib le  t o  
develop a recuperator design t h a t  can wi thstand t h e  imposed c y c l i c  l i f e  
requirement. This sec t ion  presents t h e  r e s u l t s  of a cont inu ing  se r ies  of 
analyses d i rected towards an understanding of t h e  f a t i g u e  mechanism and a 
p r e d i c t i o n  of t h e  cyc l  i c  l i f e  o f  t h e  Mini-Brayton recuperator  (MBR). The 
s tud ies  are a fol low-on t o  t h e  e f f o r t  described i n  Reference 12. 

Star tup Trans ien t  

The s tar tup t r a n s i e n t  i s  character ized by t ime  requ i red  f o r  t h e  hot, 
low-pressure gas t o  reach a steady-state cond i t i on  a t  t h e  recuperator  i n l e t .  
Gas and metal temperatures a t  t h e  c o l d  end o f  t h e  recuperator  respond much 
less read i l y ,  and hence t h e  temperature d i f f e r e n t i a l s  and r e s u l t i n g  thermal 
stresses are minor and no t  considered i n  t h e  analys is .  Hot gas i n l e t  t r a n s i e n t s  
a re  presented i n  f i g .  39. Here, t h e  NASA-specif ied  t r a n s i e n t  w i t h  xenon-he1 ium 
gas i s  shown t o  take  400 seconds t o  reach steady s tate.  
q u i c k l y  and reaches ra ted  f low w i t h i n  18 seconds. 
t h e  c y c l e  I i f e  i s  s t i p u  la ted  t o  be 1000 cycles. 

The flow responds 
Under these condi t ions,  

The thermal c y c l e  t e s t  cond i t i on  i s  shown f o r  comparison i n  f i g .  39. 
Th is  t rans ien t  was imposed on t h e  Reference 12 submodules as we l l  as t h e  
pro to type MBR. The t e s t  f l u i d  was a i r  and it was estimated t h a t  because of 
t h e  increased r a t e  of t h e  i n l e t  temperature ramp (60 seconds t o  reach maxi- 
mum temperature compared w i t h  400 seconds f o r  t h e  design t r a n s i e n t ) ,  t h e  
t e s t  u n i t  c y c l i c  l i f e  would be reduced t o  less than 100 cyc les  compared w i t h  
a design l i f e  of 1000 cycles. As prev ious ly  discussed, t h e  pro to type heat 
exchanger d i d  develop an i n te rna l  f a t i g u e  crack a f t e r  100 thermal cycles. 

Pre l im inary  BlPS Analys is  
i 

Power system t r a n s i e n t  ana lyses have been conducted by t h e  A iResearch 

Th is  program, sponsored by t h e  Department o f  Energy, 
Manufacturing Company o f  Arizona (AIRPHX) i n  support of t h e  Brayton Isotope 
Power System (B IPS) .  
w i l l  be the u l t i m a t e  a p p l i c a t i o n  fo r  t h e  MBR. Pre l im inary  r e s u l t s  a r e  
repor ted i n  Reference 18. 

Various system s ta r tup  modes were examined and s ta r tup  c y c l e  101 con- 
d i t i o n s  were selected as t h e  p re fe r red  mode because they imposed t h e  
leas t  stress on t h e  recuperator. The recuperator i n l e t  t r a n s i e n t  f o r  
s ta r tup  cyc le  101 i s  a l s o  shown i n  f i g .  34. The cond i t i ons  a r e  considerably 
more severe than t h e  NASAspecified i n l e t  t rans ien t .  The B l P S  t r a n s i e n t  i s  
based on an a n a l y t i c a l  model i n  which it i s  presumed t h a t  t h e  isotope heat 
source has reached a maximum opera t ing  temperature of 930°C (1707°F) when 
t h e  s t a r t  button i s  energized. The turbine-alternator-compressor assembly 
(M in i -BRU) i s  motored t o  a sel f -sus ta i  n i ng  speed and then accel erates on 
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i t s  own t o  ra ted  speed. Tota l  t ime t o  reach ra ted  speed i s  on l y  5 seconds. 
Under these condi t ions,  it i s  p red ic ted  t h a t  t h e  recuperator w i l l  be exposed 
t o  an i n i t i a l  temperature o f  860°C (1580°F). 

A de ta i led  t r a n s i e n t  temperature ana lys i s  o f  t h e  MBR i n  response t o  
s t a r t  cyc le  101 cond i t ions  was performed. 
and an estimate of t h e  cyc le  l i f e  was establ ished. 
under Department of Energy c o n t r a c t  EY-76-C-03-1123, and t h e  r e s u l t s  a r e  
presented i n  Reference 19. Th is  was b a s i c a l l y  a two-dimensional ana lys is  
of t h e  recuperator thermal stresses. A t  t h e  core-to-manifold j o i n t s ,  however, 
t h e  h ighest  stresses were developed i n  t h e  s tack he igh t  d i rec t i on .  
est imate o f  t h e  s tack he igh t  s t resses was combined w i t h  t h e  2-D ana lys i s  us ing 
t h e  3-D von Mises formula f o r  equiva lent  stress, and t h e  c y c l i c  l i f e  was 
determined. The most c r i t i c a l  area was located a t  t h e  j u n c t i o n  between t h e  
core and low-pressure mani fo ld  pan. The computed f a t i g u e  I i f e  was 15 t o  40 
cyc les  and dependent on t h e  mean s t ress  c o r r e c t i o n  method used i n  t h e  analys is .  
A f a t i gue  crack a t  t h i s  c r i t i c a l  l oca t i on  would permi t  an i n t e r n a l  bypass 
flow. I t  was predicted, however, t h a t  no ex terna l  f a t i g u e  cracks would 
develop t h a t  would r e s u l t  i n  ex te rna l  leakage i n  less than 100 s t a r t u p  cyc les  
a t  cyc le  101 condi t ions.  

The peak s t resses were determined, 
Th is  work was performed 

An 

Improved BlPS Analys is  

The imp l ica t ions  o f  f a t i g u e  c rack ing  a r e  considerable. Hence, i t  was 
decided as p a r t  o f  t h e  NASA-sponsored e f f o r t  t o  conduct f u r t h e r  ana lys is  t o  
improve the  cyc le  l i f e  p red ic t ion .  I n  add i t ion ,  t h e  con t inu ing  power system 
t r a n s i e n t  analyses performed by AIRPHX have r e s u l t e d  i n  b e t t e r  est imates o f  
t h e  ac tua l  f l i g h t  system s t a r t u p  mode. The l a t e s t  s t a r t u p  analys is ,  i d e n t i -  
f i e d  as Run 600, was provided by t h e  BlPS program o f f i c e  a t  AIRPHX (5. Minshal l ,  
BIPS-GDS Coordipation Memo A06009, A p r i l  21, 1978). These s t a r t u p  cond i t i ons  
are  prelim,inar$, as the  f l i g h t  system scenar io  has no t  been f i na l i zed .  
recuperator i n l e t  temperatures f r o m  Run 600 a r e  shown i n  f i g .  40. Comparison 
w i t h  f i g .  39 shows t h a t  as f a r  as t h e  recuperator  i s  concerned, Run 600 
represents a less severe cond i t i on  than does Run 101. 

The 

Using the  s ta r tup  in format ion from Run 600, thermal analyses us ing 
AiResearch computer programs HXT4 and H0910 were conducted t o  produce complete 
temperature maps f o r  t h e  recuperator. Maps were constructed a t  f ive-sec incre-  
ments up t o  170 sec o f  t h e  s t a r t u p  cycle, and a t  steady s ta te .  The working 
f l u i d  o u t l e t  temperatures pred ic ted  by these analyses a re  shown i n  f i g .  40. 

F o r  the s t ress  analys is ,  t h e  cross sec t i on  of t h e  recuperator  ind ica ted  
i n  f i g .  4 1  was simulated by t h e  2-0 f i n i t e  element model shown i n  f i g .  42. The 
model i s  s i m i l a r  t o  those prev ious ly  used and i s  discussed i n  d e t a i l  i n  Refer- 
ence 19. 
expansion i n  t h e  X and Y d i rec t ions .  

The th ree  boundary cond i t ions  shown i n  f i g .  42 a l low f o r  freedom o f  
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F i g u r e  41.--Location of MBli Sect ion Analyzed. 
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The stresses and displacements i n  t h e  model were determined us ing -a  
f i n i t e  element computer program, ANSYS. 
i n t e r v a l s  suppl ied by t h e  thermal analys is ;  t he  maximum s t ress  was found t o  
occur a t  30 sec. Figs. 43 through 51 show temperatures, displacements, and 
s t resses f o r  t he  h o t  end o f  t h e  MBR a t  30 sec, 170 sec, and steady s tate.  

Stresses were ca l cu la ted  f o r  t h e  t ime  

The most h i g h l y  stressed area, shown as t h e  shaded,element 496 i n  f i g .  
52, reaches a maximum 2-D von Mises s t ress  o f  249 MN/m2 (36,120 p s i )  a t  30 sec. 
Maximum 2-0 stresses a t  t he  brazed s p l i t t e r  j o i n t  and a t  t h e  brazed pan j o i n t s  
a r e  much smaller than the  maximum s t ress  i n  t h e  core. Since on ly  a 2-0 s t ress  
ana I y s i  s was performed, t h e  maxi mum 2-D s t ress  o f  249 MN/m2 (36,120 ps i  1 was 
m u l t i p l i e d  by a fac to r  o f  1.2 t o  g i v e  an equ iva len t  3-D von Mises s t r e s s  o f  299 
MN/m2 (43,340 p s i ) .  A s t ress  concent ra t ion  f a c t o r  o f  2.0 was app l i ed  t o  the  
equ iva len t  3-D st ress.  Fig.  53 shows t h e  v a r i a t i o n  o f  von Mises s t ress,  temper- 
a ture,  and y i e l d  s t rength  w i t h  t ime f o r  t h e  c r i t i c a l  element 493. The leve l  o f  
s t r e s s  requ i red  t o  cause 1 percent creep a t  t h e  s teady-state temperature of  
596°C (1105°F) i s  also shown. 

With the a i d  of a schematic diagram o f  s t ress  vs t ime f o r  t h e  c r i t i c a l  
element 493 ( s e e * f i g .  541, t h e  low-cycle f a t i g u e  (LCF) l i f e  was evaluated 
us ing  AiResearch computer program X0875. A lso included a r e  t h e  d iu rna l  cycles,  
which occur twice every 24 h r  when t h e  BlPS passes through s u n l i g h t  and shadow. 
Over the  7-yr l i f e ,  around 5200 d iu rna l  cyc les  a re  requi red.  Each s t a r t u p  c y c l e  
was assumed t o  r e q u i r e  approximately 3 hr.  Creep damage was considered t o  occur 
a t  t he  steady-state temperature of 596°C (1105°F). Minimum values o f  mater ia l  
p r o p e r t i e s  a t  t h e  s teady-state temperature were taken from Reference 21. 
data were taken from t h e  th ree  standard dev ia t i on  (minimum) Larson-Mi I l e r  curves 
shown i n  f i g .  55. A l i n e a r  i n t e r a c t i o n  formula f o r  t h e  l i f e  cyc les  due t o  p las-  
t i c i  t y  and creep damage was used. 

Creep 

The estimated l i f e  of  t he  MBR f o r  Run 600 cond i t i ons  i s  220 t o  785 s t a r t u p  
cyc les.  Thi's i s ,  o f  course, i n  a d d i t i o n  t o  t h e  d iu rna l  cyc l i ng .  The minimum 
value, 220 cycles, i s  based on a f a c t o r  o f  10 percent app l ied  t o  t h e  l i f e  cyc les  
due t o  p l a s t i c i t y .  The expected value, 785 cyc les,  i s  based on 100 percent  o f  
t he  p l a s t i c i t y  l i f e  cyc les and 50 percent creep damage. For t h e  BlPS requ i re -  
ment o f  100 s ta r tup  cyc les  and 5200 d iu rna l  cycles,  46 percent  o f  t h e  pred ic ted  
l i f e  would be used up. This  i s  ind ica ted  i n  f i g .  54. 

These values o f  LCF l i f e  a r e  based on t h e  maximum values o f  creep proper-  
t i e s .  I f  t h e  nominal ( t y p i c a l )  values o f  creep p roper t i es  shown i n  f i g .  56 are  
used, t h e  corresponding minimum and expected values o f  LCF l i f e  a re  450 and 
3150 cycles,  respec t ive ly .  

I t  should be noted t h a t  t h e  above LCF l i f e  p red ic t ions ,  which meet the  B l P S  
requirement, a r e  f o r  t h e  most h i g h l y  s t ressed reg ion  o f  t h e  MBR, element 493. 
F a i l u r e  i n  t h i s  reg ion  would r e s u l t  i n  i n t e r n a l  bypassing only.  The minimum 
c y c l e  l i f e  fo r  ex te rna l  leakage has n o t  been e x p l i c i t l y  determined, bu t  should 
be considerably above the  220 c y c l e  i n t e r n a l  leakage minimum. 
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F i g u r e  43.--Temperature Map a t  30 Seconds. 
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Figure 44.--Distorted Geometry at 30 Seconds. 
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Figure 45.--2-D Von Mises Stress Map at 30 Seconds. 
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F i g u r e  46.--Temperature Map a t  170 Seconds. 
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Figure 47.--Distorted Geometry at 170 Seconds. 
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Figure 48.--2-0 Von Mises Stress Map a t  170 Seconds. 
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Figure 49.--Temperature Map at Steady State. 
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F igure  50.--Distorted Geometry a t  Steady State.  
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Figure 51.--2-0 Von Mises Stress  Map a t  Steady S ta t e .  
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Figure 52.--Location of Most H i g h l y  Stressed Element. 
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CONCLUDING REMARKS 
ORIGINAL PAGE IS 
OF' POOR QUALITY 

The conc lus ions  reached as a r e s u l t  o f  t h i s  s tudy a r e  as f o l l o w s :  

I 1 .  The s t r u c t u r a l  design data base f o r  H a s t e l l o y  X i s  adequate. 
C o n t i n u i n g  e f f o r t s  by NASA and DOE w i l l  p rov ide  t h e  long-term ( 20,000 

I h r )  c reep- rup ture  p r o p e r t i e s  t h a t  a r e  needed t o  c o n f i r m  design values. 

I 2 .  A v a i l a b l e  da ta  on t h e  creep-rupture p r o p e r t i e s  of braze j o i n t s ,  
e.g., H a s t e l l o y  X / P a l n i r o  7 f i l l e r  a l l o y ,  a r e  very  l i m i t e d .  
should be ob ta ined t o  c o n f i r m  t h e  MBR design values. 

Long-term data 

, 3. The s p e c i f i e d  temperature e f fec t i veness ,  E, = 0.975, places t h e  heat  
exchanger des ign i n  an e s p e c i a l l y  s e n s i t i v e  area f o r  thermodynamic design. 
Small changes i n  f l o w  d i s t r i b u t i o n  or manufactur ing t o l e r a n c e s  have a l a r g e  

i s  always d e s i r a b l e .  
and can produce s i g n i f i c a n t ,  we igh t  reduct ions.  

I impact on performance. Reduct ion i n  r e q u i r e d  e f f e c t i v e n e s s  a t  these l e v e l s  
I t  makes design, manufacture, and t e s t i n g  less  c r i t i c a l  

1 
4 .  S t r u c t u r a l  t e s t s  i n c l u d i n g  v i b r a t i o n  and shock a r e  r e q u i r e d  t o  f u l l y  

q u a l i f y  t h e  design. A long-term (>5,000 h r )  c reep- rup ture  t e s t  on a f u l l -  
s i z e  u n i t  or a r e p r e s e n t a t i v e  submodule is d e s i r a b l e  t o  increase t h e  design 
conf idence l e v e l .  T h i s  t e s t  should be r u n  i n  c o n j u n c t i o n  w i t h  t h e  bas ic  
braze j o i n t  t e s t s  noted above. 

! 
~ 

5. An u l t r a s o n i c  C-scan non-des t ruc t ive  t e s t  (NDT) was found t o  be e f f e c -  
t i v e  i n  d e t e c t i n g  v o i d s  i n  t h e  seal  p l a t e - t o - c o r e  braze j o i n t ;  however, t h i s  
techn ique could n o t  be used on t h e  man i fo ld  at tachment f lange- to-seal  p l a t e  
braze j o i n t  due t o  t h e  asymmetric f l a n g e  shape. Instead, r e p r e s e n t a t i v e  
par ts ,  which were subsequent ly sec t ioned f o r  m e t a l l u r g i c a l  ana lys is ,  were 

a l l o y  th ickness,  sur face  f l a t n e s s  and f i n i s h ,  and t h e  t i m e  a t  temperature. 
Development of  an a p p r o p r i a t e  NDT t o  v e r i f y  f u l l  a l l o y  coverage i n  t h e  f l a n g e  
j o i n t  i s  d e s i r a b l e .  

used t o  verify +he ~ f f e c t i \ : e n c z z  o f  +?e ~ ~ x z s 5 ~ i - , c j  V ~ I - I ~ I J I ~ ~ ,  * I *  i.e., braze 

I 
6 .  Gold-base braze f i l l e r  a l l o y s  a r e  expensive, b u t  because o f  t h e i r  

d e s i r a b l e  a t t r i b u t e s ,  t h e y  a r e  s t i l l  t h e  pr imary recommendation fo r  t h i s  
a p p l i c a t i o n .  As noted above, t h e  long-term s t r e n g t h  must be conf i rmed. 
Based on t h e  r e s u l t s  of t h e  Bray ton  C y c l e  Heat Exchanger Technology Program 
(Reference 12) and t h e  submodule t e s t  descr ibed i n  t h e  appendix, a n icke l -base 
a l l o y ,  N i c r o b r a z  30, i s  a p o s s i b l e  a l t e r n a t e  for  t h e  c o r e  m a t r i x  braze opera t ion .  
Again, no long-term creep- rup ture  data a r e  a v a i l a b l e  f o r  N ic robraz  30. 
Isothermal  s o l i d i f i c a t i o n  braz ing,  a recent  development descr ibed i n  Reference 
20, ho lds  promise for  producing braze j o i n t s  w i t h  c reep- rup ture  p r o p e r t i e s  
t h a t  approach those o f  t h e  parent  metal.  High bonding processes or e l a b o r a t e  
t o o l i n g  a r e  n o t  requ i red .  The b a s i c  process, there fore ,  appears t o  be a p p l i -  
c a b l e  t o  t h e  MBR and c o n s i d e r a t i o n  should be g i v e n  t o  i t s  development for  
t h e  MBR. 



7. Based on 
t h e  low-cycle f a t  
220 cyclas. This 

t h e  most recent  p r o j e c t i o n  o f  t he  f l  
gue l i f e  o f  t h e  recuperat ion s pred 
i s  an excess o f  t h e  BIPS requ rement 
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ght  system s t a r t u p  cycle, 
c ted t o  be a minimum of 
o f  100 s ta r tup  cyc I es. 



APPEND I X 

LOW-COST, HIGH-TEMPERATURE BRAZE ALLOY DEVELOPMENT 

P a l n i r o  1, a gold-base braze a l  loy, i s  used t o  braze t h e  MbR p l a t e - f  i n 
m a t r i x  because o f  i t s  e x c e l l e n t  f l o w  c h a r a c t e r i s t i c s ,  minimum p e n e t r a t i o n  
and a l l o y i n g  w i t h  t h e  parent  metal,  h i g h  s t rength,  and h i g h  d u c t i l i t y .  
P a l n i r o  1 i s  an e x c e l l e n t  braze a l l o y  i n  a l l  r e s p e c t s  except  f o r  i t s  h i g h  
cost ,  which i s  p r o h i b i t i v e  for  t e r r e s t r i a l  a p p l i c a t i o n s .  As p a r t  o f  t h e  
Brayton-Cycle Heat Exchanger Technology program (Reference 121, an e f f o r t  
was conducted t o  f i n d  an a l l o y  o f  reasonable c o s t  t h a t  could meet o r  exceed 
t h e  performance of P a l n i r o  1. The pr imary f a c t o r s  considered i n  t h i s  evalua- 
t i o n  were d u c t i l i t y ,  erosiveness, o x i d a t i o n  r e s i s t a n c e ,  w e l d a b i l i t y ,  creep 
s t rength ,  and low-cycle f a t i g u e  res is tance.  The e v a l u a t i o n  was conf ined t o  
e x i s t i n g  a l l o y s .  

Specia l  a t t e n t i o n  was g iven t o  d u c t i l i t y .  Braze j o i n t  crack ing,  which 
was observed d u r i n g  t e s t s  o f  Bray ton-cyc le  recuperators ,  was b e l i e v e d  t o  be a 
low-cycle f a t i g u e  f a i l u r e  caused i n  p a r t  by t h e  low d u c t i l i t y  o f  t h e  N ic robraz  
130 (AMS 4778) braze a l l o y .  T h i s  a l l o y  i s  w i d e l y  used on s t e e l  h e a t  exchangers 
a t  AiResearch and has proven t o  be s a t i s f a c t o r y  i n  most a p p l i c a t i o n s .  I t  was 
bel ieved,  however, t h a t  i t s  use a t  temperatures above 920°K (1200°F) i n  a 
p l a t e - f i n  heat  exchanger was beyond t h e  m a t e r i a l  c a p a b i l i t y .  P a l n i r o  1 was 
s p e c i f i e d  f o r  a l l  succeeding a p p l i c a t i o n s  because o f  i t s  h i g h  d u c t i l i t y  and 
s t r e n g t h  a t  1000°K ( 1350°F). 

Twenty-two a l l o y s  were screened; t h e  f i n a l  s e l e c t i o n s  were a combinat ion 
a l l o y ,  75 percent  N i c r o b r a z  210 and 25 percent  N i c r o b r a z  30, and s t r a i g h t  
N ic robraz  30. A t  t h e  MBR design p o i n t  cond i t ions ,  10 years and 1000"K, 
t h e  c reep- rup ture  p r o p e r t i e s  of t h e  combinat ion a l l o v  used i n  a s i n s l e - p a q q a y  
p l a t e - f i n  were s u p e r i o r  t o  those of e i t h e r  N ic robraz  30 or P a l n i r o  1. The 
r e s u l t s ,  taken from Reference 12, a r e  presented i n  f i g .  57. The h i g h e r  
creep s t r e n g t h  o f  t h e  n i c k e l  base a l l o y s  i s  most ly  a t t r i b u t e d  t o  t h e  l a r g e r  
f i l l e t s  obtained--a d i r e c t  r e s u l t  o f  u s i n g  a l a r g e r  q u a n t i t y  o f  a l l o y  per 
un i t  area. 

Cont inued development o f  t h e  210/30 combinat ion a l l o y  was performed 
as p a r t  o f  t h e  MBR program. 
and h a l f  t h e  gas f l o w  length o f  t h e  f u l l - s i z e  u n i t ,  was stacked and brazed 
u s i n g  t h e  210/30 combinat ion a l l o y .  The module was i d e n t i c a l  w i t h  those 
used i n  t h e  Reference 12 technology program. Photographs of t h e  c o r e  
assembly i n  t h e  s t a c k i n g  f i x t u r e  a r e  shown i n  f i g .  58. 

A submodule core assembly, h a l f  t h e  s tack  h e i g h t  

The header bar s i d e s  of  t h e  core  were machined i n  p r e p a r a t i o n  f o r  t h e  
seal  p l a t e  braze opera t ion .  
machining problems were encountered; however, development was h a l t e d  a t  t h i s  
p o i n t  because o f  o t h e r  r e s u l t s ,  d iscussed below. 

The braze a l l o y  was found t o  be d u c t i l e  and no 

A f u l l - s i z e  core  assembly u s i n g  spare p a r t s  from t h e  HXDA program 
(Reference 5 )  was brazed as a check on t h e  performance o f  t h e  210/30 com- 
b i n a t i o n  a l l o y .  On a p p l i c a t i o n  o f  t h e  proof pressure,  separa t ion  occurred 
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F-27047 

Figure 58.--MBR Submodule in Stacking Fixture--210/30 Combination 
Braze A I loy  
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a t  the  p la te - to - f i n  braze j o i n t .  Metal I u rg i ca l  eva lua t ion  ind icated t h a t  
t h e  a l l o y  had melted o n l y  a t  t h e  j o i n t s  between tube-p lates and header bars. 
Photom icroyraphs o f  representa t ive  sec t ions  o f  t h e  core  gave the  appearance 
t h a t  t h e r e  was inadequate me l t i ng  and f l o w  o f  braze a l l o y ,  even though t h e  
u n i t  was above 1700°F f o r  a t o t a l  o f  5.5 hours i n  the  vacuum braze furnace. 

I t  was determined t h a t  t h e  210/30 combination a l l o y  e x h i b i t s  a wide 
sol idus-I iquidus range and dur ing a long cycle, more than 3.5 hours above 
1250°K (1800"F), the  Nicrobraz 210 components do not  f u l l y  mel t .  The n e t  
r e s u l t  i s  t h a t  t he  braze j o i n t s  a r e  too  weak t o  be considered f o r  t he  
MBR a p p l  icat ion. A I  I smal I -sca le t e s t  specimens used i n  t h e  i n i t i a l  
development program were brazed using a c y c l e  t h a t  subjected the  p a r t s  t o  a 
t o t a l  t ime  of 1.5 hours above 1250°K (1800°F) t o  s imulate a t y p i c a l  f u l l -  
s i ze  heat exchanger cyc le .  For a c y c l e  o f  t h i s  durat ion,  t h e  combination 
a l l o y  i s  bel ieved t o  be e f f e c t i v e .  

A long-duration cyc le ,  a t  l eas t  3 hours above 1250°K (1800"F),  was 
pred ic ted  fo r  t h e  f u l l - s i z e  MBR. Th is  i s  c lose  t o  t h e  c r i t i c a l  t ime, and 
hence the  recmmendation t o  s top any f u r t h e r  submodule' development. 
t h e  submodule braze i s  probably acceptable, adequate braze a l  loy. m e l t i n g  and 
f low could' no t  be assured f o r  the  f u l  I - s i  ze MBR. 

A I  though 

No adverse e f f e c t s  have been observed using Nicrobraz 30 i n  a long- 
The a l l o y  should be e f f e c t i v e  f o r  a Brayton-cycle dura t ion  braze cyc le.  

recuperator appl i c a t  ion. 

Further t e s t s  a r e  requ i red  t o  evaluate i t s  low-cycle fa t i gue  behavior. 
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