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ABSTRACT 

The SNAP lOANuclear Power Unit (NPU) utilizes two expansion 

compensator units (ECU) as follows: (1) to absorb the volumetric 

increase of NaK due to thermal expansion, (2) to provide a void-

free NaK system, and (3) to regulate the NaK system p res su re . 

In order to fulfill these system operation requirements , an 

EGU has been developed which utilizes a welded bellows fabri­

cated from AM-350 (SCT-850) precipitation hardening steel foil. 

For increased reliability, the ECU has a secondary NaK contain­

ment housing which permits continued system operation at design 

power in the event of a bellows failure. 

An extensive development test program was conducted on sepa­

rate bellows capsule s and E C U ' S to evaluate fatigue life, p res su re 

capability, and endurance performance in a high tempera ture-

liquid metal (NaK-78) environment. The parameters affecting 

welded bellows quality —the mater ia l cleaning, welding and heat 

treating — have been thoroughly investigated. Extensive statistical 

regression and correlation studies have been performed to estab­

lish a suitable weld bead width versus penetration ratio and the 

size control limits of the bellows welding p rocess . 

The secondary containment EGU design is presently in the 

90-day endurance phase of the Qualification Test P rogram. Ex­

pansion compensators have been installed in all SNAP lOA Ground 

Test and Flight System s and the performances of all units to date 

have been satisfactory. 
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I. INTRODUCTION 

T h e S N A P lOA N u c l e a r P o w e r Unit (SIOA-NPU) 

i s a compac t , r e f l e c t o r - c o n t r o l l e d , n u c l e a r hea t 

s o u r c e u t i l i z ing t h e r m o e l e c t r i c c o n v e r s i o n to 

p r o d u c e 500 w a t t s of e l e c t r i c a l p o w e r con t inu ­

ous ly for one y e a r . T h i s SNAP s y s t e m i s being 

deve loped by A t o m i c s I n t e r n a t i o n a l , a Divis ion 

of Nor th Anner ican Avia t ion , I n c . , under con ­

t r a c t to the A t o m i c E n e r g y C o m m i s s i o n . 

The SIOA-NPU i s i l l u s t r a t e d in F i g u r e 1; 

the p r i n c i p a l componen t s a r e a n u c l e a r r e a c t o r , 

t h e r m o e l e c t r i c c o n v e r t e r , t h e r m o e l e c t r o - m a g ­

ne t i c p u m p , h e a t - r e j e c t i o n space r a d i a t o r , e x ­

pans ion c o m p e n s a t o r un i t s (ECU), and an i n ­

t e r c o n n e c t i n g dynamic l i q u i d - m e t a l hea t t r a n s f e r 

p ip ing s y s t e m . T h e r m a l ene rgy p roduced i n t h e 

n u c l e a r r e a c t o r i s t r a n s f e r r e d by l iquid m e t a l , 

NaK (b ina ry eu t ec t i c 22% sodium —78% p o t a s ­

s ium a l loy) , c i r c u l a t e d by a t h e r m o e l e c t r i c 

p u m p through the r e a c t o r to the c o n v e r t e r . 

T h i s r e p o r t d e s c r i b e s the deve lopment , q u a l ­

i f ica t ion , and flight s y s t e m a c c e p t a n c e t e s t ing 

of expans ion c o m p e n s a t o r un i t s for the SIOA-

N P U . Two expans ion c o m p e n s a t o r s a r e needed 

to a c c o m m o d a t e the v o l u m e t r i c t h e r m a l expan ­

sion of NaK a s the NPU i s r a i s e d to o p e r a t i n g 

t e m p e r a t u r e . T h e E C U ' s a l s o s e r v e a s s y s t e m 

p r e s s u r e r e g u l a t o r s and a r e des igned to m a i n ­

tain a void f ree s y s t e m . 

RJMP-

T / E CONVERTOR RADIATORS 

E3<FftNSI0N COMPENSATOR 

9-13-63 

STRUCTURE a WNG STIFFENERS 

LOWER NaK MANIFOLD 

INSTRUMENTATION COMPARTMENT 

756I-0033C 

F i g u r e 1. SNAP 1 OA N u c l e a r P o w e r Unit (NPU) 
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T A B L E 1 
SNAP lOA EXPANSION COMPENSATOR 

P E R F O R M A N C E REQUIREMENTS 

Volume Change p e r EGU: 

N o r m a l O p e r a t i o n 

A b n o r m a l O p e r a t i o n 

Des ign T e m p e r a t u r e s ; 

Launch 

Opera t ing 

Des ign P r e s s u r e s : 

Launch and S ta r tup 

Ope ra t i ng 

Opera t ing Life 

60 m.^ 

120 m . ( m a x i m u m ) 

70 to 150°F 

700 to 7 5 0 ° F 

0.90 p s i a ( m i n i m u m ) 

34 p s i a ( m a x i m u m ) 

5 p s i a ( m i n i m u m - i n i t i a l ) 

20 p s i a ( m a x i m u m , 120 m . 
condi t ion) 

4 p s i a ( m i n i m u m , af ter 1 y r ) 

1 y r at o p e r a t i n g d e s i g n point 

10 t h e r m a l c y c l e s 

T A B L E 2 

SNAP IDA EXPANSION COMPENSATOR 
ENVIRONMENTAL LOADS 

Vibra t ion 

Longi tud ina l and L a t e r a l (x, y, and z) 

F r e q u e n c y , cps P e a k Magni tude 

5 to 20 

20 to 400 

400 to 2000 

0.25 m . D.A. 

5.0 g 

7.5 g 

To be appl ied m a s ing le s i nuso ida l sweep p r o c e e d i n g 
f r o m low to high f requency m 25 m m . 

2. Shock 

Axis 

NPU longi tud ina l (x) 

NPU l a t e r a l (y and z) 

P e a k Magni tude 

±20 g 

±10 g 

Two i m p a c t shocks sha l l be appl ied m each d i r e c t i o n 
along each of the t h r e e NPU axes for a to ta l of 12 
s h o c k s . The S h o c k w a v e f o r m sha l l be an a p p r o x i ­
m a t e h a l f - s i n e wave with a t i m e d u r a t i o n of 6 m s e c . 

3 . A c c e l e r a t i o n 

Axis Load 

NPU longi tudina l (x) +10 g, -5 g 

NPU l a t e r a l (y and z) -1-6.3 g, -6 .3 g 

The loads sha l l be appl ied for 10 m m m each d i r e c t i o n . 
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II COMPONENT REQUIREMENTS 

A. DESIGN REQUIREMENTS 

The function of the SIOA-NPU expans ion 

c o m p e n s a t o r is to a c c o m m o d a t e the ne t vo lume 

expans ion of the NaK that o c c u r s be tween veh ic le 

launch and full po^ver o r b i t a l o p e r a t i o n . Con­

c u r r e n t l y , the c o m p e n s a t o r unit i s to p r e s s u r i z e 

the NPU NaK s y s t e m wi th in a spec i f ied r a n g e 

to e n s u r e that n e i t h e r cav i t a t ion no r boi l ing 

o c c u r s . T h e s e funct ions a r e to be a c c o m p l i s h e d 

m a v o i d - f r e e s y s t e m and a r e to be p e r f o r m e d 

by two iden t i ca l c o m p e n s a t o r un i t s which a r e 

l oca t ed m the s y s t e m on b r a n c h l ines connec ted 

to each of the t^vo NaK r e t u r n l i n e s . The c o m ­

p e n s a t o r s a r e suppo r t ed by the NPU s t r u c t u r a l 

she l l a s s e m b l y . 

The r e f e r e n c e expans ion c o m p e n s a t o r d e s i g n 

u t i l i z e s a be l lows a s s e m b l y . To p r e v e n t o v e r -

s t r e s s m g of the be l lows du r ing launch a c c e l e r ­

a t ion it IS n e c e s s a r y to r e s t r a i n the m o v e m e n t 

of the be l lows with a locking d e v i c e . The locking 

dev ice m u s t be r e l e a s e d af ter launch for n o r m a l 

des ign o p e r a t i o n . In the event of lock r e l e a s e 

f a i lu re of one uni t , the be l lows a s s e m b l y of the 

second unit m u s t be capab l e of a b s o r b i n g the 

full ne t expans ion of the NaK without exceeding 

the m a x i m u m a l lowable p r e s s u r e . 

I n s t r u m e n t a t i o n is r e q u i r e d to (1) p rov ide 

pos i t i ve ind ica t ion of r e l e a s e of the be l lows 

a s s e m b l y , and (2) p rov ide d e t e r m i n a t i o n of 

s y s t e m p r e s s u r e by m e a n s of a cont inuous 

be l lows pos i t ion i n d i c a t o r . 

Addi t ional des ign r e q u i r e m e n t s a r e that the 

to ta l weight of one expans ion c o m p e n s a t o r shal l 

not exceed 18 lb and that a ground t e s t a d a p t e r 

shal l be p rov ided for u s e dur ing ground t h e r m a l 

NAA-, 

t e s t s of the N P U . The ground t e s t a d a p t e r c a n ­

c e l s out the effect of the s t a t i c head of NaK ove r 

the expans ion c o m p e n s a t o r dur ing a c c e p t a n c e 

t e s t i ng of N P U ' s and dur ing ope ra t ion of q u a l i ­

f ication s y s t e m s 

B . P E R F O R M A N C E REQUIREMENTS 

The m a j o r p e r f o r m a n c e requiren- ients a r e 

shown m T a b l e I . 

C. ENVIRONMENTAL REQUIREMENTS 

1) Vib ra t ion , shock, and a c c e l e r a t i o n 

loads equivalent to s t r u c t u r a l qual i f ica t ion 

t e s t l eve l s a r e shown m Tab le 2 . T h e b e l -

lows i s to be c o n s t r a i n e d m the launch p o s i ­

tion dur ing e n v i r o n m e n t a l t e s t i ng s ince the 

launch e n v i r o n m e n t c a u s e s the m o s t s e v e r e 

loading of the c o m p e n s a t o r 

2) Space vacuum ~ 1 0 t o r r 

3) A o n e - y e a r n u c l e a r r ad ia t ion dosage of 

2 x 1 0 nvt (fast n e u t r o n s ) and g a m m a r a y s 
Q 

to ta l l ing 1 x 10 R. 

D. RELIABILITY 

The EGU des ign m u s t fulfill the component 

r e l i ab i l i t y ob j ec t ives of' 

1) The p robab i l i t y for succes s fu l be l lows 

r e l e a s e m u s t be 0 9995. 

2) The p robab i l i t y that no malfunct ion of 

e i t h e r EGU will o c c u r which would r e s u l t m 

a m i s s i o n a b o r t dur ing a 90-day p e r i o d m u s t 

be 0 995 . 

3) The p robab i l i t y that no mal funct ion of 

e i t he r EGU will o c c u r which would r e s u l t m 

a nniss ion a b o r t dur ing 1-yr m u s t be 0.990. 

-9778 
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III. COMPONENT DESCRIPTION 

A. F I N A L EGU DESIGN 

The SlOA expans ion c o m p e n s a t o r uni t (EGU) 

u t i l i z e s a we lded m e t a l be l lows a s s e m b l y , the 

i n t e r i o r of which is d i r e c t l y connec ted to the 

c i r c u l a t i n g NaK s y s t e m of the N P U . This p r i ­

m a r y be l lows is in s e r i e s -with a s e c o n d a r y b e l ­

lows wh ich , t o g e t h e r wi th a m e t a l hous ing that 

s u r r o u n d s both be l lows a s s e m b l i e s , p r o v i d e s 

s e c o n d a r y NaK con ta inmen t in the event of a 

p r i m a r y be l lows f a i l u r e . The m a j o r p a r t s of 

the ECU a r e p r e s e n t e d in Table 3. The ECU is 

i l l u s t r a t e d in F i g u r e 2. 

The d e s c r i p t i o n and function of each m a j o r 

p a r t of the EGU a r e expla ined in the following 

p a r a g r a p h s . 

1. P r i m a r y Be l lows A s s e m b l y 

The p r i m a r y be l lows a s s e m b l y a c c o m m o d a t e s 

the vo lume expans ion of the NaK as the NPU 

T A B L E 3 

SlOA ECU - M A J O R PARTS 

1. P r i m a r y Bel lows A s s e m b l y 

2. Seconda ry Bel lows A s s e m b l y 

3. Conta inment Hous ing 

4. Top Support 

5. He l i ca l C o m p r e s s i o n Spr ing 

6. P o s i t i o n T r a n s d u c e r and D e m o d u l a t o r 

7. P o s i t i o n Switch 

8. Ac tua to r A s s e m b l y 

r e a c t o r out le t t e m p e r a t u r e is i n c r e a s e d f r o m 

~70°F s y s t e m launch t e m p e r a t u r e to ~1010°F 

s y s t e m des ign t e m p e r a t u r e . The a v e r a g e NaK 

s y s t e m t e m p e r a t u r e at d e s i g n o p e r a t i o n is 

-945 ° F . In addi t ion to a b s o r b i n g the fluid 

vo lume i n c r e a s e of the NPU, the p r i m a r y b e l ­

lows p r o v i d e s a fo rce to p r e s s u r i z e the NaK 

s y s t e m . The d e s i g n vo lume expans ion of the 

TOP STRUCTURE 

SECONDARY BELLOWS 

NaK I N L E T - O U T L E T TUBE 

8 - 6 - 6 4 

SECONDARY CONTAINMENT 
EVACUATION TUBE 

BELLOWS WELDMENT 
ASSEMBLY 

PRIMARY BELLOWS 

7561-01849 

F i g u r e 2 . SNAP lOA Expans ion C o m p e n s a t o r Unit (ECU) 
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NaK s y s t e m , 120 m . , is a c c o m m o d a t e d by a 

def lec t ion of each of the ECU bel lows t o ~ 1 . 4 2 i n . 

The be l lows a s s e m b l y i s of the w e l d e d m e t a l 

d i a p h r a g m type . It is m a d e up of 26 nes t ing 

r ipp le d i a p h r a g m s , 8 m . OD and 6.4 m . ID, 

which a r e TIG we lded a t the i n n e r and o u t e r 

p e r i i n e t e r s to f o r m a be l lows c a p s u l e . The 

d i a p h r a g m m a t e r i a l is AM-350 p r e c i p i t a t i o n 

h a r d e n e d s t a i n l e s s s t e e l . Twenty- four of the 

d i a p h r a g m s a r e 0.009 m . th ick . The two end 

d i a p h r a g m s a r e 0.015 m . th ick . The c o m p l e t e d 

be l lows c a p s u l e is h e a t - t r e a t e d to the SCT-850 

condi t ion to p rov ide i n c r e a s e d yield and t e n s i l e 

s t r e n g t h . After hea t t r e a t m e n t the be l lows 

c a p s u l e IS welded to end s ec t i ons which c o m ­

p le t e s the p r i m a r y be l lows a s s e m b l y . The 

addi t iona l t h i c k n e s s of the end d i a p h r a g m s p r o ­

vides the r e q u i r e d d e c r e a s e m s t r e s s e s at the 

end sec t ion we lds to c o m p e n s a t e for the lo s s m 

weld joint s t r e n g t h c a u s e d by t h e annea l ing 

effect of pos t h e a t - t r e a t we ld ing . 

The top end sec t ion of the p r i m a r y be l lows 

a s s e m b l y f o r m s the i n n e r w a l l of the EGU NaK 

p r i m a r y con t a inmen t , p r o v i d e s the p r e l o a d i n g 

of the bello'ws a s s e m b l y , and con ta ins the 

h e l i c a l c o m p r e s s i o n sp r ing r e t a i n e r and c e n t e r 

pos t guide s u p p o r t . This mennber is m a d e of 

m a c h i n e d 347 CRES s t a i n l e s s s t e e l . 

F i g u r e 3 i l l u s t r a t e s the p r i m a r y b e l l o w s , 

s e c o n d a r y b e l l o w s , top and bo t t om p l a t e s , and 

c e n t e r pos t conf igura t ion . The p r e l o a d of the 

p r i m a r y be l lows is a c c o m p l i s h e d by h e a t -

t r e a t i n g the be l lows m i t s fully c o U a p s e d h e i g h t , 

0.625 m . ( m a x i m u m ) and expanding it to a 

height of 1 m . nomina l m i t s ins ta l l ed pos i t ion , 

as gove rned by the depth of the top end s ec t i on . 

The p e r t i n e n t d i m e n s i o n s of th i s s ec t ion a r e 

OD of i nne r wa l l — 6.324 m . and w a l l t h i c k n e s s — 

0.100 m . The OD of the f langed sec t ion is 

mach ined to fit the be l lows OD af te r h e a t t r e a t -

men t w i t h m ±0.001 m . Spec ia l c a r e is given 

to mach in ing of the weld p r e p a r a t i o n for a t t a c h ­

men t of both the p r i m a r y and s e c o n d a r y bello'ws 

to e n s u r e p r o p e r f i t -up for the m a x i m u m r e ­

l iab i l i ty of weld j o i n t s . 

The bot tom flange of the p r i m a r y be l lows 

f o r m s the bo t tom wal l of the ECU NaK c o n ­

t a i n m e n t s , conta ins the NaK in le t tube , p r o ­

v ides t h r e e ou te r t a b s for i n s t a l l a t i on to the 

NPU s t r u c t u r e , and h a s m a c h i n e d weld p r e p a ­

r a t i o n s for the p r i m a r y bello^vs and the s e c o n d ­

a r y contamnnent h o u s in g . All ECU weld p r e p a ­

r a t i ons , except for the top suppor t s t r u c t u r e , 

a r e of the b u r n - d o w n fusion type s i m i l a r to tha t 

of the be l lows d i a p h r a g m weld jo in t . The bo t t om 

flange is m a d e of 347 CRES s t a i n l e s s s t e e l . 

This s ec t ion h a s m a c h i n e d r e i n f o r c e m e n t r i b s 

m i t s bo t tom s u r f a c e to p rov ide a m i n i m u m 

weight m e m b e r adequa te for the des ign l o a d s . 

The p e r t i n e n t d i m e n s i o n s of the bo t t om f lange 

a r e p la te d i a m e t e r —8.600 to 8.625 m . , bol t 

ho le c i r c l e r a d i u s — 5.054 m . , m i n i m u m w a l l 

t h i c k n e s s — 0.075 m . , and NaK inle t tube ID — 

0.325 m . 

2. Seconda ry Bel lows A s s e m b l y 

The s e c o n d a r y be l lows m conjunct ion wi th 

the o u t e r c y l i n d r i c a l hous ing p r o v i d e s for NaK 

s e c o n d a r y c o n t a i n m e n t . It a l s o c o n t r i b u t e s to 

the p r e s s u r i z a t i o n of the NaK s y s t e m . This 

be l lows is i d e n t i c a l to the p r i m a r y be l lows 

except that it con ta ins 18 convolut ions i n s t ead 

of 13 and tha t it i s h e a t - t r e a t e d m an ex tended 

pos i t i on . 

The f r e e , pos t h e a t - t r e a t length of t h e b e l ­

lows IS 4.00 m . , i t s i n s t a l l e d length is 3.82 m . 

n o m i n a l . The s e c o n d a r y be l lows is s t r o k e d m 

c o m p r e s s i o n a s c o m p a r e d to the expans ion 

s t r o k i n g of t h e p r i m a r y b e l l o w s . The s e c o n d a r y 

be l lows IS we lded at i t s bo t tom end to the top 

sec t ion of the p r i m a r y b e l l o w s . At i t s top end 

the be l lows is we lded to a 347 s t a i n l e s s s t e e l 

NAA-SR-9778 
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r i ng s u b a s s e m b l y . This r ing con ta ins the 

s e c o n d a r y c o n t a i n m e n t evacua t ion t ube , we ld 

p r e p a r a t i o n s for the s e c o n d a r y con t a inmen t 

c y l i n d e r and b e l l o w s , and mount ing t a b s for the 

top suppor t s t r u c t u r e . 

3 . Con ta inmen t Hous ing 

The con t a inmen t hous ing is a 347 s t a i n l e s s 

s t e e l c y l i n d e r wi th f langed end weld p r e p a r a t i o n s 

which a r e jo ined to the ECU bo t tom flange and 

to the r ing s u b a s s e m b l y . The c l e a r a n c e b e ­

tween the ou te r d i a m e t e r of the be l lows and the 

h o u s i n g i s m a i n t a i n e d s m a l l , -0 .080 in . , in 

o r d e r to m i n i m i z e l o s s of NaK f r o m the p r i m a r y 

be l lows in event of a be l lows f a i l u r e . The p e r t i ­

nent d i m e n s i o n s of the hous ing a r e 8.180 in . ID, 

0.052 in . w a l l , and 5.10 in . long. 

4 . Top Support 

The funct ions of the top s u p p o r t , shown in 

F i g u r e 4 , a r e a s fo l lows: 

1) to suppor t the p i n - p u l l e r a c t u a t o r 

a s s e m b l y , pos i t ion sv/ i tch, and pos i t ion 

t r a n s d u c e r 

2) to r e s t r a i n the a u x i l i a r y , h e l i c a l c o m ­

p r e s s i o n s p r i n g 

3) to guide the c e n t e r pos t dur ing p r i m a r y 

be l lows expans ion . 

The top suppor t is f a b r i c a t e d of Incone l -X 

al loy and d e s i g n e d to w i th s t and the launch loads 

and the f o r c e of the a u x i l i a r y s p r i n g at the m a x i ­

m u m p o s s i b l e p r i m a r y be l lows vo lume d i s p l a c e -
3 

m e n t of 120 in . The c e n t e r pos t guide hole in 

the hub of the top suppor t i s coa ted with a 

m o l y b d e n u m disul f ide d r y f i lm l u b r i c a n t to 

a s s u r e f r ee m o v e m e n t of the c e n t e r pos t unde r 

the s p a c e vacuum ope ra t i ng e n v i r o n m e n t . 

5. H e l i c a l C o m p r e s s i o n Spr ing 

The h e l i c a l c o m p r e s s i o n s p r i n g a u g m e n t s 

the p r e s s u r e con t r ibu t ion of the be l lows in o r d e r 

to m e e t s y s t e m r e q u i r e m e n t s . The s p r i n g is 

^ ^ ^ ^ ^ ^ ^ K m 

^HHcENTERPOST^H 
^ ^ ^ 1 HUB ^ H 

PIN PULLER 
ACTUATOR 
BRACKET 

1 • 1 
, 1 

BIft 

if 

k 

HHHB 

P 
* ' 

I^H 
POSITION SWITCH 1 
BRACKET 1 

i^mi 
POSITION 
TRANSDUCER 
BRACKET 1 

756I-55I559A 

F i g u r e 4 . Top Support S t r u c t u r e 
(Top View) 

c o m p r e s s e d be tween the top p la te of the expand­

ing be l lows and the top suppor t s t r u c t u r e . The 

p r e s s u r e con t r ibu t ion of the sp r ing at des ign 

be l lows def lec t ion i s 2.5 p s i . The d e s i g n f e a t u r e s 

of the s p r i n g a r e l i s t e d be low. 

M a t e r i a l 

Mean co i l d i a m e t e r 

W i r e co i l d i a m e t e r 

F r e e length 

N u m b e r of ac t i ve c o i l s 

Spr ing r a t e at 8 0 ° F 

Spr ing r a t e at 750 °F 

Rene' 41 w i r e 

2.42 in . 

0.196 in. 

4.798 in . 

3 

70 l b / i n . 

61.8 l b / i n . 

6. Pos i t i on T r a n s d u c e r and D e m o d u l a t o r 

The pos i t ion t r a n s d u c e r and d e m o d u l a t o r 

(F igu re 5) a r e des igned to c o n v e r t the m e c h a n i ­

ca l expans ion of the be l lows into a n e l e c t r i c a l 

vo l tage p r o p o r t i o n a l to the d i s p l a c e m e n t . 

T r a n s d u c e r r eadou t is ach ieved by a v a r i a b l e 

r e l u c t a n c e p r i n c i p l e w h e r e b y a movab le m a g ­

ne t ic c o r e ( a r m a t u r e ) i s d i s p l a c e d in an ac 

exc i ted m a g n e t i c field. The signal i s t r a n s ­

f e r r e d to a d e m o d u l a t o r uni t which c o n v e r t s 

and condi t ions the in fo rmat ion to a l i n e a r 0 to 

50 mi l l i vo l t dc output . The a r m a t u r e , an i r o n 

NAA-SR-9778 
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F i g u r e 5. P o s i t i o n T r a n s d u c e r / D e m o d u l a t o r 

rod , is a t t ached to a c l ev i s which is i n t e g r a l to 

the top p la te of the p r i m a r y be l lows a s s e m b l y . 

The d e m o d u l a t o r i s phys i ca l ly s e p a r a t e d f r o m 

the t r a n s d u c e r and h o u s e d in the NPU i n s t r u ­

men t c o m p a r t m e n t due to it's low ope ra t ing t e m ­

p e r a t u r e l i m i t a t i o n . 

7. P o s i t i o n Switch 

The p u r p o s e of th i s swi tch is to s e n s e a 

c o n t r a c t i o n of the be l lows f r o m the n o r m a l 

o p e r a t i n g def lec t ion of 1.42 in . to a nomin a l 

0.20 in . def lec t ion , which wi l l be ind ica t ive of 

a leak in the NaK s y s t e m p lumbing . Since a 

leak wi l l c a u s e f a i l u r e of the s y s t e m , it i s i m ­

po r t an t that c e r t a i n f a i l u r e m o d e da ta be r e c o r d e d 

p r i o r to lo s s of the s y s t e m ; thus the ac t iva t ion 

of the pos i t ion swi tch effects " t u r n - o n " of an 

in- f l ight r e c o r d e r to m o n i t o r specif ic d iagnos t i c 

i n s t r u m e n t s . 

The pos i t ion swi tch is an O N - O F F m i c r o -

switch ac tua t ed by a leaf s p r i n g that r i de s on 

the c e n t e r pos t , which h a s an a t t ached c a m to 

def lect the s p r i n g as r e q u i r e d dur ing be l lows 

expans ion and c o n t r a c t i o n . This swi tch is 

shown in F i g u r e 6. 

8. P i n - P u l l e r Ac tua to r A s s e m b l y 

To p r e v e n t o v e r s t r e s s i n g of the be l lows due 

to a c c e l e r a t i o n l oads dur ing veh ic le launch , 

NAA-SR 
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the be l lows a s s e m b l y i s locked by m e a n s of a 

p in i n s e r t e d th rough the be l lows c e n t e r p o s t in 

the r e g i o n of the top suppor t hub . Th i s pin i s 

e x t r a c t e d a f te r launching by m e a n s of a p i n - p u l l e r 

which i s a c t u a t e d by r e m o t e con t ro l f i r ing of 

the two squibs which a r e bol ted into the a c t u a t o r 

a s s e m b l y . The p i n - p u l l e r a s s e m b l y i s shown 

in F i g u r e 7. When the squibs a r e f i red , a fo rce 

of about 438 lb i s app l ied on the l ock ingp in , e x ­

t r a c t i n g i t f rom the be l lows c e n t e r pos t , t h e r e b y 

a l lowing the be l lows to expand in a n o r m a l m a n ­

n e r . F i g u r e 8 shows a fully i n s t r u m e n t e d e x ­

p a n s i o n c o m p e n s a t o r un i t . 

B . D E V E L O P M E N T A L ECU DESIGN 

The final SlOA EGU des ign evolved f r o m a 

s ing le welded be l lows a s s e m b l y , no s e c o n d a r y 

con ta inmen t de s ign . That des ign sa t i s f i ed p e r ­

f o r m a n c e and in i t i a l weight r e q u i r e m e n t s but 

did not m e e t the r e l i ab i l i t y r e q u i r e m e n t s . The 

d e v e l o p m e n t a l s ingle be l lows ECU is p i c t u r e d 

in F i g u r e 9. The be l lows d i a p h r a g m d e s i g n h a s 

r e m a i n e d e s s e n t i a l l y cons t an t th roughout the 

deve lopmen t p r o g r a m as have the pos i t ion i n d i ­

c a t o r , pos i t ion swi tch , top s u p p o r t , h e l i c a l 

s p r i n g , and p i n - p u l l e r a s s e m b l y . The final 

ECU d e s i g n c o m p r i s e d e s s e n t i a l l y the s ing le 

be l lows des ign with a s e c o n d a r y con ta inmen t 

cons i s t i ng of the s e c o n d a r y be l lows and the ou te r 

hous ing . H o w e v e r , the f ix ture u t i l i zed to a t t ach 

the ECU to the NPU, the "A" f r a m e , shown in 

F i g u r e 9, w a s e l i m i n a t e d in the final ECU des ign 

in o r d e r to m i n i m i z e the r e q u i r e d w e l d m e n t s 

and to s impl i fy f a b r i c a t i o n . 

In addi t ion to the m a j o r EGU des ign change 

of adding s e c o n d a r y c o n t a i n m e n t , m i n o r m o d i ­

f ica t ions to ECU des ign w e r e m a d e as a c o n s e ­

quence of d e v e l o p m e n t a l t e s t r e s u l t s , s y s t e m 

r e q u i r e m e n t c h a n g e s , and f ab r i ca t ion diff icul t ies . 

Des ign changes r e s u l t i n g f r o m d e v e l o p m e n t a l 

t e s t r e s u l t s a r e p r e s e n t e d in the Deve lopment 

T e s t P r o g r a m sec t ion of th i s r e p o r t . 

•9778 
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The o r i g i n a l ECU des ign con ta ined a 30 -

diaphragm be l lows a s s e m b l y d i a p h r a g m d i ­

m e n s i o n s w e r e 8- in . OD, 6 .4 - in . ID, and 

0.010 in. thick. The mater ia l s e l ec ted , on the 

bas i s of NaK compatibil i ty and high s trength-

to-weight ratio, was PH 15-7 Mo a l loy . P r o t o ­

type be l lows a s s e m b l i e s w e r e succes s fu l ly 

fabricated, however , fabrication problems w e r e 

encountered in production. The diaphragm 

welds repeatedly fai led a m a s s spec trometer 

he l ium leak check. The bel lows mater ia l was 

changed to AM-350 al loy, which eventually 

e l iminated the fabrication problem. 

A change m the i n i t i a l s y s t e m vo lume r e -
3 ^ 

q u i r e m e n t f r o m 75 m . of NaK p e r ECU t o 6 0 i n . ' ' 

p e r m i t t e d a r e d u c t i o n m the n u m b e r of d i a p h r a g m s 

f r o m 30 to 28. Upon r e c o m m e n d a t i o n of an 

a l t e r n a t e be l lows m a n u f a c t u r e r , the be l lows 

des ign w a s f u r t h e r modif ied to the u s e of 26 

d i a p h r a g m s , each d i a p h r a g m , except for the 

end p i e c e s , being 0.009 m . th ick . 
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A. STRESS ANALYSIS 

IV. DESIGN ANALYSIS 
3 . D i s c u s s i o n of O p e r a t i n g S t r e s s e s 

The s t r e s s a n a l y s i s of we lded be l lows u t i l i zed 

m the SlOA c o m p e n s a t o r s is l im i t ed ma in ly to 

e m p i r i c a l m e t h o d s b e c a u s e of the complex i t y of 

the n e s t e d - r i p p l e d i a p h r a g m g e o m e t r y . T h e s e 

e m p i r i c a l m e t h o d s have been deve loped by b e l ­

lows m a n u f a c t u r e r s for d e s i g n app l i ca t ion and 

a r e c o n s i d e r e d p r o p r i e t a r y . They have n o t b e e n 

m a d e ava i l ab l e for u s e at AI. A t h e o r e t i c a l 

me thod b a s e d upon e l a s t i c b e a m t h e o r y has 

b e e n u s e d for d e s i g n ca l cu l a t i on on SNAP lOA 

expans ion c o m p e n s a t o r s . T e s t da ta have shown 

th is m e t h o d y ie lds c o n s e r v a t i v e s t r e s s va lues 

w i t h m the e l a s t i c r eg ion of o p e r a t i o n . Some 

s t r e s s v a l u e s h a v e b e e n supp l ied by be l lows 

m a n u f a c t u r e r s for the speci f ic SlOA be l lows 

d e s i g n and o p e r a t i n g cond i t i ons . In t h e s e i n ­

s t a n c e s , c o m p a r i s o n of the t h e o r e t i c a l l y obta ined 

r e s u l t s ind ica te the l a t t e r can be ~ 3 0 0 % too high. 

The t h e o r e t i c a l equa t ions a r e p r e s e n t e d in 

Appendix A. 

1. O p e r a t i n g S t r e s s L e v e l s 

The c a l c u l a t e d o p e r a t i n g s t r e s s l e v e l s for 

the SlOA c o m p e n s a t o r be l lows a r e p r e s e n t e d for 

both r o o m t e m p e r a t u r e and s y s t e m o p e r a t i n g 

t e m p e r a t u r e condi t ions m Appendix B. One 

des ign c r i t e r i o n for the SlOA c o m p e n s a t o r w a s 

that the be l lows n o r m a l o p e r a t i n g s t r e s s e s be 

w i t h m the e l a s t i c l imi t a s defined by the 0.2% 

offset y ie ld po in t . Th i s c r i t e r i o n h a s been m e t 

on the b a s i s of c a l c u l a t e d s t r e s s e s , and wi th an 

adequa te m a r g i n of safe ty on the b a s i s of the 33% 

c o r r e c t i o n f ac to r app l i cab le a c c o r d i n g to e m ­

p i r i c a l s t r e s s d e t e r m i n a t i o n s . 

2. M a t e r i a l P r o p e r t i e s 

The s igni f icant m a t e r i a l p r o p e r t i e s of AM-350 

m the SGT-850 h e a t - t r e a t e d condi t ion a r e p r e ­

sen ted m Appendix C, 

The m a x i m u m p r o g r a m m e d def lec t ion of the 

be l lows a s s e m b l y at r o o m t e m p e r a t u r e i s 

1.77 m . beyond the in i t i a l p r e l o a d def lec t ion . 

The m a x i m u m p r o g r a m m e d def lec t ion a t 7 50°F 

IS 1.5 m . In the event of one c o m p e n s a t o r unit 

not be ing r e l e a s e d , the o t h e r un i t would then 

a b s o r b the e n t i r e NaK vo lume i n c r e a s e of 
3 

120 m . and, t h e r e f o r e , i t-would expand ~3 .0 in . 

A c c o r d i n g to the t a b l e of AM-350 - SCT-850 

m e c h a n i c a l p r o p e r t i e s , the r o o m t e m p e r a t u r e 

o p e r a t i o n is w i t h m the e l a s t i c r a n g e . A d e ­

f lect ion of 1.90 m . and g r e a t e r can p roduce 

p l a s t i c d e f o r m a t i o n . It m u s t be no ted , h o w e v e r , 

tha t the c a l cu l a t ed s t r e s s l eve l s at condi t ions 

caus ing p l a s t i c d e f o r m a t i o n a r e i n c o r r e c t s ince 

the a n a l y t i c a l me thod a s s u m e s e l a s t i c d e f o r ­

m a t i o n and does not t ake into account s t r e s s 

r e l i ev ing as a r e s u l t of p l a s t i c flow. The u l t i m a t e 

s t r e n g t h of the be l lows should be exceeded at 

the 3 .0 - in . def lec t ion at 18 p s i p r e s s u r e , a c c o r d ­

ing to the c a l c u l a t e d s t r e s s . H o w e v e r , t e s t s 

have shown tha t p r e s s u r e s m e x c e s s of 50 p s i 

a r e r e q u i r e d to b u r s t the p r i m a r y be l lows at 

3 .0- in . de f l ec t ion . 

At the 750°F ope ra t i ng t e m p e r a t u r e the d e ­

s ign def lec t ion of 1.5 in . is s t i l l w i t h m the 

e l a s t i c s t r e s s r e g i o n if the m a t e r i a l exh ib i t s 

t yp ica l p r o p e r t i e s of -127 ,000 p s i y ie ld s t r e s s . 

The m i n i m u m yie ld s t r e s s at 750 °F of the h e a t -

t r e a t e d AM-350 IS c o n s i d e r e d to be -100,000 p s i . 

Applying a 33% c o r r e c t i o n fac to r to the c a l c u ­

la ted s t r e s s a s s u r e s that the 1.5-in. o p e r a t i n g 

point IS m the e l a s t i c r eg ion . 

The duc t i l i ty of the h e a t - t r e a t e d AM-350 as 

r e p o r t e d m the l i t e r a t u r e is m the 4 to 10% 

r a n g e , -which i s c o n s i d e r e d sufficient to c l a s s i fy 

the m a t e r i a l a s duc t i l e and capab l e of u n d e r ­

going s t r e s s re l ief via p l a s t i c d e f o r m a t i o n . 

* F . J . F e e l e y , J r . and W . M . G o r y l , " S t r e s s Studies on P ip ing Expans ion Be l lows , ' ASME, 
Nat iona l Mee t i ng of Appl ied M e c h a n i c s (June 1949) 
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V. DEVELOPMENT TEST PROGRAM 

A. TEST O B J E C T I V E S 

The ob jec t ives of the deve lopmen t t e s t s a r e 

as follows 

1) To ver i fy tha t e n v i r o n m e n t a l and p e r ­

f o r m a n c e r e q u i r e m e n t s a r e s a t i s f i ed . 

2) To d e t e r m i n e mode of f a i l u r e of the ECU. 

3) To d e t e r m i n e r e l a x a t i o n r a t e of the 

ECU at ope ra t i ng cond i t i ons . 

4) To d e t e r m i n e that the final des ign of 

the ECU wi l l m e e t succes s fu l l y a l l s y s t e m 

p e r f o r m a n c e o b j e c t i v e s . 

B . D E V E L O P M E N T TESTS 

The following types of d e v e l o p m e n t a l t e s t s 

w e r e p e r f o r m e d upon be l lows a s s e m b l i e s a n d / o r 

c o m p l e t e E C U ' s : 

1) B u r s t P r e s s u r e T e s t s 

2) Cycl ic F a t i g u e T e s t s 

3) T h e r m a l E n d u r a n c e T e s t s 

4) Vib ra t ion , Shock, and A c c e l e r a t i o n 

T e s t s 

5) S y s t e m O p e r a t i o n a l Sequence T e s t s 

F a i l u r e a n a l y s e s , u t i l iz ing m e t a l l o g r a p h i c 

t e c h n i q u e s , w e r e m a d e of a l l fai led uni t s to 

d e t e r m i n e c a u s e and to p rov ide b a s e s for c o r ­

r e c t i v e ac t ion . 

C. TEST A P P A R A T U S 

Var ious s e t s of t e s t a p p a r a t u s have been 

u t i l i zed for ECU t e s t i n g . The following d e ­

s c r i p t i o n s of the p r e s e n t l y ava i l ab le t e s t r i g s 

a r e r e p r e s e n t a t i v e of the m a j o r t y p e s . 

1. I n e r t Gas T e s t Rigs 

I n e r t gas h a s been used as the ECU be l lows 

p r e s s u r i z i n g fluid m the t h r e e m a j o r types of 

t e s t r i g s F a t i g u e Cycling Rig, B u r s t Tes t Rig, 

and Accep tance T e s t Rig . 

a. F a t i g u e Cycl ing Rig 

The F a t i g u e Cycl ing Rig is shown m F i g u r e 10. 

The function of the r ig is to cyc l i ca l ly p r e s ­

s u r i z e the ECU be l lows th rough i t s des ign d e ­

f lec t ion r a n g e at r o o m ambien t e x t e r n a l p r e s s u r e 

and t e m p e r a t u r e . The r ig o p e r a t e s u n m o n i t o r e d 

and con t inues to cyc le a bel lows unt i l the be l lows 

r u p t u r e s . The r u p t u r e allo^vs the p r e s s u r i z i n g 

gas to e s c a p e m such a way that the p r e s s u r e 

r e q u i r e d to fo rce the be l lows to a swi tch a c t u a t ­

ing def lec t ion can no longer be g e n e r a t e d m the 

be l lows . T h u s , no fu r the r c y c l e s o c c u r and the 

c y c l e s - t o - f a i l u r e a r e a c c u r a t e l y counted The 

cyc l ing r a t e be tween z e r o and 60 m . be l lows 

d i s p l a c e m e n t can be v a r i e d f r o m -1 to 12 c p m . 

The r ig , a s shown in F i g u r e 10, h a s been m o d i ­

fied for t e s t i n g of s e c o n d a r y con ta inmen t E C U ' s . 

The modi f ica t ion c o n s i s t s of an i n e r t gas l ine 

connec ted to the ECU s e c o n d a r y con ta inmen t 

in le t . A p r e s s u r e swi tch i s i n s t a l l e d m th i s 

l ine which a c t s to b r e a k the c i r c u i t to an e l e c ­

t r i c a l cyc le c o u n t e r upon l o s s of p r e s s u r e in 

the s e c o n d a r y . T h u s , c y c l e s - t o - r u p t u r e on the 

s e c o n d a r y a r e d e t e r m i n e d on an u n m o n i t o r e d 

t e s t if the s e c o n d a r y r u p t u r e s be fo re the p r i ­

m a r y c o n t a i n m e n t . 

The r ig c o n s i s t s of four t e s t i ng s t a t i ons on 

an angle i r o n and s t e e l p la te mob i l e f r a m e w o r k . 

Each t e s t i n g s t a t ion (two on the u p p e r l e v e l , 

shown m F i g u r e 10, and two on the lower l eve l , 

not shown) i s equipped with ECU mount ing r o d s , 

be l lows def lec t ion ac tua ted switch and f i x tu r e , 

and swage locked c o p p e r tube i ne r t gas inlet 

l ine . The following i n s t r u m e n t a t i o n a n d e q u i p -

nnent a r e p rov ided for each t e s t s t a t ion 

1) High p r e s s u r e i n e r t gas tank and 

a s s o c i a t e d p r e s s u r e and flow r e g u l a t o r s . 

(Multiple t anks a r e used for ex tended un ­

a t t ended ope ra t i on . ) 
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F i g u r e 10. F a t i g u e Cycling T e s t Rig 

2) A 0 to 30 p s i g p a n e l - m o u n t e d gas 

p r e s s u r e gauge . 

3) An Agas ta t t i m e de lay p r e s s u r e swi tch . 

4) A def lec t ion cyc le c o u n t e r ac tua ted by 

an e l e c t r o m e c h a n i c a l swi t ch . (Two c o u n t e r s 

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

c o n t a i n m e n t . ) 

A 3 - in . t r a v e l , 0 .001- in . a c c u r a c y , d i a l -

ind ica t ing def lec t ion gauge i s u s e d to o r ig ina l l y 

se t and p e r i o d i c a l l y r e s e t the be l lows def lec t ion 

l im i t r e q u i r e d to ac tua t e the e l e c t r o m e c h a n i c a l 

swi tch which t r i g g e r s the exhaus t p h a s e of each 

c y c l e . 

b . B u r s t T e s t Rig 

The B u r s t T e s t Rig is shown m F i g u r e 11 . 

This r i g and i t s r e v i s e d c o u n t e r p a r t have been 

and wi l l be u s e d for high p r e s s u r e proof t e s t i n g 

of E C U ' S and be l lows a s s e m b l i e s . The p r i m a r y 

c o m p o n e n t s of the r i g a r e : 

1) A t e s t s t a t ion wi th mount ing r o d s and 

a gas p r e s s u r e in le t l ine wi th r e m o v a b l e 

f i t t ing. 

2) A high p r e s s u r e gas supply which 

i s a s t a n d a r d high p r e s s u r e i n e r t gas 

b o t t l e . 

3) P r e s s u r e and flow r e g u l a t o r s for the 

gas supply . 
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F i g u r e 11 . B u r s t T e s t Rig 

4) A h igh p r e s s u r e , l a b o r a t o r y p r e c i s i o n , 

Bourdon t u b e , gas p r e s s u r e g a u g e . 

5) A 5 0 - i n . m e r c u r y m a n o m e t e r for m o r e 

a c c u r a t e p r e s s u r e r e a d i n g s at low p r e s s u r e s . 

6) A s s o c i a t e d tubing and m a n u a l v a l v e s . 

c . A c c e p t a n c e T e s t Rig 

Two v i ews of the A c c e p t a n c e T e s t Rig (in i t s 

p r e s e n t conf igura t ion) a r e shown in F i g u r e 12. 

T h e r e a r e two such r i g s at p r e s e n t which a r e 

u t i l i z ed to p e r f o r m the a c c e p t a n c e t e s t s r e ­

qu i r ed on flight s y s t e m u n i t s . In addi t ion , they 

a r e u s e d for h i g h - t e m p e r a t u r e , i n e r t - g a s d e ­

v e l o p m e n t a l t e s t s on ECU'S and be l lows a s s e m ­

b l i e s . The d i s t i ngu i sh ing capab i l i ty of t h e s e 

r i g s is the conduc t ion of h i g h - t e m p e r a t u r e (to 

1000°F) t e s t s in a v a c u u m e n v i r o n m e n t . They 

a l s o h a v e the capab i l i ty for be l lows def lec t ion 

c y c l e t e s t i ng at h i g h - t e m p e r a t u r e in v a c u u m at 
3 

a r a t e of 4 c p m be tween z e r o and 60 in . be l lows 

d i s p l a c e m e n t . 

The following p a r a g r a p h s l i s t the equ ipment 

and i n s t r u m e n t a t i o n which c o m p r i s e an a c c e p t ­

ance T e s t Rig . 

(1) Vacuum T e s t C h a m b e r 

The v a c u u m t e s t c h a m b e r c o n s i s t s of an u p ­

r igh t , w a t e r - c o o l e d , s t a i n l e s s s t e e l c y l i n d e r 

wi th a flat h e a d . It h a s a v^a t e r - coo led f loor 

p l a t e f i t ted with an e l a s t o m e r O - r i n g . The j a r 

i s f i t ted with a v a c u u m l i n e , lift r i n g s , a Ph i l i p s 

v a c u u m p r e s s u r e gauge h e a d , and a g l a s s tube 

on the top p l a t e . The g l a s s tube is O - r i n g 

s e a l e d and h a s a s t e e l p r o t e c t i o n s l e e v e . The 

tube a c t s a s the m e a s u r e m e n t s t a t ion for the 

be l l ows def lec t ion i n d i c a t o r r ods and h a s a s t e e l 

r u l e se t wi th in for m e a s u r e m e n t r e f e r e n c e . 

The f loor p l a t e is f i t ted wi th ECU mount ing 

r o d s , a m u l t i p l e Swagelok fi t t ing for s h e a t h e d 

t h e r m o c o u p l e p e n e t r a t i o n , a h e r m e t i c mu l t i p in 

c o n n e c t o r for t r a n s d u c e r and swi tch lead p e n e ­

t r a t i o n , and a be l lows s u p p o r t e d ECU in le t l i n e . 

It i s a l s o f i t ted wi th e ight Swagelok f i t t ings for 

e^.ectr ical r e s i s t a n c e t u b u l a r h e a t e r e l e m e n t 

p e n e t r a t i o n s . It s u p p o r t s the ECU and s u r r o u n d ­

ing a l u m i n u m foil and s t a i n l e s s s t e e l t h e r m a l 

e n e r g y s h i e l d s . 

(2) R e f r i g e r a t i o n Unit 

Th i s i s a s t a n d a r d 3 / 4 - t o n c a p a c i t y , i n d u s ­

t r i a l type r e f r i g e r a t i o n unit which employs a 
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F i g u r e 12 Accep tance T e s t Rig (2 Views) 
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r e c i r c u l a t i n g F r e o n s y s t e m with a m b i e n t fo rced 

a i r convec t ion h e a t r e j e c t i o n . The unit funct ions 

to cool the cold f inger on the r e s e r v o i r tank and 

the v a c u u m s y s t e m v a p o r co ld t r a p s . 

(3) Two M e c h a n i c a l Vacuum P u m p s 

The r o t a r y p u m p s have a m a x i m u m vacuum 
-4 

p r e s s u r e capac i ty of l e s s than 5 x 1 0 t o r r 

when coupled wi th th i s t e s t s y s t e m . One p u m p 

IS connec ted to the EGU p r i m a r y , the o the r to 

the c h a m b e r . The c h a m b e r p u m p i s u s e d m 

conjunct ion with a F r e o n - c o o l e d , p u m p - o i l -

v a p o r t r a p . The a r g o n exhaus t c o o l e r a c t s a s 

a t r a p on the ECU p r i m a r y pump l ine . 

(4) P r e s s u r i z e d Argon Supply Tank 

A s t a n d a r d i n d u s t r i a l p r e s s u r i z e d gas cy l in ­

d e r , f i t ted wi th p r e s s u r e and flow r e g u l a t o r s , 

is u sed to supply a r g o n p r e s s u r e . 

(5) V a r i a b l e P o w e r Supply 

The h e a t e r s u s e d to m a i n t a i n the t e s t c h a m ­

b e r at des ign o p e r a t i n g t e m p e r a t u r e a r e suppl ied 

wi th e l e c t r i c a l c u r r e n t t h rough a v a r i a b l e vo l t ­

age t r a n s f o r m e r f r o m a 6 0 - c p s s o u r c e l i n e . 

Voltage and c u r r e n t a r e m o n i t o r e d on s t a n d a r d 

pane l m e t e r s . 

(6) T r a n s d u c e r / D e m o d u l a t o r P o w e r Supply 

An E l m 400 c p s , 115 volt ac power supply 

IS u t i l i zed for t r a n s d u c e r / d e m o d u l a t o r input . 

(7 )Argon R e s e r v o i r 

An a l l - w e l d e d s t a i n l e s s s t e e l tank p r o v i d e s 

the p r o p e r s i zed a r g o n gas c h a r g e r e q u i r e d 

du r ing each cyc le on the 200 h i g h - t e m p e r a t u r e 

cyc le p h a s e of the a c c e p t a n c e t e s t . 

(8) Argon Exhaus t Coo le r 

The a r g o n exhaus t c o p p e r tubing is p a s s e d 

th rough a sec t ion of w a t e r coolant coppe r tubing, 

f o r m i n g a s ing le t u b e - m - t u b e coun te r flow hea t 

e x c h a n g e r . I ts function i s to cool the exhaus t 

gas suff ic ient ly to allow p r o p e r o p e r a t i o n of the 

d o w n s t r e a m exhaus t gas solenoid v a l v e . 

NAA-S 

(9) Argon P r e h e a t e r 

The a rgon supply l ine to the ECU p r i m a r y is 

f i t ted with a s t a i n l e s s s t e e l shea thed t ubu l a r 

h e a t e r . The h e a t e r ' s function is to p r e h e a t the 

a r g o n e n t e r i n g the ECU p r i m a r y to a sufficient 

t e m p e r a t u r e n e c e s s a r y for e s s e n t i a l l y cons tan t 

ECU t e m p e r a t u r e du r ing cyc l ing . 

(10) Valves 

The g a s / v a c u u m s y s t e m con ta ins a n u m b e r 

of s m a l l m a n u a l l y o p e r a t e d v a l v e s . A n u m b e r 

of so lenoid va lves p rov ide for au tomat i c cycl ing 

(11) T i m e - D e l a y P r e s s u r e Switch 

An Agas ta t t i m e de lay p r e s s u r e swi tch 

t r i g g e r s the solenoid va lves dur ing high t e m ­

p e r a t u r e cyc l ing . 

(12) U- tube M a n o m e t e r P r e s s u r e Switch 

A 5 0 - m . U- tube m e r c u r y m a n o m e t e r has 

been fi t ted with two e m e r s i o n p r o b e s m such a 

m a n n e r t ha t , upon los s of p r e s s u r e m t h e a r g o n 

r e s e r v o i r dur ing each high t e m p e r a t u r e c y c l e , 

the m e r c u r y con tac t s both p r o b e s and c o m p l e t e s 

an e l e c t r i c a l c i r c u i t . The c i r c u i t e n e r g i z e s the 

a r g o n supply so lenoid which p r o v i d e s a f resh 

a rgon c h a r g e m the r e s e r v o i r . Once c h a r g e d 

to sufficient p r e s s u r e , t he m e r c u r y p r o b e c o n ­

tac t is b r o k e n and the solenoid is d e - e n e r g i z e d , 

i so l a t ing the l ine f r o m the a r g o n supply bot t le . 

The cycl ing i s thus r e p e a t e d unti l m a n u a l l y 

o v e r r i d d e n . 

(13) I n s t r u m e n t a t i o n 

T e m p e r a t u r e R e c o r d e r —mult ipoint "K" 

type r e c o r d s ECU t e m p e r a t u r e s . 

Mil l ivol t R e c o r d e r — s i n g l e - p e n — 0 to 50 mv 

r e c o r d s t r a n s d u c e r / d e m o d u l a t o r output s igna l . 

Vo l tme te r — l a b o r a t o r y p r e c i s i o n ac 

v o l t m e t e r i nd i ca t e s 115 vac t r a n s d u c e r / 

d e m o d u l a t o r power supply vo l t age . 

U- tube M a n o m e t e r — M e r c u r y - m - g l a s s 

50- in . m a n o m e t e r i nd i ca t e s d i f fe ren t ia l EGU 

p r e s s u r e s . 
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connec to r 

va lve (solenoid) 
annmete r 
expans ion c o m p e n s a t o r be l lows 
t e s t c h a m b e r 
d e m o d u l a t o r for be l lows def lec t ion 
ind ica t ing t r a n s d u c e r 
m e r c u r y nnanometer p r e s s u r e swi tch 
a r g o n r e s e r v o i r tank 
p r e s s u r i z e d a rgon supply tank 
h e a t e r - t u b u l a r 
c o l d - c a t h o d e , ion iza t ion , vacuunn 
gauge and m e t e r 

3 - 2 3 - 6 5 

J - vacuuni pump 
K - vacuum v a p o r - c o l d - t r a p 
L - v o l t o h m m e t e r r e g i s t e r s m i c r o s w i t c h 

ac tua t ion 
M - m e r c u r y filled U-tube manonneter 
N - g l a s s sight p o r t , be l lows def lec t ion 

m e a s u r i n g s ta t ion 
P - p r e s s u r e gauge — Bourdon tube type 
R - gas p r e s s u r e and flow r e g u l a t o r s 
S - hea t sh i e ld s 
T - t h e r m o c o u p l e fitting 
U - r e f r i g e r a t i o n unit 
V - v o l t m e t e r 
W - v a r i a b l e vo l tage t r a n s f o r m e r 
X - expans ion c o m p e n s a t o r t r a n s d u c e r 
Y - expans ion c o m p e n s a t o r nnicroswi tch 
Z - expans ion c o m p e n s a t o r suppor t r o d s 

AA - Agas ta t t inne-de lay p r e s s u r e switch 

7561-02362 

Figure 13. Schematic Diagram of Acceptance Test Rig 
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Compound P r e s s u r e Gauge — 3 0 - m . Hg to 

0 to 60 p s i g compound Bourdon tube ind ica t e s 

EGU and s y s t e m gauge p r e s s u r e s . 

P h i l i p s Vacuum Gauge and F o u r Channel 

Readout — m e a s u r e s abso lu t e v a c u u m p r e s s u r e 

m c h a m b e r . 

T e m p e r a t u r e C o n t r o l l e r - I n d i c a t o r — 

p r o v i d e s for a u t o m a t i c o v e r - t e m p e r a t u r e s h u t ­

down of t e s t h e a t e r p o w e r . 

Be l lows Deflect ion Gauge —prov ides for 

m e a s u r e m e n t of def lec t ion of ECU b e l l o w s . A 

s t a i n l e s s s t e e l rod r i d e s on the EGU be l lows 

top p l a t e , and p r o t r u d e s th rough a guide hole 

m the v a c u u m c h a m b e r top p l a t e . An a t t ached 

po in t e r r i d e s p a s t the r u l e r m the g l a s s tube 

p rov id ing for v i s u a l m o n i t o r i n g of def lec t ion . 

L i q u i d - m - G l a s s T h e r m o m e t e r — A l a b o ­

r a t o r y s t a n d a r d m e r c u r y - m - g l a s s t h e r m o m e t e r 

IS used to m e a s u r e r o o m a m b i e n t t e m p e r a t u r e s . 

V o l t o h m m e t e r — A l a b o r a t o r y s t a n d a r d VOM 

is u s e d to m o n i t o r ECU pos i t ion swi tch ac tua t ion 

and d e a c t u a t i o n . 

R e s i s t a n c e Br idge — A p r e c i s i o n b r i d g e i s 

u sed to m e a s u r e t r a n s d u c e r c i r c u i t r e s i s t a n c e s . 

F i g u r e 13 IS a s c h e m a t i c d i a g r a m of the 

Accep tance Tes t Rig . 

2. NaK T e s t Rigs 

T h e r e a r e n ine t e s t r i g s which m a y be used 

to t e s t E C U ' S and be l lows a s s e m b l i e s m v a c u u m , 

at high t e m p e r a t u r e , wi th a NaK c h a r g e m the 

ECU. T h e s e r i g s v a r y s l igh t ly m t h e i r c o m p o ­

s i t ion and c a p a b i l i t i e s , but a r e b a s i c a l l y as 

shown m the s c h e m a t i c d i a g r a m . F i g u r e 14. 

F i g u r e 15 shows a view of two qual i f ica t ion t e s t 

r i g s hous ing E C U ' s S /N-023 and -026 p r i o r to 

s t a r t of e n d u r a n c e qual i f ica t ion t e s t i n g . F i g ­

u r e 16 IS a c l o s e u p view of the EGU S /N-026 

in i t s t e s t r i g . 

The t e s t r ig is c o m p r i s e d of the following-

a. Vacuum Tes t C h a m b e r 

The c h a m b e r is e s s e n t i a l l y the s a m e as tha t 

u s e d on the Accep tance Tes t Rig . 

b . Aux i l i a ry Equ ipmen t 

The r i g h a s one each of the following c o m ­

ponents which a r e iden t i ca l to t h o s e of the 

Accep tance T e s t Rig 

R e f r i g e r a t i o n Unit 

Mechan i ca l Vacuum P u m p 

P r e s s u r i z e d Argon Supply 

V a r i a b l e P o w e r Supply 

T r a n s d u c e r / D e m o d u l a t o r P o w e r Supply 

It does not h a v e the a r g o n r e s e r v o i r , exhaus t 

c o o l e r , p r e h e a t e r , t i m e - d e l a y p r e s s u r e swi t ch , 

or U- tube m a n o m e t e r swi tch of the Accep tance 

T e s t Rig . It con ta ins a n u m b e r of s m a l l g a s / 

v a c u u m v a l v e s . The so lenoid va lves p e r f o r m 

e m e r g e n c y i so l a t i on duty dur ing p e r i o d s of 

una t t ended o p e r a t i o n , r a t h e r than the a u t o m a t i c 

cyc l ing funct ions of t hose m the Accep tance 

T e s t Rig . The r i g has a s m a l l s t a i n l e s s s t e e l 

a l l - w e l d e d tank connec ted to e i t h e r a r m of the 

m a n o m e t e r , which s e r v e as m e r c u r y overf low 

t r a p s . 

c . NaK R e s e r v o i r Tank 

The NaK r e s e r v o i r tank a c t s as the s y s t e m 

fill and dump t ank . It is an a l l - w e l d e d , s t a i n ­

l e s s s t e e l p ipe , up r igh t c y l i n d r i c a l tank wi th 

a f i l l l i ne , p r e s s u r e l ine , and l iquid l e v e l p r o b e 

w e l l . It h a s a r e f r i g e r a t e d cold t r a p for NaK 

oxide and is f i t ted with a compound Bourdon 

tube p r e s s u r e gauge . This t ank i s i s o l a t e d 

f r o m the t e s t NaK s y s t e m dur ing t e s t i n g . 

d. NaK P r e s s u r e Tank 

The NaK p r e s s u r e tank ac t s a s the o p e r a t i n g 

NaK r e s e r v o i r and p r e s s u r e head coun te r 

b a l a n c e , It is an a l l - w e l d e d , s t a i n l e s s s t ee l p ipe , 

u p r i g h t c y l i n d r i c a l tank wi th a gas p r e s s u r e 
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g l a s s s ight por t , be l lows def lect ion 
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3-17-65 7561 10494 

F i g u r e 14. S c h e m a t i c D i a g r a m of NaK T e s t Rig 
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F i g u r e 15. Qual i f ica t ion T e s t Rig 

in le t and l iquid l eve l p robe wel l in the top p l a t e . 

The ECU bel lows a r e def lec ted by p r e s s u r i z i n g 

the a r g o n gas head in th is t ank . 

e . NaK Valve and Pip ing 

The NaK s y s t e m i s of a l l - w e l d e d s t a i n l e s s 

s tee l tube and pipe c o n s t r u c t i o n . The d r a m 

valve i s the be l lows s e a l e d type . 

f. I n s t r u m e n t a t i o n 

The i n s t r u m e n t a t i o n is the s a m e as for the 

Accep tance T e s t Rig wi th the addi t ion of a dif­

f e r e n t i a l type l iquid l eve l p r o b e u s e d to de t ec t 

NaK leve l s in the NaK r e s e r v o i r and p r e s s u r e 

t a n k s . 

NAA-SR-9778 
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Figure 16. Closeup of Qualification Test Rig 
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3 . E n v i r o n m e n t a l T e s t R igs b . Shock and Vibra t ion T e s t Rig 

a. A c c e l e r a t i o n T e s t Rig 

The a c c e l e r a t i o n t e s t i n g of E C U ' s i s c o n ­

duc ted m a 100-lb c a p a c i t y T r i o - T e c h mode l 

G-338-3 cen t r i f uge . F i g u r e 17 p r e s e n t s a 

t yp i ca l t e s t se tup in t h i s r i g . A r igh t angle 

f ix ture is u s e d in conjunct ion with the 9° offset 

f ix tu re when conduct ing the r a d i a l ax i s (zz) 

a c c e l e r a t i o n r u n s . 

The cen t r i fuge v e n d o r ' s c a l i b r a t i o n c h a r t of 

a c c e l e r a t i o n as a function of cen t r i fuge a r m 

length and r p m is u s e d to s e t t e s t l o a d s . The 

r p m is m o n i t o r e d on a cont inuous d ig i ta l r e a d ­

out . A t e l e v i s i o n c a m e r a , moun ted on the 

cen t r i fuge a r m , i s ava i l ab l e for v i sua l l y m o n i ­

to r ing the t e s t . 

The ECU shock and v ib r a t i on t e s t i ng is c o n ­

ducted on a 7500- lb capac i ty Ling Model A-246 

e l e c t r o m a g n e t i c induc t ion s h a k e r s y s t e m and 

a s s o c i a t e d m i c r o s l i p t a b l e . A typ ica l t e s t se tup 

in th i s r i g is dep ic t ed in F i g u r e 18. The fol low­

ing l i s t of equ ipment and i n s t r u m e n t a t i o n c o m ­

p r i s e s tha t u t i l i z e d d u r i n g shock and v i b r a t i o n 

t e s t i n g of E C U ' s and be l lows a s s e m b l i e s . 

(I) Shaker S y s t e m 

The Ling A-246 head is moun ted in a s t e e l 

c r a d l e and is shown in the v e r t i c a l o sc i l l a t i on 

conf igura t ion in F i g u r e 18. It i s m a n u a l l y 

ro t a t ed , and connec ted to the m i c r o s l i p t ab le 

to p rov ide for o s c i l l a t i o n in the h o r i z o n t a l p l a n e . 

F i g u r e 17. Centr i fuge Setup — E n v i r o n m e n t a l T e s t Rig 
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The head is u sed m conjunct ion wi th a Ling 

R-100^ or R-1003A conso le and a L i n g P P 2 0 - 2 4 C 

power a m p l i f i e r . 

(2) M i c r o s l i p Tab le 

In two v i b r a t i o n t e s t axe s the s h a k e r h e a d i s 

m the h o r i z o n t a l o sc i l l a t i on conf igura t ion and 

the a r m a t u r e head is connec ted to a 3 - by 4 0 -

by 4 8 - i n . m a g n e s i u m s l ip t ab le weighing 330 lb . 

The tab le r i d e s on an oil f i lm on a po l i shed 

g r a n i t e b lock . Both the h e a d c r a d l e and g ran i t e 

block a r e s e c u r e d to a s e i s m i c m a s s . 

(3) 9° Offset F i x t u r e 

Dur ing v i b r a t i o n and shock t e s t i ng the ECU 

is moun ted on an a l u m i n u m p la te f i x t u r e , the 

f i r s t r e s o n a n c e of which i s at g r e a t e r than 

500 cps The f ix tu re h a s t h r e e ECU s u p p o i t s 

t o which the ECU is bo l ted . T h e s e s u p p o r t s 

p rov ide for a 9° t i l t of the ECU f o r w a r d suppor t 

leg up f r o m the h o r i z o n t a l p l ane of the f ix ture 

o r v i b r a t i o n p lane to which it i s bo l t ed . Th i s 

9° IS the offset mount ing angle of the ECU m the 

SNAP lOA s y s t e m . 

The f ix ture h a s a bol t ing s ta t ion for a t t a c h ­

m e n t of the h o s e cock c l a m p which s e a l s the 

ECU a lcoho l fill Tygon l i n e . 

(4) Alcohol F i l l i ng Rig 

A p i e c e of a p p a r a t u s i s u s e d which f ac i l i t a t e s 

evacua t ion of an ECU b e l l o w s , s u b s e q u e n t vo id -

f ree ethyl a lcoho l f i l l , and p r e s s u r i z a t i o n of the 

ECU a lcohol c h a r g e th rough a length of t r a n s ­

p a r e n t Tygon p l a s t i c h o s e . This fill ing r i g 

con ta ins an a lcohol r e s e r v o i r ( s t a i n l e s s s t e e l 

7561 55865A 

F i g u r e 18 Shock and Vib ra t ion T e s t Rig 
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tank) and a m e c h a n i c a l v a c u u m p u m p of b e t t e r 
_4 

than 5 x 1 0 t o r r blank-off p r e s s u r e c a p a c i t y . 

It is f i t ted wi th a 0 to 30 p s i g Bourdon tube p r e s ­

s u r e gauge , a t h e r m o c o u p l e type v a c u u m p r e s ­

s u r e gauge head and r e a d o u t , and h a s c o p p e r 

tubing and mani fo lds wi th b r a z e d j o i n t s . Rig 

v a l v e s a r e tl e b r a s s Veeco v a c u u m t y p e . A 

s t a n d a r d i n d u s t r i a l mob i l e a i r c o m p r e s s o r 

p r o v i d e s a lcohol p r e s s u r i z a t i o n . 

(5) A u x i l i a r y Equ ipmen t and I n s t r u m e n t a t i o n 

The v i b r a t i o n and shock t e s t s a r e conduc ted 

u t i l i z ing the following equipment o r a p a r t 

the reof 

A c c e l e r o m e t e r T r a n s d u c e r s and 

Signal M e t e r s 

X-Y R e c o r d e r s 

Magnet ic Tape R e c o r d e r s 

T r a c k i n g and Bandpas s F i l t e r s 

O s c i l l o g r a p h R e c o r d e r s 

S t robe Lights 

Motion P i c t u r e C a m e r a and 

S t robe S y n c h r o n i z e r 

O s c i l l o s c o p e and P o l a r o i d C a m e r a 

VOM — m o n i t o r s ECU switch ac tua t ion 

dur ing t e s t m ? . 

D. TEST RESULTS 

1. Single Bel lows ECU 

F i f ty - fou r s ingle be l lows a s s e m b l i e s w e r e 

sub jec ted to d e v e l o p m e n t a l t e s t s to d e t e r m i n e 

des ign and off -des ign p e r f o r m a n c e c h a r a c t e r ­

i s t i c s . Tab le s 4 and 5 a r e s u m m a r i e s of the 

s ing le be l lows t e s t p r o g r a m , de l inea t ing the 

p e r t i n e n t des ign c o n f i g u r a t i o n s , type of t e s t , 

and t e s t r e s u l t s . T e s t un i t s n o r m a l l y c o n s i s t e d 

of be l lows a s s e m b l i e s p lus h e l i c a l c o m p r e s s i o n 

s p i m g s . Where be l lows only was t e s t e d without 

t h e s p r i n g , the conf igura t ion co lumn of T a b l e s 

4 and 5 i n d i c a t e s no s p r i n g . The two t a b l e s 

r e p r e s e n t t e s t r e s u l t s of be l lows uni t s fu rn i shed 

by two dif ferent bello'ws m a n u f a c t u r e r s . 

The t e s t r e s u l t s given m Table 5 a r e of 

be l lows a s s e m b l i e s obta ined for the p u r p o s e of 

e s t a b l i s h i n g a backup s o u r c e . 

The following conc lus ions w e r e r e a c h e d f r o m 

the t e s t r e s u l t s s u m m a r i z e d m Tab le 4 . 

The s ing le be l lows ECU des ign sa t i s f i ed the 

launch e n v i r o n m e n t a l p e r f o r m a n c e r e q u i r e ­

m e n t s as ev idenced by s u c c e s s f u l t e s t i ng of 

fou r t een uni t s at qua l i f ica t ion load l e v e l s . 

The des ign a n a l y s i s of the be l lows a s s e m b l y 

was c o n s e r v a t i v e and an adequa te m a r g i n of 

safe ty e x i s t e d . This w a s ve r i f i ed by the r e s u l t s 

of the b u r s t and cyc l ic fa t igue t e s t s . The b u r s t 

t e s t s i nd ica t ed that f a i l u r e s o c c u r r e d at c a l c u ­

la ted s t r e s s e s r ang ing f r o m 207,900 ps i to 

309,400 p s i , the h i g h e r va lue being we l l m 

e x c e s s of the u l t i m a t e s t r e n g t h of m a t e r i a l s 

t e s t e d , P H 1 5 - 7 Mo al loy (RH 950) and AM-350 

al loy (SCT 850) . The ca l cu l a t ed s t r e s s e s a r e , 

of c o u r s e , a p p r o x i m a t e s ince they a r e b a s e d 

upon e l a s t i c de fo rma t ion w h e r e a s the rup tu red 

be l lows a s s e m b l i e s y ie lded p r i o r to f a i l u r e . 

The cyc l ic t e s t s conducted at r o o m t e m p e r a t u r e 

and those conducted at t e m p e r a t u r e s m e x c e s s 

of d e s i g n t e m p e r a t u r e (750 °F) ind ica ted the 

adequacy of the be l lows d e s i g n for the a p p r o x i ­

m a t e 10 c y c l e s o p e r a t i o n a l r e q u i r e m e n t . 

The e n d u r a n c e t e s t s of uni ts 012, 013, 017, 

018, and 019 s u b s t a n t i a t e d the adequacy of the 

des ign to m e e t the p r e s s u r e r e q u i r e m e n t of 

4 ps i m i n i m u m af ter 1 y r o p e r a t i o n . Re laxa t ion 

c u r v e s of uni ts 017, 018, and 019 a r e sho^vn m 

F i g u r e 19. The F S M - 1 s y s t e m t e s t r e v e a l e d 

that the ECU o p e r a t i n g t e m p e r a t u r e r e q u i r e m e n t 

v/as -725 °F as opposed to p r e v i o u s ana ly t i ca l 

d e t e r m i n a t i o n of 800 °F m a x i m u m . This finding 

g r e a t l y i n c r e a s e d the r e l i ab i l i t y of AM-350 

al loy h e a t t r e a t e d to the SCT 850 condi t ion for 
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the be l lows app l i ca t ion r e q u i r i n g low r e l a x a t i o n . 

An e n d u r a n c e t e s t t e m p e r a t u r e of 7 50 °F w a s 

u s e d subsequen t to the F S M - 1 t e s t except for 

a c c e l e r a t e d r e l a x a t i o n t e s t s . 

The s t r u c t u r a l r e l i ab i l i t y of we lded bel lov/s 

a s s e m b l i e s w a s ques t ionab le a s b o r n e out by 

the e a r l y f a i lu re of uni t 105 m the F S - 1 s y s t e m 

t e s t . Although th i s w a s the only unit to fail 

s t r u c t u r a l l y of the n u m e r o u s un i t s t e s t e d at 

SlOA d e s i g n cond i t i ons , t h i s type of f a i l u re 

cannot be t o l e r a t e d s ince s t r u c t u r a l f a i lu re of 

the s ing l e be l lows wi th accompany ing g i o s s 

NaK l eakage can r e s u l t m c o m p l e t e s y s t e m l o s s . 

The t e s t r e s u l t s of the a l t e r n a t e s u p p l i e r ' s 

be l l ows a s s e m b l i e s p r e s e n t e d m Tab le 5 i n d i ­

ca t ed that t h e s e un i t s would a l so m e e t the b e l ­

lows r e l a x a t i o n r e q u i r e m e n t s and had s u p e r i o r 

cyc l ic fa t igue c h a r a c t e r i s t i c s as exhibi ted by 

the p e r f o r m a n c e of unit 010. This a s s e m b l y 

w a s cyc led 100,000 t i m e s wi th no s t r u c t u r a l 

d a m a g e at t h e r m a l condi t ions w h e r e the duc t i l i ty 

of AM-350 (SCT 850) a p p r o a c h e d i t s m i n i m u m 

of - 5 % e longa t ion . No d e t r i m e n t a l effects due 

to t h inne r d i a p h r a g m m a t e r i a l o r r educed n u m ­

b e r of convolu t ions w a s o b s e r v e d . The c o m b i ­

nat ion of the be l lows s p r i n g r a t e c h a r a c t e r i s t i c s 

and the a u x i l i a r y c o m p r e s s i o n s p r i n g p roduced 

the r e q u i s i t e p r e s t r e s s and s t e a d y - s t a t e d e s i g n 

condi t ion p r e s s u r e s . 

A s a consequence of the s ingle be l lows e x ­

pans ion c o m p e n s a t o r deve lopmen t t e s t p r o g r a m 

the b a s i c c o m p e n s a t o r des ign was modi f ied , a s 

p r e v i o u s l y d e s c r i b e d m Sect ion 3, P a r t B, to 

i n c o r p o r a t e s econda ry con ta inmen t of the NaK 

fluid F a i l u r e a n a l y s e s and p o s t - o p e r a t i o n a l 

m e t a l l u r g i c a l examina t ion of t e s t be l lows a s s e m ­

b l i e s r e v e a l e d the need for i m p r o v e m e n t m the 

qua l i ty of the be l lows weld j o i n t s . 

G e n e r a l l y , a l a r g e v a r i a t i o n m the s ize and 

shape of the convolut ion weld b e a d s was noted . 

M e a s u r e m e n t s w e r e m a d e of the width and p e n e ­

t r a t i on depth of n u m e r o u s w e l d b e a d s p e c i m e n s . 

NAA-5 

The wid ths for the outer d i a m e t e r w e l d s r a n g e d 

f r o m 2.05 to 3 0 t (t = d i a p h r a g m t h i c k n e s s ) , the 

dep ths v a r i e d f r o m 1.1 to 3.1 t . F i g u r e 20(a 

and b) shows the c r a c k tha t o c c u r r e d in t h e w e l d 

bead of the be l lows a s s e m b l y S / N - 1 0 5 , which 

fa i led dur ing s t a r t u p of the S l O A - F S l n u c l e a r 

t e s t s y s t e m . This c r a c k p r o p a g a t e d th rough the 

we ld bead ; the an t i c ipa t ed f a i l u r e s i t e is the h e a t 

affected zone a t the roo t of the weld bead due to 

I ts r e d u c e d s t r e n g t h F i g u r e 21 shows the 

c r a c k tha t o c c u r r e d in the weld b e a d s of the 

S /N-013 be l lows a s s e m b l y which w a s u t i l i zed 

succes s fu l l y m the 90 -day qua l i f ica t ion t e s t of 

the nonnuc l ea r S l O A - F S M l s y s t e m . The c r a c k 

ex tends f r o m the bead roo t to wi th in 0.002 in. of 

the ou te r edge of the bead . 

A p r o g r a m to p rov ide g r e a t e r qua l i ty a s s u r ­

ance of f a b r i c a t e d c o m p e n s a t o r a s s e m b l i e s was 

ins t i tu t ed c o n c u r r e n t l y with the deve lopmen t of 

the s e c o n d a r y con ta inmen t expans ion c o m p e n ­

s a t o r des ign . This p r o g r a m c o m p r i s e d m a t e r i a l 

s t u d i e s , manufac tu r ing p r o c e s s c o n t r o l d e v e l o p ­

m e n t and r e f i n e m e n t of n o n d e s t r u c t i v e t e s t m e t h ­

ods to ver i fy qua l i ty of p roduc t 

2 Qual i ty A s s u r a n c e P r o g r a m 

As p r e v i o u s l y s t a t ed m e t a l l u r g i c a l e x a m i n a ­

t ion of s ing le be l lows t e s t uni t s r e v e a l e d the 

need for i m p r o v e m e n t m the qua l i ty of convolu­

t ion weld beads This p r o b l e m had been no ted 

m the in i t ia l phase of c o m p e n s a t o r deve lopmen t ; 

ho-wever, the r e c o m m e n d e d solut ion p roved i n ­

a d e q u a t e a s ev idenced by the f a i lu re of be l lows 

S /N- 105. E x a m p l e s of weld bead defec ts found 

in the f i r s t few d ev e lo p men ta l be l lows a s s e m ­

b l i e s a r e shown m F i g u r e s 22 a n d 2 3 . A m i c r o -

pho tograph of an accep t ab l e weld bead i s i n ­

cluded for c o m p a r i s o n . A s a r e s u l t of t h i s v a r i ­

at ion m weld bead qua l i ty , t h r e e m e a s u r e s w e r e 

taken 

a) Welding p r o c e s s con t ro l by the m a n u ­

f a c t u r e r was r ev iewed and changes m e q u i p ­

m e n t , i n s t r u m e n t a t i o n , and i n s p e c t i o n w e r e 

m a d e . 

-9778 



Ser i a l 
Number 

A 

B 

C 

D 

1 

2 

3 

4 

5 

0 0 1 

0 0 2 

0 0 3 

004 

005 

006 

1 
Bellows A s s e m b l y M a t e r i a l 

and Configurat ion 

15-7 Mo, 0.010 in . thick 
15 convolut ions 
No s p r i n g 

15-7 Mo, 0.010 m . th ick 
15 convolut ions 
No sp r ing 

AM 350, 0.010 m . th ick 
15 convolut ions 
No sp r ing 

AM 350, 0.010 m . th ick 
14 convolut ions 
No sp r ing 

1 

AM 350, 0.010 m . thick 
14 convolut ions 
No sp r ing 

AM 350, 0.010 in. th ick 
14 convolut ions 

AM 350, 0.010 m . thick 
14 convolut ions 
No sp r ing 

AM 350, 0.010 in . th ick 
14 convolut ions 
No sp r ing 

AM 350, 0.010 m . th ick 
14 convolut ions 

AM 350, 0.010 m . th ick 
14 convolut ions 

AM 350, 0.010 m . th ick 
14 convolut ions 

E n v i r o n m e n t a l Tes t s 

Vibra t ion , Shock, 
and Acce l e r a t i on 

Qualif icat ion leve l , 
v ib ra t i on only-1 ps ig 
g lyce r ine fill to lOin.^ 

Qual if icat ion l eve l , 
v ib ra t i on only-1 ps ig 
g l y c e r i n e fill to 10 m . 

Qualif icat ion leve l , 
33 ps ig a lcohol fil l to 
10 in.3 

'' 

* 

^ 

* 

-

•f 

^ 

* 

'' 

Qualif icat ion l e v e l , 
v ib ra t ion only-5 ps ig 
a lcohol fill to 10 m.3^ 

•-

Expans ion C o m p e n s a t o r P r e s s u r e s | 

P r e l o a d 
(psi) 

* 

* 

^ 

'' 

0.30 p s i 
at 800 °F 

0.39 ps i 
at 800 °F 

0.95 ps i 
at R . T . 

0.65 p s i 
at R. T. 

0.60 p s i 
at R . T . 

0.87 p s i 
at R. T. 

0.57 p s i 
at R . T . 

0.427 ps i 
at R . T 

33 p s i — Launch 
R e s t r a i n e d 

* 

* 

0.030 m . to 0.050 
m . def lect ion of 
top bo t tom p la tes 

•s 

Leak m CD weld 

Leak m OD weld 

No d a m a g e 

No d a m a g e 

60 m .^ 
D i sp l acemen t 

* 

s 

-:= 

* 

"'-

-:= 

1.9 ps i 
at 800 °F 

1.95 ps i 
at 800 °F 

-s 

6.15 ps i 
at R . T . 

3.82 ps i 
at R . T . 

3.75 ps i 
at R . T . 

5.9 p s i at 
R . T . , 
5.2 ps i at 
800°F 

5.25 ps i 
at R. T. 

5.33 ps i 
at R . T . 

B u r s t 
P r e s s u r e 

Rupture at 7.5 
p s i , 195 in .3 
d i s p l a c e m e n t 

Rupture at 52 
p s i , launch 
r e s t r a i n e d 

Rupture at 68 
p s i , launch 
r e s t r a i n e d 

Rupture at 12 
p s i , 214 m .^ 
d i s p l a c e m e n t 

* 

* 

:= 

•s 

* 

No fa i lu re 
3 4 p s i , 123 
in .3 d i s p l a c e ­
men t at 8 0 0 ° F 

Rupture at 9.9 
p s i , 135 m . 

* 

!̂  

Fat igue Cycles 
P r e s s u r e / D e f l e c t i o n 
(Room T e m p e r a t u r e ) 

10 c y c l e s , 0 to 75 
in.- ' d i s p l a c e m e n t 

10 c y c l e s , 0 to 75 
in .^ d i s p l a c e m e n t 

10 c y c l e s , 0 to 75 
m.- ' d i s p l a c e m e n t 

-s 

2 c y c l e s , 0 to 75 
in.3 d i s p l a c e m e n t 

2 c y c l e s , 0 to 75 
i n . ' d i s p l a c e m e n t 

Rupture af ter 
33,94T) c y c l e s , 
0 to 62 m.^ 

F a i l u r e af ter 44,508 
c y c l e s , 0 to 62 in.3 

s 

' 

* 

Ruptu re eifter 3 c y c l e s 
0 to 90 m.^ + 150 
p r e v i o u s Circles, 
0 to 62 m. 

Rupture after 17,810 
c y c l e s , 0 to 62 in . 

Rup ture af ter 5,311 
c y c l e s , 0 to 62 m.^ 
d i s p l a c e m e n t 

The r m o m e c h a n i c a l 
Cyc les 

* 

* 

2 c y c l e s , 0 to 60 
i n . 3 , R. T . to 
800 ' 'F 

-f 

6 c y c l e s , 0 to 75 
i n . 3 , R. T. to 
8 0 0 ° F 

6 c y c l e s , 0 to 75 
i n . 3 , R. T. to 
8 0 0 ° F 

:= 

:= 

3 c y c l e s , 0 to 75 
m . ^ , R. T. to 
8 0 0 ° F 

fi 

• 

* 

•̂< 

' 

a 

O p e r a t i n g E n d u r a n c e 
(NaK-Vacuum E n v i r o n m e n t ) 

* 

* 

# 

* 

•f 

* 

* 

+ 

* 

* 

* 

• * 

:= 

s 

* 

*No test performed. 
Note R .T . — room temperature 

All pressures shown are gauge pressures . Tab le 4 . Single Bel lows A s s e m b l y T e s t 
S u m m a r y (Sheet 1 of 3) 
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S e r i a l 
N u m b e r 

007 

008 

009 

0 1 0 

0 1 2 

0 1 3 

0 1 4 

0 1 5 

0 1 6 

0 1 7 

0 1 8 

0 1 9 

Bel lows A s s e m b l y M a t e r i a l 
and Conf igura t ion 

AM 350, 0.010 m . th ick 
14 convolut ions 

AM 350, 0.010 m . t h i ck 
14 convolut ions 

E n v i r o n m e n t a l Tes t s 

Vibra t ion , Shock, 
and A c c e l e r a t i o n 

Qual i f icat ion level , 
5 psiB a lcohol fil l to 
10 inT^ 

Expans ion Compensa to r P r e s s u r e s 

Qual i f icat ion level , 
5 p s ig a lcohol fil l to 
10 ITL? 

Accep tance l eve l t e s t 

Accep tance level tes t 

Qual i f icat ion leve l , 
5 p s i e a lcohol fill to 
10 inT^ 

Qual i f icat ion level , 
5 ps ig a lcohol fil l to 
10 in°^ 

P r e l o a d 
(psi) 

0.62 p s i 
a t R. T. 

0.5 p s i 
at R . T . 

0.6 ps i 
at R . T . 

0.65 p s i 
a t R. T . 
0.50 p s i 
a t S O C F 

1.0 p s i 
at R. T. 
0.85 p s i 
at 800»F 

0.75 ps i 
at R. T. 
0.65 ps i 
at 8 0 0 ° F 

0.68 ps i 
at R . T . 
0.55 ps i 
a t 800 °F 

0.85 ps i 
at R. T. 

0.85 ps i 
at R . T . 

0.99 p s i 
at R . T . 
0.90 ps i 
at 8 0 0 ° F 

0.90 p s i 
at R . T . 

33 ps i — Launch 
R e s t r a i n e d 

No d a m a g e 

No d a m a g e 

60 m.^ 
Di sp l acemen t 

5.45 ps i 
at R. T. 

5.22 ps i 
at R. T. 
4.4 ps i 
at 800 °F 

5.47 ps i 
at R . T . 
4.85 ps i 
at 800 ' 'F 

5.75 ps i 
a t R . T . 

5.20 ps i 
at 800°F 

5.05 ps i 
at 800 ' 'F 

5.00 ps i 
at 800 ' 'F 

B u r s t 
P r e s s u r e 

No fa i lu re -
11 ps i at 120 
in.3 
d i s p l a c e m e n t 

Fa t igue Cycles 
P r e s s u r e / D e f l e c t i o n 
(Room T e m p e r a t u r e ) 

5 ps i 
at 800°F 

5.8 ps i 
at 800°F 
9.7 p s i with 
GTAat 
750°F 

5.13 ps i 
at 800 "F 

5.30 ps i 
at 800°F 

T h e r m o m e c h a n i c a l 
Cyc les 

O p e r a t i n g E n d u r a n c e 
(NaK-Vacuum Env i ronmen t ) 

20 c y c l e s , 0 to 60 
in .3 at R. T. to 
800 ' 'F 

2 c y c l e s , 0 to 75 
in .3 at R. T. to 
800°F 

2 c y c l e s , 0 to 75 
i n . 3 , R. T . to 
950°F 

c y c l e s , 0 to 60 
3 , R. T . to 

9 
m . 
gso'F 

m.^ 
800 

12 c 
i n . ^ 
750 
eye] 
800 

7 0 c 
i n . ^ 
750 

, R. 
'F 

T. 

y c l e s , 
, R 
' F , 
e s . 
°F 

ycle 
, R. 
' F 

T 
2 -
R 

s , 
T 

to 

0 to 60 
to 

1/2 
T. to 

0 t o 6 0 
to 

14 c y c l e s , 0 t o 6 0 
in .^ , R. T. to 
750°F 

1538 h r at 60 in . , 800°F 
F i n a l p r e s s u r e = 3.65 ps i 
High r e l a x a t i o n - t e s t 
d i scon t inued 

70 h r at 60 m . , 950°F 
Stacked he igh t = 2.15 in . 
O r i g i n a l 1.07 in . 
High r e l a x a t i o n - t e s t 
d i scon t inued 

10 h r at 60 in . ' ' , 950°F 
High r e l a x a t i o n - t e s t 
d i scon t inued 

2238 h r at 60 in .^ , 725°F 
F S M - 1 s y s t e m t e s t . Unit 
m e t s y s t e m r e q u i r e m e n t s 

2238 h r at 60 m . ^ , 725°F 
F S M - 1 s y s t e m t e s t . Unit 
m e t s y s t e m r e q u i r e m e n t s . 

936 h r at 60 in . , 750°F 
F i n a l p r e s s u r e = 9.15 ps i 
After 2960 h r , 8 0 0 ° F 
F i n a l p r e s s u r e = 8.6 ps i 
Tes t d i scon t inued 

310 h r at 6 0 i n . ' , 750°F 
F i n a l p r e s s u r e = 4.52 psi 
Tes t d i scon t inued 

5995 h r at 60 in .^ , 750 ' 'F 
F i n a l p r e s s u r e = 4 . 2 5 p s i 
Tes t d i scon t inued 

*No t e s t p e r f o r m e d . 
Note R. T. — r o o m t e m p e r a t u r e 

All p r e s s u r e s shown a r e gauge p r e s s u r e s . 

T a b l e 4 . S i n g l e B e l l o w s A s s e m b l y T e s t 
S u m m a r y ( S h e e t 2 of 3) 

N A A - S R - 9 7 7 8 
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117 

118 

119 

Bellows A s s e m b l y M a t e r i a l 
and Configurat ion 

AM 350, 0.010 m . 
14 convolut ions 

th ick 

AM 350, 0.010 m . 
14 convolut ions 

th ick 

AM 350, 0.010 m . th ick 
14 convolut ions 
No sp r ing 

AM 350, 0.010 in . thick 
14 convolut ions 

AM 350, 0.010 m . 
14 convolut ions 

thick 

Env i ronmen ta l Tes t s 

Vibra t ion , Shock, 
and Acce l e r a t i on 

Acceptance leve l , 5 psig 
a lcohol fill to 10 in.3 

Acceptance and qua l i ­
f icat ion level , 5 p s ig 
a lcohol fill to 10 m .3 

Acceptance leve l , 5 ps ig 
a lcohol fil l to 10 in.3 

Acceptance leve l , d ry , 
u n p r e s s u r i z e d 

Acceptance leve l , d r y , 
u n p r e s s u r i z e d 

Acceptance leve l , d r y , 
u n p r e s s u r i z e d 

Accep tance l eve l , d r y , 
u n p r e s s u r i z e d 

Acceptance l eve l , d r y , 
u n p r e s s u r i z e d 

Expans ion C o m p e n s a t o r P r e s s u r e s 

P r e l o a d 
(psi) 

1.37 ps i 
at R. T. 

1.42 ps i 
at R . T . 

1.40 ps i 
at R. T. 

1.34 ps i 
at R . T . 

1.45 ps i 
at R . T . 

1.42 ps i 
at R. T. 

1.50 p s i 
at R . T . 

1.50 p s i 
at R. T. 

1.05 p s i 
at R. T. 

1.20 ps i 
at R . T . 

1.10 p s i 
at R . T . 

•!=No t e s t p e r f o r m e d . 
Note R . T . — r o o m t e m p e r a t u r e 

All p r e s s u r e s shown a r e gauge p r e s s u r e s . 

33 p s i — Launch 
R e s t r a i n e d 

No d a m a g e 

No d a m a g e 

* 

No d a m a g e 

* 

No d a m a g e 

No d a m a g e 

60 m.- ' 
D i sp l acemen t 

5.45 p s i 
at 750°F 

5.27 ps i 
at 750°F 

5.02 p s i 
at 750°F 

5.27 ps i 
at 750 ' 'F 

5.38 ps i 
at 750 "F 

5.33 p s i 
at 750°F 

6.05 ps i 
at R. T. 

5.55 p s i 
at 750 ' 'F 

5.13 ps i 
at 750°F 

B u r s t 
P r e s s u r e 

Fa t igue Cyc les 
P r e s s u r e / D e f l e c t i o n 
(Room T e m p e r a t u r e ) 

Rup tu re at 51 
p s i , 120 in.^ 
d i s p l a c e m e n t , 
along c i r c u m . 
3 OD we lds 

T h e r m o m e c h a n i c a l 
Cyc les 

10 cycles, 
in.3, R . T . 
750''F 

1 cycle, 
in.3, R. 
750°F 

0 to 60 
to 

0to72 
T. to 

1 c y c l e , 0 t o 7 2 
i n . 3 , R . T . to 
7 5 0 ° F 

1 c y c l e , 0 t o 7 2 
i n . 3 , R. T. to 
750°F 

1 c y c l e , 0 t o 7 2 
i n . 3 , R. T . to 
750 ' 'F 

1 c y c l e , 0 to 72 
i n . 3 , R. T. to 
7 5 0 ° F 

* 

* 

1 c y c l e , 
in .3 R . T 
750°F 

0 to 72 
to 

1 cyc l e 
in .3 R . T 
750 ' 'F 

0 to 72 
t o 

Ope ra t i ng E n d u r a n c e 
(NaK-Vacuum E n v i r o n m e n t ) 

2203 h r a t 60 m . ' ' , 7 5 0 ° F 
F ina l p r e s s u r e = 5.0 p s i 
R u p t u r e d a f te r 2 0 h r a t 
120 i n . 3 , 11 ps i 

After 1.6 h r at 938 °F 
r e a c t o r outlet t e m ­
p e r a t u r e , F S - 1 unit 
fa i led 

After 1.6 h r at 938 "F 
r e a c t o r out le t t e m ­
p e r a t u r e , F S - 1 uni t 
fai led 

T a b l e 4 . S i n g l e B e l l o w s A s s e m b l y T e s t 
S u m m a r y ( S h e e t 3 of 3) 

N A A - S R - 9 7 7 8 
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Serial 
Number 

001 

002 

003 

004 

005 

006 

007 

008 

009 

010 

Bellows Assembly Material 
and Configuration 

AM 350, 0.009 in, thick 
13 convolutions 

AM 350, 0.0 
13 convoluti< 
No spring 

' 

09 in. thick 
5ns 

' 

AM 350, 0.009 in. thick 
13 convolutions 
No spring 

AM 350, 0.009 in. thick 
13 convolutions 

AM 350, 0.009 in. thick 
13 convolutions 

AM 350, 0.009 in. thick 
13 convolutions 
No spring 

AM 350, 0.009 in. thick 
13 convolutions 

Environmental Tests 

Vibration, Shock, 
and Acceleration 

* 

* 

* 

* 

* 

Qualification level 
No damage detected 

Qualification level 
No damage detected 

* 

Acceptance level 
No damage detected^ 

f = ' — • -

Expansion Compensator P res su res 

Preload 
(psi) 

* 

0.43''' 

0.76'l' 

0.62''' 

0.68'f 

0.65t 

0.67' 
1.05 w / s p . 
1.05at750''F 

0.54t 
0.98 w / s p . 
0.88at750°F 
0.62''' 

0.60t 
0.95 w / s p . 

3 1 psi — Launch 
Restrained 

* 

No damage 
detectedt 

\ ' 

No damage 
detectedt 

60 in.^ 
Displacement 

* 

3.37 psi''' 

3.57 psi' ' 

3.23 psi 

3.12 psi 

3.15 psi 

3.15 psi 

3.35 psi 
4.88 psi 
at 750 "F 

3.10 psi 

3.27 psi 
5.43 psi 

Burst 
P r e s s u r e 

Rupture, 156.5 
psi , 124 in.^ 
displacement 

* 

* 

* 

Rupture, 146 
psi , 123 in.-^ 
displacement 

* 

* 

* 

* 

Fatigue Cycles 
Pressure/Def lect ion 
(Room Temperature) 

* 

37,980 cycles , 0 to 
60 in.3, R.T. 
Rupture in one ID 
convolution weld 

* 

* 

* 

* 

* 

* 

30,000 cycles , 0 to 
60 in.3, R_ T. 
(no change in p r e ­
load) no damage 

100,000 cycles , 0 
to 60 in .3 , 
750"F, no failure 

• 
Thermomechanical 

Cycles 

* 

* 

* 

* 

* 

* 

12 cycles , 0 to 
60 in.3, R_T. 
to 750°F 

5 - l / 2 c y c l e s , 0 
to 60 in.3, 
R. T. to750' 'F 

* 

* 

Operating Endurance 
(NaK-Vacuum Environment) 

* 

* 

* 

* 

* 

* 

1158 h r at 60 in.3, 750°F 
F i n a l p r e s s u r e =4.28 psi 
24 h r at 120 in.3 
Final p res su re =9.52 psi 
No damage — test 
discontinued 
4250 hr at 60 in.^, 750 °F 
Final p res su re = 4.35 psi 
Test continuing 

* 

'f 

*No te s t performed 
tSupplier Proof Test Data 
§An additional 30,270 c y c l e s with a dwell at resonant frequency, 5 g load input. No damage was detected. 
Note: ECU numbers w e r e not ass igned for Development Tes ts although ECU's w e r e assembled except for instrumentation. 

w / s p . —with spring 
All p r e s s u r e s shown are gauge p r e s s u r e s . 

Table 5. Single Bellows Assembly Test 
Summary (Alternate Bellows Supplier) 

NAA-SR-9778 
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10 

INCLUDES INCLUDES 
12 I 3 

THERMAL-' THERMAL-
DEFLECTION I DEFLECTION 
—CYCLES CYCLES 

@ 750°F ; @ 800°F 

— 7 

tiJ 

z> 
<r> 
(jt 
UJ 
(C 
0 . 

O 
UJ 

S / N - 0 1 7 PLUS GROUND TEST ADAPTER 

AT 6 0 i n . ' NaK DISPLACEMENT, IN VACUUM 

TEST DISCONTINUED 
INCLUDED 15 THERMAL-
DEFLECTION CYCLES 

S / N - 0 1 8 AT 7 5 0 ° F , S O i n r 
NQK DISPLACEMENT, IN VACUUM 

TEST DISCONTINUED 
INCLUDED 70 THERMAL-
DEFLECTION CYCLES 

S /N -019 AT 750°F , 6 0 i n . ' 
• NaK DISPLACEMENT, IN VACUUM 

TEST DISCONTINUED 
'INCLUDED 14 THERMAL-

DEFLECTION CYCLES 

4 0psi= MINIMUM ALLOWABLE DESIGN PRESSURE THROUGH ONE YEAR OF ENDURANCE 

, EXPERIMENTAL DATA 
— — EXTRAPOLATED CURVES 

_L 
1000 2000 3000 4000 5000 

ENDURANCE TIME ( hr ) 
6000 7000 

6-11-65 

8000 9000 

7561-02716 

F i g u r e 19. Re laxa t ion C u r v e s of Single Bel lows A s s e m b l y 

b) A weld bead spec i f i ca t ion app l i cab l e to 

thin foil TICJ burndown w e l d s was app l i ed to 

be l lows f a b r i c a t i o n . This spec i f i ca t ion r e ­

q u i r e d a m i n i m u m p e n e t r a t i o n depth of 1.0 t 

and w h e r e p o r o s i t y or i nc lus ions w e r e p r e s e n t 

a m i n i m u m p r o j e c t e d d i s t a n c e , a s m e a s u r e d 

n o r m a l to the p lane of the be l lows d i s c , of 

1.5 t b e t w e e n the roo t of the weld and the 

n e a r e s t edge of the defec t w a s r e q u i r e d . 

c) R a d i o g r a p h i c i n spec t ion of a l l convolu­

t ion -welds w e r e m a d e to i m p l e m e n t (b) above . 

R a d i o g r a p h i c i n s p e c t i o n t echn iques for d e ­

t ec t i on of p o r e s and i n c l u s i o n s in OD and ID 

weld beads w e r e deve loped and then ve r i f i ed 

by m e t a l l u r g i c a l e x a m i n a t i o n . 

a. M e t a l l u r g i c a l E x a m i n a t i o n 

The f a i l u r e of the S /N- 105 be l lows o c c u r r e d 

in a r e g i o n w h e r e the weld bead p e n e t r a t i o n was 

^ T u n g s t e n i n e r t g a s (welding) 

NAA-SR-
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1.1 t vi'hich did sa t i s fy the weld spec i f i ca t ion ; it 

w a s the s m a l l e s t s i z e bead of those e x a m i n e d . 

Addi t iona l be l lows a s s e m b l i e s w e r e m e t a l l u r g i -

ca l ly e x a m i n e d and a s t a t i s t i c a l s tudy of weld 

bead g e o m e t r y was c a r r i e d out. Sec t ions w e r e 

cut f r o m the v a r i o u s be l lows a s s e m o l i e s , 

moun ted and e x a m i n e d m e t a l l o g r a p h i c a l l y . 

M e a s u r e m e n t s w e r e m a d e of weld bead width , 

depth and d e g r e e of a s y m m e t r y (va r i a t i on is p r o ­

j e c t e d ove rhang n o r m a l to the flat edge of the 

d i s c ) . E a c h sec t ion con ta ined 15 OD weld beads 

and 14 ID weld b e a d s , except for s e c t i o n s of 

Suppl ie r II b e l l o w s , which conta ined one l e s s 

convolut ion . Upwards of 1000 weld beads w e r e 

e x a m i n e d . The m e t a l l o g r a p h i c f indings for 

spec i f ic be l lows a s s e m b l i e s w e r e a s fol lows: 

1) Bel lows S / N - 0 1 3 (ECU-OOl) s u r v i v e d 

the 90 -day F S M - 1 o p e r a t i o n without inc iden t . 

9778 



5X 
a. E n l a r g e d View of Weld Bead C r a c k 

0.93X 
b . P a r t i a l View of Bel lows A s s e m b l y 

( a r r o w s ind ica te ends of c r a c k ) 

F i g u r e 20. ECU Bellows A s s e m b l y S/N 105 After F a i l u r e 

NAA-SR-9778 
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F i g u r e 21 . 
^rack Found in S/N 013 Be l lows A s s e m b l y 

After 90 Days S lOA-FSMl 
Sys t em O p e r a t i o n 

125X 

The ECU 001 be l lows w a s f rom an e a r l i e r p r o ­

c u r e m e n t g e n e r a t i o n than was the FS-1 be l lows , 

and i t had m o r e and l a r g e r gas bubble p o r e s than 

did the mo re r e c e n t l y p r o c u r e d b e l l o w s . Stati s -

t i c a l eva lua t ion of b e a d width and t h i c k n e s s 

shows a s m a l l e r v a r i a n c e than in the o the r bel -

lows (1.2 to 2.5 t ) . One of the weld b e a d s con­

ta ined a c r a c k n e a r the h e a t affected zone p r o p ­

aga t ing in shor t s t eps th rough the w e l d b e a d to 

within 0.002 in . of the ou t s ide of the bead . 

2) Bel lows S / N - 1 0 4 (ECU-022) was o v e r -

s t r e s s e d but did not fa i l . The be l lows was e x -
3 

panded to 120 in. . A good c o r r e l a t i o n was 

obta ined be tween the weld width and the weld 

p e n e t r a t i o n . No c r a c k s w e r e o b s e r v e d . 

3) Bel lows S / N - 1 1 4 (ECU-020) was b u r s t 

t e s t e d and fai led in four OD w e l d s . It was 

c r o s s sec t ioned in four p l aces and the weld 

beads m e a s u r e d . T h e s e m e a s u r e m e n t s con ­

f i r m e d the da ta obtained on E C U - 0 2 2 . All 

f a i l u r e in i t i a t ions w e r e a s s o c i a t e d with t h i n n e r -

t h a n - a v e r a g e weld beads (1.05 to 1.5 t ) ; s o m e 

of the f a i l u r e s p r o p a g a t e d th rough the weld 

beads and s o m e th rough the hea t affected 

zone (HAZ). 

4) A l t e r n a t e Suppl ie r Unit S /N-001 was 

b u r s t t e s t e d and fai led c o m p l e t e l y a r o u n d 

t h r e e OD convolut ion w e l d s . All f a i l u re s 

w e r e in the HAZ and none through the w e l d s . 

The ID we lds w e r e s m a l l e r , on a v e r a g e , than 

the OD w e l d s . The p e n e t r a t i o n t h i c k n e s s of 

weld beads in the f a i lu re r eg ion r anged f rom 

1.9 to 2.8 t. 

5) A l t e r n a t e Suppl ie r Unit S /N-002 fai led 

in one ID weld a s a r e s u l t of a cyc l ic fat igue 

t e s t . S e v e r a l o the r ID we lds conta ined fat igue 

NAA-SR-9778 
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a. Accep t ab l e Weld Bead 
lOOX 

b . Weld Bead With L a r g e P o r e 
(unacceptab le ) 

lOOX 

c. U n s y m m e t r i c a l Weld Bead 
(unaccep tab le ) 

USX 
d. U n d e r s i z e Weld Bead 

(unaccep tab le ) 

lOOX 

F i g u r e 22 . Bel lows Weld Bead C r o s s - S e c t i o n s - M a t e r i a l AM-350 

NAA-SR-9778 
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a. Extreme Undersize Weld Bead 
(unacceptable) 

b. Extreme Undersize Weld Bead With 
Excessive Root Gap 

(unacceptable) 

• 
1 
V- 1 

t̂  
^K^^^ 

K . f 1 
HI 

^̂ m̂̂^̂^̂^̂  

¥ 

Ll*#f ft,"^-rf *« -^f^J^ 

HH^H 

1 
1 
fl 

,il 

/ J H ^ ^ ^ ^ ^ ^ H 

£it'««i'>&'^i^^^^HHH 

c. Crack m Heat-affected Zone of Weld 
Bead (unacceptable, not detectable 

by nondestructive testing) 

d. Inclusion m Weld Bead (acceptability 
dependent on size and location of 

inclusion) 

Figure 23. Bellows Weld Bead Cro ss Sections — Material AM-350 
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"C ' 1 

c r a c k s which had not p r o g r e s s e d to f a i l u r e . 

The OD we lds •were s m a l l e r , on a v e r a g e , than 

the ID w e l d s . 

The conc lus ions r e s u l t i n g f rom the m e t a l ­

l u r g i c a l s t ud i e s w e r e a s follows 

1) Convolut ion weld jo in t f a i lu re o c c u r r e d 

p r e f e r e n t i a l l y m th inne r than a v e r a g e weld 

beads which p roved to be weak l inks in the a s ­

s e m b l y , the c r a c k s that developed w e r e con­

fined to the loca l r e g i o n s of the thin weld 

s e c t i o n s . 

2) Weld beads having l e s s than 1.2 t p e n e ­

t r a t i o n depth tended to fail th rough the weld 

bead r a t h e r than in the hea t affected zone . 

Since a p r o p e r l y fo rmed weld joint should be 

s t r o n g e r than the hea t affected zone ( t r ans i t i on 

r eg ion be tween the weld joint and the b a s e 

m e t a l ) a s a t i s f a c t o r y weld bead should have a 

p e n e t r a t i o n depth g r e a t e r than 1.2 t. 

3) The app l i cab le weld bead spec i f i ca t ion 

r e q u i r i n g a m i n i m u m of 1 0 t depth was in ­

adequa te to e n s u r e r e q u i s i t e r e l i ab i l i t y of the 

we lded bel lows a s s e m b l i e s . A m i n i m u m of 

1.3 t a p p e a r e d to be adequa t e to p r e v e n t c r a c k ­

ing th rough the weld bead . 

b S t a t i s t i c a l S tudies 

R e g r e s s i o n s tud i e s w e r e p e r f o r m e d on data 

obta ined dur ing the m e t a l l u r g i c a l examina t ion of 

s even be l lows . The data a n a l y z e d c o n s i s t s of 

weld bead s i ze m e a s u r e m e n t s , t h i c k n e s s or p e n e ­

t r a t i o n , width and o v e r h a n g . See F i g u r e 24 for 

the d imens ion l o c a t i o n s . The r e s u l t s of the r e ­

g r e s s i o n s tud ies a r e shown m Tab le 6. 

The r e g r e s s i o n s tud ies ind ica te a c o r r e l a t i o n 

be tween the bead width and root t h i c k n e s s (weld 

pene t r a t i on ) which m e a n s that the t h i c k n e s s can 

be e s t i m a t e d wi th a high d e g r e e of a c c u r a c y by 

n o n d e s t r u c t i v e l y m e a s u r i n g the width As s e e n 

m the t ab le above , t h e r e i s 97.5% confidence that 

we lds exhibi t ing a p p r o x i m a t e l y 2 4 to 2 5 t width 

THICKNESS OR 
PENETRATION 

-WELD BEAD 

OVERHANG 
6 - 8 - 6 5 7 5 6 1 - 0 2 6 6 9 

F i g u r e 24. Weld Bead D i m e n s i o n s 

would a l s o have at l e a s t a 1.5 t p e n e t r a t i o n 

depth . 

S t a t i s t i c a l t e s t s w e r e a l s o p e r f o r m e d to d e ­

t e r m i n e if the weld beads w e r e a s y m m e t r i c a l . 

A tabu la t ion of the p e r t i n e n t data f r o m t h e s e 

s tud ies is shown m Tab le 7. 

The above tabu la t ion ind ica te s an a s y m m e t r i ­

ca l condi t ion for the weld b e a d s of be l lows a s ­

s e m b l i e s S / N - 1 0 2 , -106 , - 0 1 3 , and -114 and 

-001 Sufficient i n fo rma t ion i s not ava i l ab l e to 

d e t e r m i n e w h e t h e r it is m o r e p r e v a l e n t m e x ­

t e r i o r we lds than in i n t e r i o r w e l d s , or m e i the r 

v e n d o r ' s p roduc t . 

An a n a l y s i s of v a r i a n c e , p e r f o r m e d on the 

roo t t h i c k n e s s data f rom Bel lows S / N - 1 0 4 , i nd i ­

ca ted the following 

1) Root t h i c k n e s s of e x t e r i o r we lds is s i g ­

ni f icant ly l e s s than that of i n t e r i o r we lds 

2) Root t h i c k n e s s v a n e s s igni f icant ly 

among r e a d i n g s t aken a p p r o x i m a t e l y 90° a p a r t 

a round the e n t i r e be l lows , but does not v a r y 

s igni f icant ly among r e a d i n g s t aken wi thin 1/2 

to 1 m . of each o ther 

3) Root t h i c k n e s s v a r i e s s ignif icant ly 

among the 13 e x t e r i o r or i n t e r i o r s t a cked 

we lds with the be l l ows . 
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T A B L E 6 

REGRESSION STUDIES B E T W E E N BEAD WIDTH AND ROOT THICKNESS 
(WELD PENETRATION) 

Supplier I 

Supplier II 

102 

105 

104 

106 

114 

0 1 3 

017 

0 0 1 

0 0 2 

e x t 

i n t 

e x t 

i n t 

e x t 

i n t 

e x t 

i n t 

e x t 

i n t 

e x t 

m t 

e x t 

i n t 

e x t 

m t 

e x t 

i n t 

2 48 t 

2 95 t 

2 45 t 

2 86 t 

2 44 t 

2 86 t 

2 66 t 

3 03 t 

2 44 t 

2 52 t 

2 50 t 

2 59 t 

2 65 t 

2 67 t 

2 69 t 

2 57 t 

2 48 t 

2 69 t 

0 20 

0 23 

0 22 

0 22 

0 23 

0 26 

0 29 

0 32 

0 23 

0 17 

0 16 

0 17 

0 19 

0 11 

0 11 

0 17 

0 24 

0 27 

1 90 t 

2 50 t 

1 90 t 

2 55 t 

1 89 t 

2 39 t 

2 08 t 

2 46 t 

1 76 t 

1 84 t 

1 96 t 

2 05 t 

2 11 t 

2 19 t 

2 43 t 

2 12 t 

1 85 t 

2 04 t 

0 26 

0 24 

0 34 

0 44 

0 33 

0 22 

0 36 

0 36 

0 44 

0 16 

0 24 

0 26 

0 29 

0 16 

0 24 

0 19 

0 32 

0 23 

0 86 

0 86 

0 68 

0 31 

0 85 

0 68 

0 73 

0 80 

0 86 

0 80 

0 72 

0 66 

0 91 

0 77 

0 52 

0 80 

0 77 

0 73 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Y = -0 

Y - -0 

Y = -0 

Y - +0 

Y - -1 

Y - +0 

Y -0 

Y - -0 

Y = -2 

Y = -0 

Y = -0 

Y = -0 

Y = -1 

Y = -0 

Y - -0 

Y ~ -0 

Y -0 

Y +0 

88 + 

22 + 

73 + 

81 + 

09 + 

79 + 

38 + 

20 + 

21 + 

09 + 

69 + 

60 + 

63 + 

86 + 

51 + 

18 + 

69 + 

35 + 

1 12 X 

0 92 X 

1 08 X 

0 61 X 

1 22 X 

0 59 X 

0 93 X 

0 88 X 

1 62 X 

0 77 X 

1 06 X 

1 02 X 

1 41 X 

1 14 X 

0 09 X 

0 89 X 

1 02 X 

0 63 X 

2 37 t 

2 14 t 

2 55 t 

2 55 t 

2 41 t 

2 20 t 

2 57 t 

2 42 t 

2 57 t 

2 34 t 

2 38 t 

2 45 t 

2 40 t 

2 27 t 

2 20 t 

2 10 t 

2 52 t 

2 33 t 

Supplier I t ~ 0 010 in. .Supplier II t = 0 009 in. 
The meaning of a correlation coefficient being significant is an indication that the weld bead thick­
ness IS highly dependent upon the weld bead width A correlation coefficient of >0 20 is signifi­
cant for this analysis based on the sample size of over 100 samples per bellows 

tXhe regression line equations show the relationship between the bead thickness and bead width 
since a correlation exists 

F r o m knowledge of above c o m m e n t (1) and the 

fact that e x t e r i o r we lds a r e f a b r i c a t e d in a v e r t i ­

c a l p l ane , w h e r e a s i n t e r i o r w e l d s a r e f a b r i c a t e d 

m a h o r i z o n t a l p l ane , the m e a s u r e m e n t s t aken 

on a l l e x t e r i o r we lds w e r e a n a l y z e d s e p a r a t e l y 

f r o m the i n t e r i o r weld m e a s u r e m e n t s The data 

w e r e not s e p a r a t e d be tween we lds or s e c t i o n s , 

h o w e v e r , a s the effects no ted m above c o m m e n t s 

(2) and (3) a r e c o n t r i b u t o r s to the capab i l i t y of 

the weld ing p r o c e s s With th i s s e p a r a t i o n m the 

da ta , the capab i l i ty of the welding p r o c e s s , b a s e d 

on data f r o m S / N - 1 0 4 , i s a s follows 

E x t e r i o r Welds — Bead width = a v e r a g e bead 

width ± 0 693 t 

Bead t h i c k n e s s - a v e r a g e 

bead t h i c k n e s s ± 0 996 t 

I n t e r i o r Welds — Bead width = a v e r a g e bead 

width ± 0 77 4 t 

Bead t h i c k n e s s = a v e r a g e 

bead t h i c k n e s s ± 0 669 t 

This m e a n s the weld p r o c e s s is capab le of 

p roduc ing e x t e r i o r we lds having 99% of the bead 

widths w i t h m a 0 693 t of the a v e r a g e bead width 
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T A B L E 7 

W E L D B E A D A S Y M M E T R Y A N A L Y S I S 

Suppl ier I 

Suppl ier II 

104 

105 

106 

114 

013 

017 

001 

002 

ext 

int 

ext 

mt 

ext 

m t 

ext 

int 

ext 

int 

ext 

m t 

ext 

int 

ext 

int 

ext 

int 

No a s y m m e t r y data obta ined 

0 22 t 0 22 t 

0 42 t 0 44 t 

0 37 t 0 28 t 

0 58 t 0 45 t 

0 27 t 0 21 t 

0 25 t 0 32 t 

0 26 t 0 25 t 

0 27 t 0 32 t 

2 20 t 4 27 t 

3 20 t 3 49 t 

0 37 t 0 32 t 

0 29 t 0 28 t 

0 25 t 0 23 t 

0 35 t 0 36 t 

No 

No 

-
-
-
Yes 

-
Yes 

-

-

-

-
-
1̂  T 

_ 

-
Yes 

Yes 

No 

-
No 

-
No 

No 

Yes 

No 

No 

-

and 99% of the bead t h i c k n e s s wi thm 0 996 t of 

the a v e r a g e bead t h i c k n e s s , and i n t e r i o r we lds 

having 99% of the wid ths w i t h m 0 774 t of the 

a v e r a g e width and 99% of the bead t h i c k n e s s w i t h ­

in 0 669 t of the a v e r a g e t h i c k n e s s 

T h e s e t o l e r a n c e r e s u l t s ind ica te tha t the w e l d ­

ing p r o c e s s is not capab le of r e m a i n i n g w i thm 

the spec i f ied weld t o l e r a n c e s , 2 4 t m i n i m u m , 

and 3 5 t m a x i m u m width , which have an a v e r a g e 

of 2 95 t The bead widths that could be m a i n ­

t a ined 99% of the t i m e b a s e d on an a v e r a g e of 

2 95 t, a r e 2 26 t m i n i m u m and 3 64 t m a x i m u m 

for e x t e r i o r we lds The spec i f ied m i n i m u m bead 

t h i c k n e s s is 1 3 t which f r o m the s t a t i s t i c a l 

t o l e r a n c e s , i nd i ca t e s that the a v e r a g e t h i c k n e s s 

should be a s l a r g e a s 2 3 t for e x t e r i o r welds 

and 2 0 t for i n t e r i o r we lds 

In s u m m a r y , it can be conc luded f r o m the 

s t a t i s t i c a l data that the roo t t h i c k n e s s i s a d e ­

pendent v a r i a b l e of the weld bead width and if t he 

roo t t h i c k n e s s e s a r e l e s s than 1 3 t a po ten t ia l 

f a i lu re point is ind ica ted 

As a r e s u l t of th i s a n a l y s i s , we ld bead s i z e r e 

q u i r e m e n t s w e r e e s t a b l i s h e d and u s e d a s p a r t of 

the p u r c h a s e spec i f i ca t ion for the s e c o n d a r y con­

t a i n m e n t ECU a s s e m b l i e s The spec i f i ca t ion 

s i z e s a r e 

Weld bead width - 2 4 to 3 5 t 

Weld bead roo t t h i c k n e s s — 1 3 t m i n i m u m 

Overhang - 0 0005 m 

The dependency be tween bead width and p e n e t r a ­

t ion p e r m i t s i m p l e m e n t a t i o n of th is spec i f i ca t ion 

by 100% v i s u a l i n spec t ion of bead width 
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c. M a t e r i a l S tudies 

The m a t e r i a l u s e d for f ab r i ca t ion of the b e l ­

lows a s s e m b l i e s is AM-350 p r e c i p i t a t i o n h a r d e n -

ab le s t a i n l e s s s t e e l Typ ica l a n a l y s i s of A M -

350 i s p r e s e n t e d m Tab le 8 The m a t e r i a l is 

f o r m e d and welded m the m i U - s u p p l i e d condi t ion 

The m i l l hea t t r e a t m e n t c o n s i s t s of so lu t ion 

t r e a t i n g a t 1900 to 1975°F, followed by w a t e r 

quenching In th i s condi t ion the n o m i n a l r o o m 

t e m p e r a t u r e p r o p e r t i e s a r e 

Y S (0 2% offset) 

U T S 

Elonga t ion (m 2 m ) 

H a r d n e s s 

60,000 p s i 

145,000 p s i 

40 0 % 

20 0 Rockwel l C 

T A B L E 8 

TYPICAL ANALYSIS O F 
AM-350 ALLOY 

E l e m e n t 

C a r b o n 

M a n g a n e s e 

Si l icon 

C h r o m i u m 

Nickel 

Molybdenum 

Ni t rogen 

% 

0 08 

0 80 

0 25 

16 50 

4 30 

2 75 

0 10 

The S C T - 8 5 0 h e a t t r e a t m e n t c o n s i s t s of r e -

a n n e a l m g a t 17 10°F ± 25° — c a r b i d e p r e c i p i t a t i o n 

t e m p e r a t u r e r a n g e — then h a r d e n i n g by cool ing 

for 3 h r a t - 1 0 0 ° F (aus ten i te t r a n s f o r m s to 

m a r t e n s i t e ) followed by t e m p e r i n g for 3 h r a t 

850°F Th i s hea t t r e a t m e n t deve lops the h ighes t 

s t r e n g t h combined wi th adequa te duc t i l i ty 

Success fu l hea t t r e a t m e n t of AM-350 a l loy — 

deve lopmen t of r e q u i s i t e m e c h a n i c a l p r o p e r t y 

va lues — IS affected by s l ight v a r i a t i o n m c h e m i ­

ca l c o m p o s i t i o n th i s v a r i a t i o n m a y s t i l l con ­

f o r m to the AMS m a t e r i a l spec i f i ca t ion The 

ab i l i ty of the h e a t t r e a t e d a l loy to r e s i s t c o r r o ­

s ion IS a l s o dependen t upon the m a t e r i a l c h e m ­

i s t r y A s l ight e x c e s s of n i t r o g e n t ends to s t a ­

b i l i ze the a u s t e n i t e phase dur ing s u b - z e r o c o o l ­

ing r e s u l t i n g in d e c r e a s e d m a r t e n s i t e t r a n s f o r ­

ma t ion The a l loy thus affected has r e d u c e d t e n ­

s i l e s t r e n g t h and l o w e r e d r e s i s t a n c e to c o r r o s i o n 

This l a t t e r condi t ion is c r e a t e d by a r e d u c e d 

c o n c e n t r a t i o n of de l ta f e r r i t e . The de l ta f e r r i t e 

c o n c e n t r a t i o n for good c o r r o s i o n r e s i s t a n c e is 

however unknown E x c e s s of c a r b o n s i m i l a r l y 

r e d u c e s the c o r r o s i o n r e s i s t a n c e of A M - 3 5 0 . 

A c o r r e l a t i o n h a s been deve loped which shows 

the effect of c h e m i c a l c o m p o s i t i o n upon c o r r o ­

s ion su scep t i b i l i t y of AM-350 a l loy t Sal t s p r a y 

t e s t s w e r e p e r f o r m e d with m a t e r i a l f rom 49 

h e a t s of AM-350 The t e s t s c o n s i s t e d of expo­

s u r e s of s t r i p s of AM-350 , which w e r e s t r e s s e d 

by bending to 70% of u l t i m a t e , to a 20% sal t s p r a y 

so lu t ion for 168 h r Deve lopment of a c r a c k m 

the m a t e r i a l cons t i tu t ed f a i lu re The c o r r e l a t i o n 

IS shown g r a p h i c a l l y m F i g u r e 25 The t e s t r e ­

su l t s ind ica ted tha t s t r e s s c o r r o s i o n r e s i s t a n c e 

of AM-350 w a s i m p r o v e d by l imi t ing the c a r b o n 

plus n i t r o g e n content to a m a x i m u m of 0 185% 

and the c h r o m i u m plus 1 8 t i m e s the m o l y b d e n u m 

p e r c e n t a g e c o n c e n t r a t i o n to a m i n i m u m of 2 1 5% 

T h e s e r e q u i r e m e n t s w e r e m a d e a p a r t of the 

m a t e r i a l p r o c u r e m e n t spec i f i ca t ion for the SlOA 

c o m p e n s a t o r be l lows a s s e m b l i e s Salt s p r a y 

s t r e s s c o r r o s i o n t e s t s a r e m p r o g r e s s to ver i fy 

that the be l lows m a t e r i a l behaves s i m i l a r l y to 

the m a t e r i a l s t e s t e d by G Wald 

M e t a l l o g r a p h i c i nves t i ga t i on is cont inuing to 

g a m a b e t t e r u n d e r s t a n d i n g of condi t ions which 

*Al legheny Lud lum Stee l C o r p o r a t i o n b r o c h u r e SS47-Ed . 3 - 1 M - 3 6 3 J , " A M - 3 5 0 / A M - 3 5 5 P r e c i p i t a t i o n 
H a r d e n i n g S t a i n l e s s S t e e l s . " 

t G . Wald, Lockheed C o r p . , p a p e r p r e s e n t e d to the W e s t e r n Regiona l Confe rence of the Nat iona l A s s o ­
c ia t ion of C o r r o s i o n E n g i n e e r s . 
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F i g u r e 25 . Effect of AM-350 C h e m i c a l 
Compos i t ion Upon S t r e s s 
C o r r o s i o n Suscep t ib i l i ty 

can i m p r o v e the c o r r o s i o n r e s i s t a n c e of 

AM-350 a l loy . T h e s e condi t ions inc lude c h e m i ­

ca l compos i t i on , quench ing r a t e s a f t e r annea l ing , 

and aging t e m p e r a t u r e a f t e r s u b - z e r o cool ing . 

d. Qual i ty Con t ro l 

All s t r u c t u r a l m a t e r i a l s for the SlOA s e c ­

ondary con ta inmen t expans ion c o m p e n s a t o r 

uni ts which w e r e p r o c u r e d for deve lopmen t 

t e s t i n g , qua l i f i ca t ion and flight s y s t e m u t i l i z a ­

t ion w e r e p r o c u r e d in a c c o r d a n c e with app l i cab le 

AMS and ASTM s p e c i f i c a t i o n s , which w e r e u p ­

g r a d e d w h e r e r e q u i r e d a s p r e v i o u s l y noted. 

Ce r t i f i ed c h e m i c a l and phys i ca l a n a l y s e s w e r e 

r e q u i r e d f r o m a l l s u p p l i e r s and ver i fying ana ly ­

s e s w e r e p e r f o r m e d by the be l lows supp l i e r and 

a t AI. P r i o r to fo rming of be l lows d i a p h r a g m s , 

s a m p l e s of each AM-350 coi l w e r e m e c h a n i c a l l y 

t e s t e d in the a s - r e c e i v e d and hea t t r e a t e d con­

di t ion to ver i fy con fo rmance of yie ld s t r e n g t h , 

t e n s i l e , h a r d n e s s , and p e r c e n t a g e e longat ion 

va lues with the spec i f i ca t ion . Salt s p r a y s t r e s s 

c o r r o s i o n t e s t s w e r e a l s o p e r f o r m e d . 

S t r i c t p r o c e s s c o n t r o l s w e r e i m p o s e d upon 

fab r i ca t ion of the c o m p e n s a t o r a s s e m b l i e s . 

Speci f ica t ions w e r e p r e p a r e d for c l ean ing , we ld ­

ing, hea t t r e a t m e n t , r a d i o g r a p h i c in spec t ion , 

m a s s s p e c t r o m e t e r l eak de tec t ion , and 

packag ing . 

To a s s u m e full i m p l e m e n t a t i o n of the p r o c e s s 

c o n t r o l and in spec t ion spec i f i ca t ions the v e n d o r ' s 

equ ipment and p e r s o n n e l w e r e sub jec ted to a p ­

p r o v a l by AI Qual i ty A s s u r a n c e p r i o r to s t a r t of 

f ab r i ca t ion and the f ab r i ca t ion was fully m o n i ­

t o r e d by AI manufac tu r ing i n spec t ion p e r s o n n e l . 

3. Seconda ry Con ta inmen t ECU 

The s e c o n d a r y con ta inmen t ECU deve lopmen t 

t e s t p r o g r a m was des igned to g e n e r a t e p e r f o r m ­

ance capab i l i ty and to de l inea te componen t p r o b ­

l e m a r e a s in a r a p i d m a n n e r in o r d e r to con fo rm 

to the SNAP lOA p r o g r a m schedu le r e q u i r e m e n t . 

The f i r s t s e v e n s e c o n d a r y con t a inmen t c o m p e n ­

s a t o r s (Oi l t h rough 0 1 7 ) w e r e a s s i g n e d to d e v e l ­

opment t e s t u s e . Two add i t iona l uni t s (021, 022) 

w e r e subsequen t ly a s s i g n e d for deve lopmen t 

t e s t s . The deve lopmen t t e s t s e q u e n c e for e ach 

of the uni t s is shown in Tab le 9. The a c c e p t a n c e 

t e s t and qua l i f ica t ion t e s t condi t ions a r e p r e ­

s e n t e d in l a t e r s e c t i o n s of th is r e p o r t . 

As of the date of p r e p a r a t i o n of th i s p r o g r e s s 

r e p o r t , F e b r u a r y 18, 1965, the following p a r a ­

g r a p h s exp la in the s ignif icant deve lopmen t t e s t 

r e s u l t s . 

ECU Oil s a t i s f i ed a c c e p t a n c e t e s t r e q u i r e ­

m e n t s except for l eakage in the s e c o n d a r y s y s ­

t e m . The unit was not affected by the qua l i f i c a ­

t ion leve l shock , v ib ra t ion , and a c c e l e r a t i o n 

t e s t s . The p r i m a r y and s e c o n d a r y be l lows each 

s u s t a i n e d 200 ps ig i n t e r n a l p r e s s u r e a t m a x i ­

m u m bel lows def lec t ion of 3.64 in. wi thout f a i l u r e . 

The be l lows a s s e m b l i e s did unde rgo y ie ld . This 

p r e s s u r e capab i l i ty c o m p a r e d v e r y favorab ly 

with the r e s u l t s of s ingle be l lows ECU p r e s s u r e 

t e s t s . The unit was then sub jec ted to c o m p l e t e 

m e t a l l u r g i c a l a n a l y s i s . The l eakage in the s e c ­

onda ry s y s t e m was a s c e r t a i n e d to be due to 

s t r i n g e r s in the ou te r can weld p r e p a r a t i o n s . 
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T A B L E 9 
SECONDARY CONTAINMENT ECU D E V E L O P M E N T PROGRAM 

ECU 
N u m b e r 

O i l 

012 

0 1 3 

0 1 4 

015 

0 1 6 

017 

02 1 

0 2 2 

A c c e p t a n c e 
T e s t 

X 

X 

X 

X 

X 

X 

X 

X 

Qual i f ica t ion Leve l 
V ib ra t i on , Shock and 

A c c e l e r a t i o n 

X 

X 

X 

X 

X 

Fat igue Cycl ing 

Dwell a t r e s o n a n t 
v i b r a t i o n f r equency 

0 — - 6 0 in.3 30,000 

0—— 60 in.3 10,000 

E n d u r a n c e in 
NaK 

AV = 60 in.3 
T = 7 5 0 ° F 

AV = 74 i n 3 
T = 7 5 0 ° F 

AV = 60 in 3 
T = 7 7 5 ° F 

AV = 60 in 3 
T = 7 5 0 ° F 

AV = 60 in 3 
T = 8 0 0 ° F 

NaK m s e c o n d a r y 
T = 7 5 0 ° F 

B u r s t 
P r e s s u r e 

X 

X 

In o r d e r to e l i m i n a t e th i s p r o b l e m , the me thod 

of manufac tu r ing the ou te r can was changed f rom 

m a c h i n i n g it f rom heavy wa l l s e a m l e s s 347 C r e s 

tub ing , to fo rming it f r o m 347 s h e e t The shee t 

was r o l l e d into a c y l i n d r i c a l s h a p e , longi tudinal ly 

we lded , and then f o r m e d a t the ends to p rov ide 

the weld p r e p a r a t i o n s . This me thod of f a b r i c a ­

t ion p r e c l u d e d the p r e s e n c e of s t r i n g e r s lying 

m a d i r e c t i o n n o r m a l to the thin v/all of the 

o u t e r can , t h e s e cans w e r e i n s t a l l e d in a l l ECU 

uni t s f ab r i ca t ed subsequen t ly to 014 and solved 

the s e c o n d a r y l eakage p r o b l e m . 

ECU-012 was p l aced on e n d u r a n c e t e s t a t 

ECU des ign condi t ion a f t e r comple t i ng the a c ­

cep t ance t e s t This unit has o p e r a t e d s a t i s ­

f ac to r i ly m e x c e s s of 3400 hr and ope ra t i on is 

cont inu ing . The be l lows r e l a x a t i o n c h a r a c t e r ­

i s t i c IS shown in F i g u r e 26 E x t r a p o l a t i o n of 

th i s c u r v e to one y e a r ope ra t i on i nd i ca t e s that 

the p r e s s u r e d e g r a d a t i o n is wel l w i t h m the s p e c i ­

f ica t ion of a m i n i m u m of 4 p s i . 

ECU-013 IS being endu rance t e s t e d a t the off-
3 

des ign t e s t condi t ion of 74 m d i s p l a c e m e n t at 

7 5 0 ° F . This unit succes s fu l l y p a s s e d the a c ­

cep t ance t e s t and the qual i f ica t ion level shock , 
3 

v ib r a t i on , and a c c e l e r a t i o n t e s t s The 74 in 

d i s p l a c e m e n t r e p r e s e n t s the ope ra t ing vo lume 

of the S10A-FSM4 s y s t e m This unit has logged 

2 180 h r , the p r e s s u r e has changed f rom an i n i ­

t i a l va lue of 10 41 ps i to 9.21 ps i . E x t r a p o l a t i o n 

of the r e l a x a t i o n data shown g raph ica l ly in F i g ­

u r e 26 ind ica t e s that the p r e s s u r e d e g r a d a t i o n 

a t th i s o v e r - s t r e s s e d opera t ing condi t ion wil l 

s t i l l be l e s s than a l lowed per the des ign 

spec i f i ca t ion 

ECU-014 was u t i l i zed to inves t iga t e a poss ib l e 

p r o b l e m r e s u l t i n g f rom the addi t ion of the s e c ­

ondary be l lows to the c o m p e n s a t o r des ign the 

p r o b l e m being m a r g i n a l i n t e g r i t y of the s e c o n d ­

a r y be l lows dur ing the launch phase of s y s t e m 

ope ra t i on The s e c o n d a r y bel lows is m o r e s u s ­

cep t ib le to v ib ra t ion d a m a g e than the p r i m a r y 
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S/N-013 AT 750''F, 74 in3 NaK DISPLACEMENT, IN VACUUM 

S/N-012 AT 750°F, 6 0 i n ^ NaK DISPLACEMENT, IN VACUUM 
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SOLID LINES REPRESENT EXPERIMENTAL DATA 
DASHED LINES REPRESENT EXTRAPOLATED CURVES 
ALL TESTS ARE CONDUCTED WITH NAK-78 IN THE PRIMARY 
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Figure 26. SNAP lOA Developmental P rogram —Secondary Containment 
Expansion Compensator Units Relaxation Curves 
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be l lows s ince the f o r m e r is in a n ex tended , 

r e l a t i v e l y u n r e s t r a i n e d condi t ion a t l aunch . The 

p r i m a r y bello-ws i s in a c o m p r e s s e d condi t ion , 

r e s t r a i n e d by the a u x i l i a r y s p r i n g f r o m l a r g e 

a m p l i t u d e o s c i l l a t i o n . 

The r e s o n a n t f r equency of the s e c o n d a r y b e l ­

lows in i t s i n s t a l l e d condi t ion was m e a s u r e d and 

found to be 92.0 c p s . B a s e d upon a s s u m e d v i ­

b r a t i o n loading of the ECU du r ing launch , the 

p r e d i c t e d r e q u i r e d cyc le life of the be l lows i s 

1275 c y c l e s . To d e t e r m i n e the m a r g i n of safe ty 

the ECU-014 w a s v i b r a t e d a t the r e s o n a n t f r e ­

quency unt i l f a i l u r e . The f a i l u r e point was d e ­

t e r m i n e d by cont inuous vacuum p r e s s u r e change 

l e a k check du r ing v i b r a t i o n . A p i n - h o l e r u p t u r e oc -

c u r r e d a f te r 15,200 ± 1,200 c y c l e s . Th i s r e s u l t 

i nd ica t ed a sa fe ty f ac to r in e x c e s s of 10 and 

v e r i f i e d r e s u l t s obta ined in v i b r a t i o n t e s t s of 

s e c o n d a r y be l lows a s s e m b l i e s only. It was con­

c luded tha t no v i b r a t i o n d a m p e r s w e r e r e q u i r e d 

to be added to the s e c o n d a r y con t a inmen t ECU 

des ign . 

ECU-014 w a s subsequen t ly sub jec t ed to a 

p r e s s u r e t e s t of the p r i m a r y bellovirs. The b e l ­

lows w a s sub jec ted to 150 psig wi thout r u p t u r e , 

which ve r i f i ed the ECU-011 p r e s s u r e t e s t r e ­

s u l t s . The high r u p t u r e s t r e n g t h of the new b e l ­

lows a s s e m b l i e s was a t t r i b u t e d to i m p r o v e m e n t 

i n m a n u f a c t u r i n g qua l i t y , e s p e c i a l l y a s r e l a t e d 

to the convolut ion weld b e a d s . 

E C U - 0 1 5 was a c c e p t a n c e t e s t e d , sub jec t ed to 

qua l i f i ca t ion l eve l shock and v i b r a t i o n and then 

e n d u r a n c e t e s t e d a t the of f -des ign condi t ion of 
3 

60 in . d i s p l a c e m e n t a t 7 7 5 ° F . Af ter 2250 h r 

the p r e s s u r e has d e c r e a s e d f r o m 8.22 to 7.06 p s i . 

Th i s uni t , a s shown in F i g u r e 26 wi l l a l s o con­

f o r m to the m i n i m u m p r e s s u r e r e q u i r e m e n t a f t e r 

one y e a r o p e r a t i o n . T e m p e r a t u r e m e a s u r e m e n t s 

of the expans ion c o m p e n s a t o r s t aken dur ing 

o p e r a t i o n of S l O A - F S M l and FSM4 n o n n u c l e a r 

qua l i f i ca t ion t e s t s y s t e m s show tha t the a c t u a l 

componen t ope ra t i ng t e m p e r a t u r e is ~ 7 2 5 ° F . 

The s u c c e s s f u l 7 7 5 ° F o p e r a t i o n i nd i ca t e s tha t 

the ECU h a s an adequa te ope ra t ing t e m p e r a t u r e 

m a r g i n . 

E C U - 0 1 6 was succe s s fu l l y a c c e p t a n c e t e s t e d 

and then sub j ec t ed to 30,000 def lec t ion c y c l e s of 

3 

z e r o to 60 in . d i s p l a c e m e n t a t r o o m t e m p e r a ­

t u r e . The p r i m a r y be l lows s u s t a i n e d the cycl ing 

wi th no d a m a g e . The s e c o n d a r y be l lows fai led, 

h o w e v e r , be tween 500 and 5000 c y c l e s . The 

g r o s s u n c e r t a i n t y in t h i s n u m b e r i s due to the 

fact tha t the cyc l e coun te r w a s connec ted to the 

p r i m a r y b e l l o w s , which did not fa i l , and that the 

s e c o n d a r y be l lows f a i l u r e o c c u r r e d dur ing a 

p e r i o d of una t t ended o p e r a t i o n . The cycl ing r a t e 

was ~ 5 c p m . The e a r l y fa i lu re of the s e c o n d a r y 

be l lows was due to " o i l - c a n n i n g " of the convo lu ­

t ions a t l a r g e de f l ec t i ons . To r e m e d y th i s p r o b ­

l e m the n u m b e r of convolut ions of the s e c o n d a r y 

be l lows w a s i n c r e a s e d f r o m 13 to 18 to d e c r e a s e 

the def lec t ion pe r convolu t ion that o c c u r r e d d u r ­

ing ECU o p e r a t i o n . This change w a s i n s t i t u t ed 

on a l l c o m p e n s a t o r uni t s s t a r t i n g with E C U - 0 1 7 . 

ECU-017 w a s s u c c e s s f u l l y a c c e p t a n c e t e s t e d , 
3 

sub jec t ed to 10,000 cyc l e s of z e r o to 60 in. d i s ­

p l a c e m e n t a t r o o m t e m p e r a t u r e , and then e n ­

d u r a n c e t e s t e d a t d e s i g n cond i t i ons . Th i s uni t 

h a s b e e n r e a s s i g n e d to a qua l i f i ca t ion unit s t a t u s 

and t e s t r e s u l t s a r e r e p o r t e d in the qua l i f i ca t ion 

s e c t i o n of th i s r e p o r t . 

ECU-02 1 was sub jec ted to high t e m p e r a t u r e 

e n d u r a n c e t e s t i n g in a gas t e s t r ig i n s t ead of 

NaK. The p u r p o s e was to p rov ide a c c e l e r a t e d 

be l lows r e l a x a t i o n d a t a . After a c c e p t a n c e t e s t ­

ing the uni t was. sub jec ted to 5 t h e r m a l c y c l e s a t 

t e m p e r a t u r e s r ang ing f r o m r o o m t e m p e r a t u r e to 

a high end r a n g e of 785 to 8 1 3 ° F . T h e s e t e s t s 

r e s u l t e d in an e x c e s s i v e d e g r a d a t i o n in b r e a k ­

away p r e s s u r e : 0.87 to 0.31 p s i . The d e s i g n r e ­

q u i r e d i s 0.90 ps i m i n i m u m . All s e c o n d a r y c o n ­

t a i n m e n t ECU'S have sa t i s f i ed this r e q u i r e m e n t 
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a s d e t e r m i n e d by a c c e p t a n c e t e s t excep t for 

E C U - 0 2 0 . I ts b r e a k a w a y p r e s s u r e (PT,) w a s 

0.7 1 ps i . The r e s u l t s of t e s t i ng of ECU-02 1 

showed the l a r g e P^ l o s s tha t can r e s u l t f r o m 

hea t ing the ECU in e x c e s s of 7 7 5 ° F . A s lo t t ed 

s p a c e r was d e s i g n e d and t e s t e d to a c t a s a s h i m 

on the a u x i l i a r y s p r i n g and i n c r e a s e the P_ by 

0.2 ps i in the event that e x c e s s i v e t e m p e r a t u r e s 

o c c u r r e d dur ing t h e r m a l r e f e r e n c e t e s t ing of 

flight s y s t e m s . 

The ECU-02 1 has logged 500 hr a t 800°F and 
3 

60 in . d i s p l a c e m e n t s u b s e q u e n t to the 5 t h e r m a l 

c y c l e s . The p r e s s u r e at 60 in. changed f r o m 

6.28 to 6.07 p s i . E n d u r a n c e t e s t i ng of th is unit 

is cont inuing a t 825 ° F . 

The deve lopmen t t e s t s of the s e c o n d a r y con­

t a i n m e n t ECU a r e cont inu ing . Mos t t e s t s a r e in 

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

the s e c o n d a r y s y s t e m to conta in NaK in the event 

of a p r i m a r y be l lows l eak is in p r e p a r a t i o n . The 

deve lopmen t p r o g r a m c o m p l e t e d to da te shows 

tha t the s e c o n d a r y con t a inmen t ECU d e s i g n c o n ­

f o r m s to the c o m p o n e n t spec i f i ca t ion and exceeds 

the p e r f o r m a n c e and r e l i a b i l i t y of the s ingle b e l ­

lows ECU des ign . 
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VI. QUALIFICATION TEST PROGRAM 

A QUALIFICATION TEST R E Q U I R E M E N T S 

The objec t ive of the qua l i f i ca t ion t e s t p r o ­

g r a m i s to ve r i fy tha t the s e l e c t e d ECU d e s i g n 

wi l l fulfill a l l p e r f o r m a n c e r e q u i r e m e n t s of a 

flight s y s t e m componen t . 

B. QUALIFICATION TEST P R O C E D U R E 

In o r d e r to fulfill the t e s t ob jec t ive , four 

E C U ' S a r e sub jec t ed to a s equence of t e s t s d e ­

s igned to effect ively s i m u l a t e the d e s i g n c o n d i ­

t ions to which a flight s y s t e m is c h r o n o l o g i c a l l y 

sub jec t ed f r o m the t i m e of componen t f a b r i c a ­

t ion th rough the o p e r a t i o n a l l i f e t ime m o rb i t . 

T h r e e of the four E C U ' s a r e to unde rgo the 

e n d u r a n c e phase of the t e s t s e q u e n c e a t n o r m a l 
3 

d e s i g n ope ra t i ng cond i t i ons , i. e , 60 m NaK 

d i s p l a c e m e n t at 7 5 0 ° F m a v a c u u m e n v i r o n ­

m e n t , t h rough 90 days to m e e t the SlOA 

SNAPSHOT d e s i g n objec t ive and for one y e a r to 

m e e t the SlOA s y s t e m objec t ive 

The four th ECU is to u n d e r g o i t s e n d u r a n c e 

p h a s e of the t e s t s equence m the mal func t ion d e -
3 

s ign ope ra t i ng condi t ion , i . e. , 120 m NaK d i s ­

p l a c e m e n t a t 7 5 0 ° F m a v a c u u m e n v i r o n m e n t , 

t h rough a t l e a s t 24 h r . Such o p e r a t i o n could be 

r e q u i r e d of a flight s y s t e m ECU if, du r ing the 

e a r t h o r b i t a l p r e s t a r t u p p h a s e , the be l lows d e ­

f lec t ion locking pm on i t s compan ion ECU 

fai led to r e l e a s e on c o m m a n d 

Tne s e q u e n c e of qua l i f i ca t ion t e s t s is out l ined 

m Tab le 10. The t e s t s a r e r e f e r e n c e d to the 

fl ight s y s t e m t e s t p h a s e s being s i m u l a t e d . The 

m a j o r t e s t s of t h i s s equence a r e exp la ined m 

m o r e de ta i l in the following p a r a g r a p h s The 

de t a i l ed t e s t s a r e r e f e r e n c e d to Tab le 10 by t e s t 

n u m b e r s 

T e s t 1 — The ECU m u s t s a t i s f a c t o r i l y c o m ­

ple te the a c c e p t a n c e t e s t a s de l inea t ed m the 

A c c e p t a n c e T e s t P r o c e d u r e s ec t ion of t h i s r e ­

p o r t . As each ECU in s t a l l ed m a SNAP lOA s y s ­

t e m m u s t f i r s t s a t i s f a c t o r i l y c o m p l e t e t h i s a c ­

c e p t a n c e t e s t , full s i m u l a t i o n is ach i eved 

T e s t 7 — V i b r a t i o n and shock t e s t s a r e con ­

ducted in o r d e r to s i m u l a t e the dynamic m e ­

c h a n i c a l e n v i r o n m e n t i m p o s e d upon a flight s y s ­

t e m ECU dur ing launch and e a r t h o rb i t a l in ­

s e r t i o n The t e s t input load l eve l s a r e of suf­

f ic ient ly high mul t ip l i ca t ion f ac to r , wi th r e s p e c t 

to an t i c ipa t ed s y s t e m l o a d s , tha t th is se t of t e s t s 

s i m u l a t e s both the effects of s y s t e m p r e l a u n c h , 

a c c e p t a n c e v ib r a t i on t e s t s and those of launch 

and o rb i t a l i n s e r t i o n 

During t e s t i ng the ECU is mounted on a 9 ° 

offset f i x tu r e . This p r o v i d e s for d i s p l a c e m e n t 

inputs a long the NPU m a j o r axes with r e s p e c t to 

the ECU r a t h e r than the m a j o r a x e s of the ECU 

i tsel f . The ECU u n d e r g o e s t es t ing with the p r i ­

m a r y be l lows fi l led with e thanol unde r 5 -ps ig 

s t a t i c p r e s s u r e at the p i n - l o c k e d pos i t ion . A s inu ­

so ida l v ib r a t i on t e s t is conducted along each of 

the t h r e e m a j o r NPU a x e s of the f ix tured ECU, 

p r o c e e d i n g f rom 5 - to 2000-cps input f r equency 

in 25 mm a t a cons t an t oc tave sweep r a t e In­

put loads a r e i m p o s e d per the following 

schedu le 

F r e q u e n c y 

5 to 20 cps 

20 to 400 cps 

400 to 2000 cps 

Load 

1/4 m double ampl i t ude 

5 0 g ' s 

7 5 g ' s 

A c c e l e r o m e t e r s moun ted on the ECU prov ide a 

r e c o r d of the ECU dynamic r e s p o n s e to the p r o ­

g r a m m e d input . 

Two shock c y c l e s a r e i m p o s e d m each d i ­

r e c t i o n along each m a j o r NPU ax is of the f ix­

t u r e d ECU before or a f te r the a p p r o p r i a t e v i ­

b r a t i o n sweep The shocks a r e of a p p r o x i m a t e 

h a l f - s i n e wave f o r m and of 6 m s e c du ra t ion each 

and a r e of the following m a g n i t u d e s 
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TABLE 10 
EXPANSION COMPENSATOR UNIT QUALIFICATION TEST SEQUENCE AND 

RELATIONSHIP TO SNAP lOA SYSTEM TEST PHASE SIMULATION 

Qualification Test Sequence System Test Phase 

1 Acceptance tests 

2 Deternaine secondary containment volume 

3 Seal secondary containment inlet line 

4 Determine weight — dry 

5 Examination 

6 Determine weight — ethanol filled, pin-locked 

at 5 psig 

7 Vibration and shock tes ts 

8 Determine p r imary containment volume when 
pin-locked at 5 psig 

9 Determine weight — ethanol filled, pin-locked 
at 34 psig 

10 Acceleration tes ts 

11 Determine pr imary containment volume when 
pin-locked at 34 psig 

12 Remove pin-puller actuator and determine p r i ­
mary bellows volume vs deflection over design 
range 

13 Redetermine dry weight 
14 Helium leak test 

vehicle launch 

vehicle launch 

Determine ECU acceptability for 
system use and NaK contain­
ment integrity through launch 
phase 

15 Install in endurance test rig and load pr imary 
bellows with NaK-78 

16 Conduct 5 deflection cycles at room temperature 
with the ground test adapter installed 

17 Conduct 5 thermal-deflection cycles with the 
ground test adapter installed 

Prelaunch 
system ground 

tes ts 

18 Conduct squib-firing pin-lock re lease test 
19 Conduct one deflection cycle without the ground 

test adapter installed 
20 Conduct 5 thermal-deflection cycles without the 

ground test adapter installed 

21 Helium leak test of secondary containment 

22 Conduct endurance test with intermittant helium 
leak tests of secondary containment 

Orbital startup 
and endurance testing 

of system in space 

23 

24 

25 

26 

Remove ECU from test r ig, remove NaK charge, 
and clean with butanol 

Helium leak test 

Conduct deflection cycle at room temperature 

Disassemble ECU and examine 

Pos t -mor tem 
examination of ECU 
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NPU Axis and D i r e c t i o n Shock Magni tude 

+X ( forward) 

-X (aft) 

+ Y, -Y, +Z, - Z 
( l a t e r a l and n o r m a l ) 

20 g ' s 

20 g ' s 

10 g ' s 

The shock and v i b r a t i o n t e s t s a r e conduc ted 

on a 7500- lb c a p a c i t y Ling Model A246 e l e c t r o ­

m a g n e t i c induc t ion s h a k e r s y s t e m and a s s o c i ­

a t ed m i c r o s l i p t ab le ( see F i g u r e 18 for a pho to ­

g r a p h of a t e s t s e tup ) . 

T e s t 10 — The a c c e l e r a t i o n t e s t s , l ike the 

v i b r a t i o n and shock t e s t s , a r e conduc ted m 

o r d e r to s i m u l a t e the flight s y s t e m launch and 

o r b i t a l i n s e r t i o n cond i t i ons . The ECU p r i m a r y 

bello-ws IS f i l led wi th e thano l and m a i n t a i n e d 

unde r 34 -ps ig s t a t i c p r e s s u r e m the p m - l o c k e d 

pos i t ion dur ing the t e s t r u n s . The 3 4 - p s i g p r e s ­

s u r e c o r r e s p o n d s to the p r e s s u r e i m p o s e d on a 

fl ight s y s t e m ECU by the s y s t e m NaK head a t 

m a x i m u m launch a c c e l e r a t i o n . The t e s t s a r e 

conduc ted m a 100-lb c a p a c i t y T r i o - T e c h Model 

G - 3 3 8 - 3 cen t r i fuge pe r the following schedu le 

S y s t e m Axis 
and D i r e c t i o n 

+X ( forward 

-X (aft) 

+ Y , - Y , + Z , - Z 
( l a t e r a l and 
n o r m a l ) 

L o a d D u r a t i o n 

5 g 10 m m 

10 g 10 m m 

6.3 g 10 m m each 

See F i g u r e 17 for a pho tograph of a t yp ica l t e s t 

s e tup 

T e s t s 16 and 17 - The ECU i s i n s t a l l e d m the 

h i g h - t e m p e r a t u r e , N a K - v a c u u m t e s t r ig ( s e e 

F i g u r e s 14, 15, and 16) w h e r e it r e m a i n s t h rough 

e n d u r a n c e t e s t i ng The Ground T e s t Adap te r 

(GTA) is i n s t a l l e d on the ECU The p r i m a r y 

be l lows i s loaded wi th NaK-78 via an a r g o n gas 

p r e s s u r i z e d NaK r e s e r v o i r 

P r i o r to NaK loading the p r i m a r y be l lows 

i n t e r i o r , t o g e t h e r wi th the i n t e r i o r of the NaK 

NAA-SR-

53 

t e s t s y s t e m , i s a l t e r n a t e l y evacua t ed and p u r g e d 

wi th a r g o n gas m o r d e r to r e d u c e oxygen c o n ­

ten t in the NaK c h a r g e . The e x t e r i o r of the 

E C U / G T A is s i m i l a r l y sub jec ted to evacua t ion 

and purg ing in the t e s t v a c u u m c h a m b e r p r i o r 

to t h e r m a l cyc l ing . This i s done to r e d u c e out -

g a s s m g p r e s s u r e r i s e s and oxida t ion of the 

E C U / G T A dur ing t e s t i n g . 

F i v e def lec t ion c y c l e s a r e conduc ted a t r o o m 

t e m p e r a t u r e wi th the E C U / G T A e x t e r n a l e n ­

v i r o n m e n t being a m b i e n t a i r a t a p p r o x i m a t e l y 

s t a n d a r d t e m p e r a t u r e and p r e s s u r e . The p r i ­

m a r y be l lows is def lec ted be tween z e r o d e f l e c -
3 

t ion ( ze ro d i s p l a c e m e n t vo lume) and 60 m . 

NaK d i s p l a c e m e n t by p r e s s u r i z i n g the a r g o n 

head on the NaK r e s e r v o i r 

F ive t h e r m a l - d e f l e c t i o n c y c l e s a r e conduc ted 

next wi th the E C U / G T A e x t e r n a l e n v i r o n m e n t 
. 3 

being 10 t o r r v a c u u m . The p r i m a r y be l lows 
3 

i s def lec ted , a s b e f o r e , be tween z e r o and 60 m . 

d i s p l a c e m e n t / v o l u m e whi le the ECU is s i m u l ­

t a n e o u s l y hea t ed f r o m r o o m t e m p e r a t u r e to 

7 5 0 ° F , holding a t 7 5 0 ° F - 6 0 m.^ for 1/2 h r d u r ­

ing each c y c l e . 

T h e s e t e s t s a r e conducted to s i m u l a t e a n t i c i ­

pa ted SNAP lOA p r e l a u n c h a c c e p t a n c e t e s t i n g of 

the e n t i r e NPU, both t h e r m a l and n o n t h e r m a l . 

T e s t s 18 and 19 — The be l lows locking p m e x ­

t r a c t i o n is t e s t e d by squib f i r ing the a c t u a t o r . 

Th i s t e s t s i m u l a t e s be l lows unlocking du r ing the 

flight s y s t e m e a r t h o rb i t a l p r e s t a r t u p p h a s e . 

The f i r ing is conducted m a m b i e n t a i r r a t h e r 

than v a c u u m a s the effect of pm r e l e a s e on ECU 

o p e r a t i o n , r a t h e r than squ ib p e r f o r m a n c e , is 

being t e s t e d The l ack of s p a c e - s i m u l a t m g 

v a c u u m is thus c o n s i d e r e d to be i r r e l e v a n t to 

the r e s u l t s of th is p a r t i c u l a r t e s t A def lec t ion 

cyc le is subsequen t ly conducted m r o o m t e m p e r ­

a t u r e a m b i e n t a i r to d e t e r m i n e if t h e pm r e l e a s e 

t e s t has a d v e r s e l y affected n o r m a l be l lows d e ­

f lec t ion capab i l i ty . T h e s e t e s t s a r e conduc ted 

on the ECU only, the GTA is f i r s t r e m o v e d . 
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T e s t 20 — Five t h e r m a l - d e f l e c t i o n c y c l e s a r e 

p e r f o r m e d a s m T e s t 17 wi th the except ion that 

the t e s t IS conducted on the ECU only, the GTA 

h a s b e e n r e m o v e d . Th i s t e s t i n g p r o v i d e s a con ­

f idence fac tor for the s y s t e m s p a c e s t a r t u p 

p h a s e . 

T e s t 22 — The e n d u r a n c e t e s t is conducted m 

o r d e r to s i m u l a t e flight s y s t e m d e s i g n ope ra t i on 

whi le m e a r t h o rb i t . The ECU r e m a i n s on con­

t inuous t e s t a t 7 5 0 ° F m a v a c u u m env i ronmen t 
-3 -4 

(10 to 10 t o r r ) -with the p r i m a r y con t a inmen t 

NaK filled and the s e c o n d a r y con ta inmen t evacu ­

a ted to 10 t o r r h e l i u m p r e s s u r e . The p r i ­

m a r y be l lows def lect ion is m a i n t a i n e d by v a r y ­

ing the a r g o n p r e s s u r e head on the NaK r e s e r -
3 

vo i r to p rov ide e i t h e r a cons t an t 6 0 - or 120-in. 
NaK d i s p l a c e m e n t v o l u m e , a s p r e v i o u s l y s t a t ed , 
t h rough a m i n i m u m t e s t life r e p r e s e n t i n g the 

3 
p r i m a r y qual i f ica t ion goal (90 days a t 60 in or 

3 
24 hr a t 120 in ) T h e s e t e s t s a r e to be c a r r i e d 

th rough to one y e a r of e n d u r a n c e , if p o s s i b l e , 

be fore concluding the t e s t and subjec t ing the 

uni t s to p o s t - m o r t e m e x a m i n a t i o n s . 

In addi t ion to the m a j o r t e s t p h a s e s d i s c u s s e d 

above , the ECU is a l s o sub jec ted to he l i um leak 

t e s t s a t s e v e r a l j u n c t u r e s of the t e s t s equence 

u t i l iz ing a s t a n d a r d , l a b o r a t o r y type , m a s s 

s p e c t r o m e t e r , l eak d e t e c t o r Such t e s t i ng i nd i ­

c a t e s any l o s s m con t a inmen t i n t e g r i t y i n c u r r e d 

dur ing t e s t i ng 

E a r l y m the s e q u e n c e , the ECU is a l s o s u b ­

j e c t e d to t e s t s , a s i nd ica t ed m Tab le 10, which 

d e t e r m i n e i ts ba s i c phys ica l c h a r a c t e r i s t i c s 

such a s weight , p r i m a r y be l lows z e r o de f l ec ­

t ion v o l u m e , p m - l o c k e d d i s p l a c e m e n t vo lume , 

and vo lume v e r s u s def lec t ion, and s e c o n d a r y 

con t a inmen t vo lume v e r s u s be l lows def lec t ion . 

E thano l is u sed a s the vo lume m e a s u r e m e n t 

m e d i u m m a l l c a s e s 

T e s t 26 —At the conc lus ion of e n d u r a n c e 

t e s t ing each ECU bel lows a s s e m b l y is to be s u b ­

j e c t e d to d e s t r u c t i v e m e t a l l u r g i c a l examina t ion 

of the be l lows we lds and o the r c r i t i c a l a r e a s . 

C QUALIFICATION TEST STATUS AND 
RESULTS 

At the p r e s e n t t i m e t h e r e a r e t h r e e E C U ' s 

(S /N-017 , - 0 2 3 , and -026) undergo ing the 90-

day e n d u r a n c e t e s t p h a s e of the qua l i f ica t ion 

t e s t s e q u e n c e . Al l t h r e e have s u c c e s s f u l l y c o m ­

ple ted the p r e c e d i n g t e s t p h a s e s out l ined m 

Tab le 10. The t h r e e un i t s a r e functioning p r o p ­

e r l y and have fulfilled or s u r p a s s e d des ign r e ­

q u i r e m e n t s to da t e . 

The four th ECU, which is to unde rgo e n d u r -

3 

ance a t 120 in p r i m a r y be l lows NaK d i s p l a c e ­

m e n t , wi l l be t e s t e d m the n e a r fu ture A s u m ­

m a r y r e p o r t , to be w r i t t e n a f te r comple t ion of 

a l l t e s t i n g , ^vlll de l inea t e the r e s u l t s of the t e s t ­

ing on a l l four u n i t s . The i n t e r i m r e s u l t s of 

p r e s e n t t e s t s a r e d i s c u s s e d m the following p a r a ­

g r a p h s . The s ignif icant t e s t r e s u l t s on E C U ' s 

S / N - 0 1 7 , - 0 2 3 , and -026 as opposed to des ign 

r e q u i r e m e n t s can be found m Tab le 1 1. 

F i g u r e 27 is a plot of the v o l u m e t r i c d i s p l a c e ­

m e n t v e r s u s be l lows def lect ion c h a r a c t e r i s t i c s 

of ECU S / N - 0 2 3 , a s found a t r o o m t e m p e r a t u r e 

using e thanol . The f igure g r a p h i c a l l y i l l u s t r a t e s 

the v o l u m e t r i c v a r i a n c e of the p r i m a r y and s e c ­

onda ry con ta inmen t c h a m b e r s a s m e a s u r e d , and 

a l s o a s c o r r e c t e d for des ign ope ra t ing t e m p e r ­

a t u r e . The m e a s u r e d v o l u m e t r i c d i s p l a c e m e n t 

of the p m - l o c k e d def lec t ion unde r a 5 -ps ig head 
3 

was found to be 16.9 m The d i s p l a c e m e n t 

vo lume a t the p m - l o c k e d pos i t ion unde r a 3 3 - to 

34-ps ig head , which c o r r e s p o n d s to the m a x i ­

m u m an t i c ipa t ed a c c e l e r a t i o n head o c c u r r i n g 

dur ing s y s t e m launch into s p a c e , was m e a s u r e d 
3 

a t 22 2 m Both va lues a r e m e x c e s s of the 

10 m r e q u i r e d m i n i m u m 

F i g u r e 28 is a plot of ECU S /N-023 p r e s s u r e 

v e r s u s def lect ion of the p r i m a r y be l lows The 

f igure g r a p h i c a l l y i l l u s t r a t e s t e s t p r e s s u r e s 
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TABLE 11 

PRIMARY OPERATING CHARACTERISTICS OF QUALIFICATION E C U ' s 
S / N - 0 1 7 , - 0 2 3 , -026 

C h a r a c t e r i s t i c 

Bel lows def lec t ion equ iva len t 
to 60 m ^ p r i m a r y be l lows 
d i s p l a c e m e n t v o l u m e 

m e a s u r e d at r o o m 
t e m p e r a t u r e 

7 5 0 ° F c a l c u l a t e d 
equ iva len t 

P r i m a r y be l lows d i s p l a c e ­
m e n t vo lume at the p m -
locked pos i t ion 

m e a s u r e d at 5 ps ig 
p r e s s u r e 

m e a s u r e d at -34 psig 
p r e s s u r e 

S e c o n d a r y con t a inmen t vo lume 

m e a s u r e d at r o o m t e m ­
p e r a t u r e f r o m 0 to 1.5 m. 
be l lows def lec t ion 

7 5 0 ° F c a l c u l a t e d 
equiva len t 

ECU p r e s s u r e a t 0.1 in. 
be l lows def lec t ion at r o o m 
t e m p e r a t u r e 

a t s t a r t of a c c e p t a n c e t e s t 

a t s t a r t of quali^^ication 
e n d u r a n c e 

S /N-017 

1.43 m . 

1.41 m . 

15.5 m.^ 

22.1 m? 

50.5 m.^ to 
49 5 in.3 

5 1.3 m.^ to 
50.3 i n 3 

1 8 ps i 

1.6 psi 

S /N-023 

1.43 m 

1 41 m 

16.9 m ^ 

22 2 m.^ 

50.5 m.^ to 
49.5 m 3 

5 1.3 in.^ to 
50.3 i n 3 

1 7 ps i 

1 3 ps i 

S /N-026 

1 43 m. 

1 41 m . 

13 3 m.^ 

20.3 m.^ 

50.5 m.^ to 
49.5 in.3 

5 1.3 in? to 
50 3 in.3 

1 7 p s i 

1 5 ps i 

Des ign 
R e q u i r e m e n t s 

Des igned for 
1.46 m . 

10 m . m i n i m u m 

Des igned for a „ 
cons tan t 50 m 
with m i n i m a l 
va lues d e s i r e d 

0 9 ps i m i n i m u m 

ECU p r e s s u r e at 60 m p r i ­
m a r y be l lows d i s p l a c e m e n t 
a t 7 5 0 ° F 

du r ing a c c e p t a n c e t e s t 

a t s t a r t of qua l i f i ca t ion 
e n d u r a n c e 

Ground t e s t a d a p t e r p r e s s u r e 
con t r ibu t ion to the ECU 

at r o o m t e m p e r a t u r e d u r ­
ing a c c e p t a n c e t e s t 

at 7 5 0 " F at s t a r t of 
qua l i f i ca t ion e n d u r a n c e 

7.1 p s i 

6.9 ps i 

3.7 p s i a t 
0 m . def lec t ion to 
5 3 psi at 60 m ^ 
d i s p l a c e m e n t 

3 8 ps i a t 
0 in. def lec t ion to 
5 3 ps i a t 60 m 3 
d i s p l a c e m e n t 

7.0 psi 

6 8 psi 

3 8 ps i a t 
0 in def lec t ion to 
5.4 ps i at 60 m 3 
d i s p l a c e m e n t 

3 8 ps i at 
0 m def lect ion to 
5 4 psi at 60 in.3 
d i s p l a c e m e n t 

6.9 ps i 

6.8 ps i 

3.6 ps i a t 
0 m def lec t ion to 
5. 3 ps i at 60 m 3 
d i s p l a c e m e n t 

3.8 psi a t 
0 m def lec t ion to 
5 4 ps i a t 60 111 3 
d i s p l a c e m e n t 

M i n i m u m s 

5.0 ps i at s t a r t of 
e n d u r a n c e 

4.5 psi a f te r 90 
days 

4 0 p s i a f te r 
one y e a r 

M a x i m u m 

11 0 psi 

3 6 ps i m i n i m u m 

Pos i t i on t r a n s d u c e r output 
t o l e r a n c e band 

O.K 
see F i g u r e 33 

O K 
see F i g u r e 33 

O. K 
s e e F i g u r e 33 

L inea r f rom 
0 ± 3 5 m \ a t 0 m . 
be l lows def lec t ion 
to 50 ± 3 5 m\ at 
2 0 m def lec t ion 
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PRIMARY BELLOWS 
DISPLACEMENT VOLUME. 
(TOTAL VOLUME MINUS 
ZERO DEFLECTION 
VOLUME) 
MEASURED AT 70'^F 

COMPENSATED FOR RISE. 
FROM 70°F AT ZERO 
DEFLECTION TO 750''F 
AT 60 in ' 

PRIMARY BELLOWS TOTAL VOLUME 
MEASURED AT 70°F 
COMPENSATED FOR RISE FROM 
70°F AT ZERO DEFLECTION TO 
750°F AT 60 i n ' 

ASSEMBLY NO 7561-22003, S / N - 0 2 3 
VOLUMES MEASURED WITH ETHANOL 

0 

6 - 8 - 6 5 

0 5 10 
PRIMARY BELLOWS DEFLECTION (in ) 

I 5 

F i g u r e 27 . SNAP lOA Expans ion C o m p e n s a t o r Unit (ECU) S /N-023 
Volume vs Def lec t ion C h a r a c t e r i s t i c s 

2 0 

7561-02655 

v e r s u s be l lows def lec t ions a s m e a s u r e d dur ing 

the t h e r m a l c y c l e s , j u s t p r i o r to e n d u r a n c e t e s t ­

ing. C u r v e s a r e shown for the ECU and for the 

E C U / G T A combina t ion . The b r e a k a w a y p r e s ­

s u r e i s 0.87 ps i and the ope ra t ing p r e s s u r e at 

d e s i g n condi t ions (1 .46- in . def lec t ion , 750 °F) is 

7.00 p s i . Both v a l u e s a r e m e x c e s s of r e q u i r e ­

m e n t s . The a l t e r n a t e t e m p e r a t u r e s c a l e a long 

the bello-ws def lec t ion s c a l e x - a x i s i nd i ca t e s the 

t e m p e r a t u r e s and def lec t ions at which da ta w e r e 

t a k e n . The s i m u l t a n e o u s i n c r e a s e m def lect ion 

and t e m p e r a t u r e s i m u l a t e s flight s y s t e m o p e r ­

a t ion w h e r e i n the be l lows expands a s the s y s t e m 

NaK v o l u m e i n c r e a s e s wi th i n c r e a s i n g t e m p e r a ­

t u r e du r ing e a r t h o r b i t a l s t a r t u p . 

F i g u r e s 29, 30, and 31 dep ic t o p e r a t i o n a l 

c h a r a c t e r i s t i c s of ECU S /N-023 dur ing i t s a c ­

c e p t a n c e t e s t s e q u e n c e . By c o r r e l a t i n g t he se 

f igu res wi th t hose men t ioned m the p r e c e d i n g 

p a r a g r a p h , the r a t e of d e g r a d a t i o n of the p r e s ­

s u r e suppl ied by the ECU f r o m incept ion to c o m ­

ple t ion of p r e - e n d u r a n c e qua l i f ica t ion t e s t ing can 

be r e s o l v e d . Th i s is e s s e n t i a l l y the d e g r e e of 

d e g r a d a t i o n that would be expec ted m a SNAP lOA 

flight s y s t e m ECU f r o m the t i m e of i t s a c c e p t ­

ance t e s t to the t i m e of the e a r t h o r b i t a l s t a r t u p 

of Its s y s t e m . Th i s being the case , the ECU is 

expec t ed to p e r f o r m s a t i s f a c t o r i l y m this r e g a r d 

m the SNAP lOA NPU, a s ECU S / N - 0 2 3 , a s we l l 

a s S /N-017 and, S /N-026 p e r f o r m e d efficiently 

NAA-SR-9778 

56 



14 

12 

10 

CO 
en 
UJ 
a: 
a. 

ASSEMBLY NO 7561-22003, S/N-023 
BEHAVIOR AT INITIATION OF 
QUALIFICATION TESTING WITH 
NaK-78 IN PRIMARY BELLOWS, 
ECU IN VACUUM ( ~ 10 'TORR) 

WITH GROUND TEST 
ADAPTER (GTA) 
ASSEMBLY NO 
7561-86044 

I 

ECU ONLY 
NO GTA-

SOLID LINES INDICATE 
BEHAVIOR DURING 
PRESSURIZATION 
BROKEN LINES INDICATE 
BEHAVIOR DURING 
DEPRESSURIZATION 

X 
100 

6-8-65 

F i g u r e 2f 

300 500 
ECU TEMPERATURE CF) 

I L 

700 800 

0 5 10 
PRIMARY BELLOWS DEFLECTION (in) 

1 5 

7561-02658 

SNAP lOA Expans ion C o m p e n s a t o r Unit (ECU) S /N-023 Volume vs 
Def lec t ion C h a r a c t e r i s t i c s Dur ing Qual i f ica t ion Tes t ing 

wi thin the spec i f ied l i m i t s of a l lowable d e l i v e r ­

ab le p r e s s u r e th rough in i t i a t ion of e n d u r a n c e 

t e s t i n g . 

Thus far the r a t e s of p r e s s u r e d e g r a d a t i o n 

dur ing e n d u r a n c e t e s t i ng on E C U ' s S / N - 0 1 7 , - 0 2 3 

and -026 a p p e a r to be a c c e p t a b l e a s ev idenced 

by F i g u r e 32, which is a plot of ECU p r e s s u r e 

output e n d u r a n c e t e s t h i s t o r y for E C U ' s S / N - 0 1 7 , 

- 0 2 3 , and -026 . Although the t e s t s a r e not c o m ­

p l e t e , the da ta can be e x t r a p o l a t e d to s t a t e c o n ­

s e r v a t i v e l y that the E C U ' s wi l l m a i n t a i n s y s t e m 

ope ra t ing p r e s s u r e s m e x c e s s of the des ign 

m i n i m u m of 4 0 p s i , and m o s t p robab ly in e x c e s s 

of 5.0 ps i th roughout one y e a r of NPU e a r t h o r ­

b i t a l des ign o p e r a t i o n . 

The output of the be l lows def lec t ion indica t ing 

t r a n s d u c e r / d e m o d u l a t o r is a l s o being m o n i t o r e d 

th roughout the e n d u r a n c e life of each of the q u a l i ­

f ica t ion u n i t s . In i t i a l da ta ind ica te tha t the 

m o n i t o r e d s i g n a l s , which on a flight s y s t e m a r e 

t e l e m e t e r e d to an e a r t h t r a c k i n g s t a t ion dur ing 

NPU e a r t h o r b i t a l o p e r a t i o n , wi l l d e g r a d e a t a 

r a t e -which wi l l not exceed 1.0 m v m the f i r s t 

90 days at the des ign output l eve l The s igna l s 

g e n e r a t e d t h rough the f i r s t fe-w h u n d r e d h o u r s of 

o p e r a t i o n , a t the d e s i g n be l lows def lec t ion l e v e l 
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0 2 04 06 08 10 12 
BELLOWS DEFLECTION (in) 

6-8-65 7561-02660 

F i g u r e 29. Ambien t T e m p e r a t u r e P r e s s u r e -
Deflect ion C h a r a c t e r i s t i c s of ECU S /N-023 

During Accep tance Tes t ing 
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F i g u r e 30. T h e r m a l Cycle P r e s s u r e - D e f l e c t i o n C h a r a c t e r i s t i c s of 
ECU S /N-023 During Accep tance Tes t ing 
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THE OUTPUT TOLERANCE BAND IS 
DEFINED BY ONE STRAIGHT LINE 
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7561-02662 

F i g u r e 3 1 . P o s i t i o n T r a n s d u c e r Output v s Be l lows Def lec t ion on 
ECU S /N-023 During A c c e p t a n c e Tes t ing 
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F i g u r e 32. SNAP IDA Expans ion C o m p e n s a t o r Qual i f ica t ion T e s t Unit, 
P r e s s u r e vs T ime C h a r a c t e r i s t i c s to Date — F e b r u a r y 9, 1965 
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(1 46 m or -60 m d i s p l a c e m e n t ) , a r e stead-y 

and w i t h m spec i f i ed l i m i t s . F i g u r e 33 i s a plot 

of the a c c u m u l a t e d data 

The pm r e l e a s e , squ ib - f i r i ng t e s t s conducted 

on E C U ' S S / N - 0 1 7 , - 0 2 3 , a n d - 0 2 6 w e r e c o m ­

ple ted s u c c e s s f u l l y wi th no a p p a r e n t r e s u l t a n t 

a d v e r s e effect upon subsequen t ECU function. 

The g round t e s t a d a p t e r s w e r e found to o p e r ­

a t e s a t i s f a c t o r i l y a l though t h e r e was a g r e a t dea l 

of h y s t e r e s i s and /or f r i c t ion p r e v a l e n t , r e s u l t i n g 

m " j e r k y " def lec t ion v e r s u s p r e s s u r i z a t i o n 

c h a r a c t e r i s t i c s and lower p r e s s u r e s a t given 

def lec t ions when d e p r e s s u r i z m g , a s i nd ica t ed by 

F i g u r e 30. 

"Where c h a r a c t e r i s t i c o p e r a t i o n a l c u r v e s for 

ECU'S S /N-017 and -026 a r e not p r e s e n t e d m 

this r e p o r t , it is b e c a u s e t h e i r ope ra t i on is 

c l o s e l y a p p r o x i m a t e d by that ind ica ted by the 

c u r v e s p r e s e n t e d for S / N - 0 2 3 . ECU S/N-017 

has a s l igh t ly d i f ferent p r e s s u r e r e s p o n s e ( see 

F i g u r e 32) due p r i m a r i l y to the 10,000 r o o m t e m 

p e r a t u r e cyc le t e s t i m p o s e d upon it a l one , a s 

d i s c u s s e d m the following p a r a g r a p h s on t e s t d e ­

v ia t ions f r o m e s t a b l i s h e d c r i t e r i a 

Devia t ions f r o m e s t a b l i s h e d p r o c e d u r e s w e r e 

i m p o s e d upon t h e s e qua l i f ica t ion t e s t E C U ' s a s 

follows 

1) ECU S/N-017 was the f i r s t uni t r e ­

ce ived f r o m the vendor inc luding the des ign 

change f r o m 13 to 18 convolu t ions on the s e c ­

onda ry b e l l o w s . As such it was sub jec ted to 

10,000 def lec t ion c y c l e s at r o o m a m b i e n t 

T r 
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Indica t ing T r a n s d u c e r Output vs T i m e C h a r a c t e r i s t i c s to Date — 

F e b r u a r y 16 1965 
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t e m p e r a t u r e (~75°F), be tween z e r o def lec t ion 

and 1 46 m def lec t ion , u t i l i z ing a r g o n gas 

p r e s s u r i z a t i o n a t the r a t e of ~4 c p m The 

t e s t w a s conduc ted s u b s e q u e n t to a c c e p t a n c e 

t e s t i ng and p r i o r to the e s t a b l i s h e d qua l i f i c a ­

t ion s equence The t e s t was conducted to d e ­

t e r m i n e if the s e c o n d a r y bello-ws -would m a i n ­

t a i n i t s con t a inmen t i n t e g r i t y now that the e x ­

c e s s i v e " o i l - c a n n i n g " buckl ing phenomenon 

o b s e r v e d on the 13 s e c o n d a r y convolut ion d e ­

s ign had been e l i m i n a t e d th rough the use of 

5 add i t iona l convo lu t ions . The ECU s u r v i v e d 

th i s t e s t wi th no d e t e c t a b l e d a m a g e . 

2) The swi tch l e v e r on unit S /N-017 -was 

sub jec t to a mal func t ion due to inadequacy of 

the ex i s t ing d e s i g n to s u r v i v e the add i t iona l 

proof t e s t r e c e n t l y i m p o s e d dur ing ECU a c ­

c e p t a n c e . I . e . , the 200 def lec t ion c y c l e s a t 

7 5 0 ° F . The l e v e r w a s r e p l a c e d and the p r o b ­

l e m a r e a c o r r e c t e d by des ign and t e s t p r o ­

c e d u r a l changes (the swi tch is now i n s t a l l e d 

a f te r the 2 0 0 - c y c l e t e s t ) . 

The swi tch m th i s unit (S /N-017) i s s e t 

to a c t u a t e at ~0 95 - in . p r i m a r y be l lows d e ­

f lec t ion , r a t h e r than a t the ~0 2 0 - i n . de f l ec ­

t ion e s t a b l i s h e d for the fl ight d e s i g n As such 

it c o r r e l a t e s wi th the se t t ing on the nonnuc l ea r 

ground t e s t s y s t e m , F S M - 4 . E C U ' s S /N-023 

and -026 have t h e i r sw i t ches se t to a c t u a t e a t 

the fl ight d e s i g n point (~0.20 m ) 

3) Subsequent to v i b r a t i o n , shock , and a c ­

c e l e r a t i o n t e s t p h a s e s of the qua l i f i ca t ion t e s t 

s e q u e n c e , it w a s no t iced tha t the ECU 

S / N - 0 2 3 had a weld f r a c t u r e m the s e c o n d a r y 

c o n t a i n m e n t a t the b a s e of the s e c o n d a r y inle t 

t ube . The f r a c t u r e r e s u l t e d f r o m an i n a d e ­

qua te we ld which had i n a d v e r t e n t l y p a s s e d i n ­

s p e c t i o n . The weld was r e - f u s e d a f te r which 

the v i b r a t i o n and shock t e s t p h a s e s w e r e r e ­

pea ted to e n s u r e the i n t e g r i t y of the new weld , 

(the v i b r a t i o n t e s t i m p o s e s the m o s t s e v e r e 

t e s t upon weld i n t e g r i t y , the effects of a c c e l ­

e r a t i o n a r e neg l ig ib l e ) . The t e s t w a s c o m -

NAA-SR. 

p l e t ed -with no ind ica t ed d a m a g e and the t e s t 

s e q u e n c e w a s r e s u m e d 

4) Units S /N-017 and -023 unde rwen t the 

v i b r a t i o n , shock , and a c c e l e r a t i o n t e s t 

p h a s e s of the qua l i f i ca t ion t e s t s equence with 

t h e i r s e c o n d a r y in le t t ubes open to the a m b i ­

ent a i r . ECU S /N-023 had i t s l ine p inched 

and s e a l e d subsequen t to the h e l i u m leak 

check following t h e s e t e s t s S /N-017 r e ­

m a i n s open to a h e l i u m a t m o s p h e r e a t a low 

v a c u u m p r e s s u r e (-100 t o r r ) dur ing long t e r m 

e n d u r a n c e t e s t i ng Th i s was done m o r d e r to 

p rov ide highly pos i t ive h e l i u m l eak c h e c k s of 

the ECU s e c o n d a r y con ta inmen t which a r e not 

p o s s i b l e subsequen t to pmch-off and weld ing 

of the s e c o n d a r y in le t 

T h e s e dev ia t ions and o t h e r m i n o r n o n c o n ­

f o r m a n c e s e n c o u n t e r e d h a v e all been d e e m e d to be 

of no e s s e n t i a l i m p o r t wi th r e g a r d to the o v e r a l l 

qua l i f i ca t ion of the individual E C U ' s . 

Qual i f ica t ion of th i s des ign i s not e n t i r e l y 

p r e d i c a t e d on the s u c c e s s f u l o p e r a t i o n of t h e s e 

component qua l i f i ca t ion t e s t s The o p e r a t i o n a l 

t e s t e x p e r i e n c e ga ined f r o m s ingle be l lows 

(s ingle con ta inmen t ) uni t s of e s s e n t i a l l y the s a m e 

be l lows des ign a s the p r e s e n t s e c o n d a r y c o n t a i n ­

m e n t des ign , and the t e s t e x p e r i e n c e a c c u m u ­

l a t ed to date on a l l d ev e lo p men ta l t e s t s e c o n d a r y 

con t a inmen t E C U ' s lends conf idence m the u t i l i ty 

of the l a t e s t de s ign . M o r e than 2 - 1 / 2 y r of o p e r ­

at ing t i m e have been a c c u m u l a t e d by 14 d e v e l o p ­

m e n t a l and p requa l i f i ca t i on t e s t uni ts whi le a t 

des ign or o v e r - d e s i g n condi t ions -with v a c u u m 

e x t e r n a l e n v i r o n m e n t and NaK-78 i n t e r n a l en ­

v i r o n m e n t ( r e f e r e n c e T a b l e s 4 and 5) 

In addi t ion , two SNAP lOA ground t e s t s y s ­

t e m s a r e m o p e r a t i o n a t s i m u l a t e d flight s y s t e m 

e n d u r a n c e cond i t i ons . T h e s e a r e the F S M - 4 non-

n u c l e a r and the F S - 3 n u c l e a r powered s y s t e m s 

E a c h s y s t e m h a s two E C U ' s of the p r e s e n t d e ­

s ign , the p e r f o r m a n c e of which wi l l inf luence the 

d e s i g n qua l i f i ca t ion . ECU ope ra t i on m each s y s ­

t e m h a s b e e n s a t i s f a c t o r y thus f a r . 
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A. A C C E P T A N C E TEST OBJECTIVES 

The ob jec t ives of t h e a c c e p t a n c e t e s t p r o g r a m 

a r e to (1) ver i fy that each ECU wi l l fulfill the 

s y s t e m opera t ing r e q u i r e m e n t s , and (2) e l i m i ­

na te any ECU that m a y have m a t e r i a l or o p e r ­

a t iona l de fec t s . 

B. ACCEPTANCE TEST PROCEDURE 

Outlined in th i s s ec t ion is the a c c e p t a n c e t e s t 

s e q u e n c e which is conducted on each ECU in 

o r d e r to i m p l e m e n t the ob jec t ives s t a t ed above . 

Al l t h e s e t e s t s a r e conducted with e i t h e r i n e r t 

gas o r a m b i e n t a i r in the p r i m a r y and s e c o n d a r y 

c o n t a i n m e n t s . 

T e s t 1. E x a m i n a t i o n of P r o d u c t — The ECU 

a s s e m b l y i s i n s p e c t e d to ver i fy c o n f o r m a n c e to 

app l i cab le f ab r i ca t i on spec i f i ca t ions wi th r e g a r d 

to d i m e n s i o n s , w o r k m a n s h i p , m a t e r i a l s , and 

f i n i she s , f a s t e n e r s , and v i s ib le de fec t s . 

T e s t 2. Ver i f i ca t ion of Documenta t ion — All 

f ab r i ca t i on and t e s t r e c o r d s of a l l a s s e m b l i e s 

and s u b a s s e m b l i e s a r e e x a m i n e d for con fo rmance 

to r e q u i r e m e n t s . 

T e s t 3. He l ium Leak Detec t ion — A l e a k t e s t 

is conducted wi th the a id of a s t a n d a r d l a b o r a t o r y 

type m a s s s p e c t r o m e t e r h e l i u m leak d e t e c t o r to 

ve r i fy that the be l lows a s s e m b l y p r i m a r y and 

s e c o n d a r y c o n t a i n m e n t s a r e f ree f rom l e a k s . 

T e s t 4. Pos i t i on T r a n s d u c e r Ca l i b r a t i on — 

The pos i t ion t r a n s d u c e r i s i n s t a l l e d and c a l i -

b r a te d ove r an i n e r t gas p r e s s u r i z e d be l lows d e ­

f lect ion r a n g e of 0 to 1.77 in . (72- in . d i s p l a c e ­

m e n t ) . 

T e s t 5. T h e r m a l Cycle P roof T e s t - Two 

hundred p r e s s u r e - d e f l e c t i o n fat igue c y c l e s f rom 
3 

0 to 1.46 in . (60-in. d i s p l a c e m e n t ) be l lows d e ­
f lect ion a t cons t an t 7 5 0 ° F a r e conducted in 
v a c u u m . 

VII. ACCEPTANCE TEST PROGRAM 

T e s t 6. He l ium L e a k Detec t ion— The l eak 

t e s t i s r e p e a t e d . 

T e s t 7. P r e s s u r e Proof T e s t — The p r i m a r y 

be l lows and then the p r i m a r y and s e c o n d a r y c o n ­

t a i n m e n t a r e i n e r t gas p r e s s u r i z e d to 33 ps ig in 

the p i n - l o c k e d pos i t ion for 5 min e a c h , a t r o o m 

t e m p e r a t u r e . 

T e s t 8. Pos i t i on Switch Ca l ib r a t i on— The 

pos i t ion swi tch i s i n s t a l l e d to a c t u a t e a t a given 

be l lows def lec t ion l eve l (0.2 in. for flight s y s ­

t e m s ) . Ac tua t ion is checked on a r o o m t e m p e r ­

a t u r e c a l i b r a t i o n cyc le over an i n e r t gas p r e s ­

s u r i z e d be l lows def lec t ion r a n g e of 0 to 1.77 in. 

T e s t 9. V i b r a t i o n T e s t — A s i n u s o i d a l v i b r a ­

t ion t e s t is conducted a long each of the t h r e e 

m a j o r NPU a x e s of the f ix tured ECU at a c o n ­

s t an t oc tave s w e e p , p r o c e e d i n g f r o m 5 to 

2000 cps in 5 m i n p e r the following input load 

schedu le : 

F r e q u e n c y 

5 to 20 cps 

20 to 400 cps 

400 to 2000 cps 

Input Load 

0.17 in. double amp l i t ude 

3.5 g 's 

5.0 g ' s 

T e s t 10. He l ium Leak Detec t ion — The l eak 

t e s t is r e p e a t e d . 

T e s t 11. P e r f o r m a n c e Check — A r o o m t e m ­

p e r a t u r e i n e r t gas be l lows p r e s s u r i z a t i o n cyc le 

is conducted over a be l lows def lec t ion r a n g e of 

0 to 1.77 in. 

T e s t 12. T h e r m a l P e r f o r m a n c e Cycle — The 

ECU p r i m a r y be l lows is p r e s s u r i z e d and c o n c u r ­

r e n t l y hea t ed in v a c u u m over a def lec t ion r a n g e 

of 0 in. at r o o m t e m p e r a t u r e to 1.77 in . at 7 5 0 ° F . 

T e s t 13. P e r f o r m a n c e Check — T e s t 11 i s 

r e p e a t e d . 

T e s t 14. Ground T e s t Adap te r C a l i b r a t i o n — 

The GTA is i n s t a l l ed on the ECU and se t to 
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p r o v i d e a speci f ied add i t iona l p r e s s u r e to the ECU 

(3.8 p s i over the ECU p r e s s u r e a t 0.1 m de f l ec ­

t ion) . The E C U / G T A combina t ion is then c a l i ­

b r a t e d a t c o n s t a n t r o o m t e m p e r a t u r e over an in ­

e r t gas p r e s s u r i z e d p r i m a r y be l lows def lec t ion 

r a n g e of 0 to 1.46 m . 

T e s t 15. P e r f o r m a n c e Check— T e s t 11 is 

r e p e a t e d wi thout the GTA. 

T e s t 16. He l ium Leak De tec t ion — The leak 

t e s t IS r e p e a t e d . 

T e s t 17 "Weight Check - The ECU is 

•weighed. 

T e s t 18. S e c o n d a r y Con ta inmen t Seal ing — 

The s e c o n d a r y c o n t a i n m e n t in le t l ine is " p m c h e d -

off" and weld s e a l e d wi th an i n t e r n a l e n v i r o n -
_3 

m e n t of h e l i u m unde r v a c u u m (10 t o r r for 

fl ight s y s t e m s ) . 

T e s t 19. E x a m i n a t i o n of P r o d u c t — T e s t 1 is 

r e p e a t e d . 

C. A C C E P T A N C E TEST STATUS AND RESULTS 

All of the s e c o n d a r y con ta inmen t E C U ' s have 

b e e n sub j ec t ed to a full or p a r t i a l a c c e p t a n c e 

t e s t . A s u m m a r y of the a c c e p t a n c e t e s t r e s u l t s 

i s shown m Tab le 12. 

The deve lopmen t E C U ' s , S /N-011 and -016, 

w e r e p a r t i a l l y a c c e p t a n c e t e s t e d p r i o r to u n d e r ­

going o the r t e s t s . It w a s dur ing a c c e p t a n c e 

h e l i u m leak de tec t ion t e s t ing that the l eaks m 

the s e c o n d a r y con ta inmen t can weld p r e p a r a t i o n s 

w e r e d e t ec t ed . 

The qual i f ica t ion E C U ' s S / N - 0 1 7 , -020, - 023 , 

and -026 w e r e fully a c c e p t a n c e te s ted with m o d i ­

fied s e c o n d a r y seal ing p r o c e d u r e s p r e v i o u s l y 

s ta ted m T e s t 18. The data obta ined dur ing the 

te st ' ECU and E C U / G T A p r e s su r e output v e r s u s 

be l lows def lect ion at cons tan t r o o m ambien t t em -

p e r a t u r e , ECU output p r e s s u r e v e r s u s be l lows 

def lect ion with c o n c u r r e n t t h e r m a l cycle ( room 

t e m p e r a t u r e to 7 5 0 ° F to r o o m t e m p e r a t u r e ) , 

and t r a n s d u c e r mi l l i vo l t output v e r s u s be l lows 

def lect ion have been p lo t ted and a r e shown m 

F i g u r e s 29, 30, and 3 1 , r e s p e c t i v e l y . T h e s e 

data a r e r e p r e s e n t a t i v e of the e n t i r e ECU a c ­

cep tance t e s t data for un i t s S /N-017 through 

S /N-035 with the except ion of m i n o r v a r i a t i o n s 

m the p r e s s u r e and t r a n s d u c e r mi l l i vo l t ou tpu t s . 
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VIII. SUMMARY AND CONCLUSIONS 

The s e c o n d a r y c o n t a i n m e n t expans ion c o m ­

p e n s a t o r des igned to a c c o m m o d a t e the t h e r m a l 

expans ion of NaK and to p rov ide v o i d - f r e e p r e s ­

s u r i z a t i o n of the SlOA Nuc lea r P o w e r S y s t e m 

h a s been e s s e n t i a l l y qual i f ied for fl ight s y s t e m 

u t i l i za t ion . T h r e e c o m p e n s a t o r uni t s of s i m i l a r 

m a n u f a c t u r e to un i t s p r o d u c e d for SlOA flight 

s y s t e m s have m e t a l l qua l i f i ca t ion t e s t o b j e c ­

t i v e s . T h r e e add i t iona l un i t s of i den t i ca l m a n u ­

f a c t u r e to the flight s y s t e m d e s i g n a r e c u r r e n t l y 

undergo ing qua l i f i ca t ion t e s t i ng and a r e wi thin 

10 to 20 days of comple t i ng the 90 -day e n d u r a n c e 

t e s t phase in NaK. All componen t des ign ob­

j e c t i v e s a r e being sa t i s f i ed . 

P r o d u c t i o n qua l i ty of A M - 3 5 0 we lded be l lows 

h a s b e e n g r e a t l y i m p r o v e d th rough i m p o s i t i o n of 

s t r i c t p r o c e s s c o n t r o l and in spec t ion p r o c e d u r e s . 

The r e q u i s i t e r e l i a b i l i t y of be l lows a s s e m b l i e s 

for s p a c e n u c l e a r power s y s t e m s , w h e r e long 

life i s of g r e a t i m p o r t a n c e , ho-wever, h a s yet to 

be adequa t e ly d e m o n s t r a t e d . S e c o n d a r y con ta in ­

m e n t des ign which p r e v e n t s l o s s of NaK f r o m the 

SlOA s y s t e m in the event of p r i m a r y be l lows 

fa i lu re and s i m u l t a n e o u s l y p r o v i d e s suff icient 

s y s t e m p r e s s u r i z a t i o n to p e r m i t cont inued SlOA 

o p e r a t i o n af fords high componen t r e l i a b i l i t y r e ­

q u i r e d of s p a c e s y s t e m c o m p o n e n t s . 

E l a s t i c fixed b e a m t h e o r y af fords a c o n s e r v a ­

t ive a p p r o a c h to be l lows a n a l y s i s , a s s u m i n g tha t 

the f ab r i ca t i on qua l i ty i s a d e q u a t e . Op t imiza t ion 

of be l lows a s s e m b l y d e s i g n s r e q u i r e s m o r e a c ­

c u r a t e m e t h o d s of be l lows s t r e s s a n a l y s i s , e s ­

pec ia l ly for the a c t u a l be l lows d i sc n e s t e d r i p p l e 

p ro f i l e . 

Rad iog raph i c and v i s u a l i n spec t ion of convo ­

lu t ion weld beads a r e useful n o n d e s t r u c t i v e t e s t s 

to d e t e r m i n e the qua l i ty of we lded be l lows a s ­

s e m b l i e s . S t a t i s t i c a l a n a l y s i s of -weld bead d i ­

m e n s i o n s h a s shown tha t weld bead p e n e t r a t i o n 

can be a s c e r t a i n e d wi th confidence upon the 

b a s i s of m e a s u r e m e n t of the -weld bead width . 

The s t r e n g t h of the convolut ion weld jo in t has 

b e e n shown to be dependent upon p e n e t r a t i o n and 

a m i n i m u m p e n e t r a t i o n depth to e n s u r e full jo in t 

s t r e n g t h h a s been e s t a b l i s h e d . 

CONTINUING "WORK 

Deve lopmen t and qua l i f i ca t ion t e s t s of SlOA 

expans ion c o m p e n s a t o r a s s e m b l i e s is cont inu ing . 

The qua l i f i ca t ion e n d u r a n c e t e s t s of s e c o n d a r y 

c o n t a i n m e n t un i t s wi l l be cont inued for one y e a r ' s 

d u r a t i o n . Eva lua t ion of effects of c h e m i s t r y and 

hea t t r e a t m e n t of AM-350 a l loy upon c o r r o s i o n 

r e s i s t a n c e and m e c h a n i c a l p r o p e r t i e s of t h i s 

s h e e t i s a l s o cont inuing. An a n a l y t i c a l me thod 

for d e t e r m i n i n g s t r e s s e s in bello-ws d i a p h r a g m s 

which inc ludes the p l a s t i c s t r a i n r e g i o n is be ing 

deve loped a t AI in a r e l a t e d SNAP p r o g r a m . Th i s 

m e t h o d wi l l be appl ied to the SlOA ECU des ign 

and the r e s u l t s wi l l be checked a g a i n s t the t e s t 

data to ver i fy app l i cab i l i t y of the a n a l y s i s . 
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APPENDIX A 

ANALYSIS OF STRESSES IN BELLOWS ASSEMBLY 

Basis — Elastic beam theory 

Assumption: 

1) Deflection Loading — Diaphragm is 

simple beam acting as guided cantilever. 

2) P r e s s u r e Loading — Diaphragm is 

simple beam fixed at both ends. 

a. Deflection Stress 

S = 3 E l t 
L"̂  

b. P re s su re Stress 

2t2 

c. Total St ress for N Number of Diaphragms 

_ 3EYt £ l ^ 
2 2 

NL'' 2t'̂  

where 

S = total s t r e s s , psi 

E = modulus of elasticity, psi 

y = total bellows deflection, in. 

t = diaphragm thickness, in. 

L = diaphragm width, in. 

p = pressure , psi 
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APPENDIX B 

ECU OPERATIONAL STRESS LEVELS - CALCULATED 

Room 
T e m p e r a t u r e 

E l e v a t e d 
T e m p e r a t u r e 

Bello-ws 
Deflect ion 

( in ) 

0 

1 0 

1 5 

1 75 

1 90 

2 40 

3 0 

0 

1 0 

1 5 

1 75 

2 3 

2 8 

3 0 

Bel lows 
Volume 
(in 3) 

0 

40.7 

41 05 

71 2 

77 3 

97.68 

122 1 

0 

40 7 

61 05 

71 2 

93 6 

114 0 

122 1 

P r e s s u r e 
(psi) 

6 39 

10 27 

12 22 

13 19 

13 77 

15 69 

18 04 

5 59 

8 98 

10 69 

11 54 

13 38 

15 12 

15 79 

T e m p e r a t u r e 
( °F) 

80 

80 

80 

80 

80 

80 

80 

7 5 0 

7 5 0 

7 5 0 

7 5 0 

7 5 0 

7 5 0 

7 5 0 

P r e s s u r e 
S t r e s s 

(psi) 

20,400 

32,800 

39,100 

42,200 

44,100 

50,200 

57,700 

17,900 

28,700 

34,200 

36,900 

42,800 

48,400 

50,500 

Def lec t ion 
S t r e s s 

(psi) 

34,200 

85,200 

110,700 

123,500 

131,200 

156 700 

187,300 

28,700 

71,600 

93,000 

103,800 

127,300 

148,700 

157,300 

Tota l^ 
S t r e s s 

(psi) 

54,600 

118,100 

149,800 

165,700 

175,200 

2 0 6 , 9 0 0 t t 

245 000 

46 600 

100,300 

127,200 

140,700 

170,200 

197 ,000 t t 

207,900 

Beyond p res t ress condition of 0 67 in initial deflection 
jGround Test Adapter installed 
^Stress values a re necessar i ly approximate because of simplifying assumptions of analysis and non-
applicability of analysis beyond yield point of material 

Exceeds yield strength of material 
t fExceeds ultimate strength of mater ia l 
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APPENDIX C 

MECHANICAL PROPERTY DATA FOR AM-350 

Alloy 

M e t a l l u r g i c a l 
Condi t ion 

Y . S . 0.2% 
Ksi a t S O T 

Y . S . 0.2% 
Ksi a t 7 0 0 ° F 

Y . S . 0.2% 
Ksi at 8 0 0 ° F 

Ul t ima te 
Ks i a t S O T 

Ul t ima te 
Ksi at 7 0 0 ° F 

Ul t ima te 
Ks i a t 800°F 

E longa t ion 
a t 80 ""F 

Elonga t ion 
a t 7 0 0 ° F 

E longa t ion 
a t 8 0 0 ° F 

Mod. of E 
a t 8 0 ° F 

Mod. of E 
a t 7 0 0 ° F 

Mod. of E 
a t SOO^F 

AM-350 

Annea led 

Wrought 

52 M i n i m u m 
55 Typ ica l 
12 M a x i m u m 

140 M i n i m u m 
145 Typ ica l 
17 1 M a x i m u m 

30% M i n i m u m 
40% Typ ica l 
55% M a x i m u m 

Welded 

83 A v e r a g e 

145 A v e r a g e 

6.5% A v e r a g e 

H. T. SCT 

Wrought 

160 M i n i m u m 
17 3 Typ ica l 
190 M a x i m u m 

102 M i n i m u m 
128 T y p i c a l 
141 M a x i m u m 

99 M i n i m u m 
12 5 Typ ica l 
135 M a x i m u m 

185 M i n i m u m 
206 Typ ica l 
218 M a x i m u m 

162 M i n i m u m 
190 T y p i c a l * 
174 M a x i m u m 

159 M i n i m u m 
186 T y p i c a l * 
17 0 M a x i m u m 

4.0% M i n i m u m 
13.5% Typ ica l 
20% M a x i m u m 

8.0% Typ ica l 

9.5% Typ ica l 

29 30 x 10^ 

22 24 X 10^ 

22 24 X 10^ 

-850 

Welded 

165-172 

AM-355 
F i l l e r 
120 A v e r a g e 

AM-355 
F i l l e r 
113 A v e r a g e 

191-203 

AM-355 
F i l l e r 
181 A v e r a g e 

AM-355 
F i l l e r 
172 A v e r a g e 

4-6% 

AM-355 
F i l l e r 
4.5% A v e r a g e 

AM-355 
F i l l e r 
5.0% A v e r a g e 

NOTE: The data were obtained from 25 to 125-mil sheet stock unless otherwise noted. 

•'-Maximum and minimum values from DMIC Report 156, 1961 — Typical value from Allegheny 
"teel Corp. , AM-350: AM-355 Typical Mechanical Data Report, I960. 
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