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The devclopinent of a l a rge  l i q u i d  roclcet engine can represent  tile espendi- 

t w e  of severa l  hundred mi l l ion  d o l l a r s  of e f f o r t .  Before 20 percent  of 

the contracted d e n 1  opnent f mlds have been espcnclcd , Lor+-ever, the  engine 

\:ill probably have operated f o r  t h e  mission d w a t i o n .  The c a p a b i l i t y  t o  

operate a t  l e a s t  one successful  t e s t  e a r l y  i n  a dcvclopuent program is  

evidence of achieving a minimal r e l i a b i l i t y  l e v e l ,  bu t  t h e  major object ive  

of the  development program i s  producing a design w!~ich performs re l i ab ly .  

A rocket  engine r e l i a b i l i t y  p red ic t ion  must vier< r e l i a b i l i t y  a s  a dynamic 

concept, constant ly  being a l t e r e d  by developcent e f f o r t .  

Since achieving r e l i a b i l i t y  consmes t1:c major i ty  of the  engine develop- 

ment expense, the concept s e l e c t i o n  phase w i l l  be a c t i v e l y  concerned v i t h  

r e l i a b i l i t y  a s  a design and program parameter. ,h advance planning e f f o r t  

should not  only s e l e c t  an  in:ierently r e l i a b l e  design concept ,but  a l s o  one 

t h a t  is  capable of being ef f i c  i e n t l y  de?-eloped. Appropriate pi*ovisions 

for a l l o c a t i n g  developnent e f f o r t  t o  a s s w e  e f f i c i e n t  r e l i a b i l i t y  growth 

must be incorporated i n  t h e  development plans. Eecause tliese cliaracter- 

i s t i c s  adversely a f f e c t  engioe weight, performance, and development cos t ,  

a q u a l i t a t i v e  evaluation does not  adequately support  sound decisions.  



DISCUSS ION 

TEST-FAIL-FLX CYCLE 

A continued r e p e t i t i o n  of t e s t - f a i l - f i x  cyc l e  conceptua l ly  d e s c r i b e s  t l ie 

manner i n  .t\rhich t h e  development process  produces a r e l i a b l e  design.  A f t e r  

t h e  hardxiare has  been designed,  it possesses  a f i n i t e  number of wealmesses', 

a l t h o i ~ g h  the  e s a c t  na tu re  of each d e f e c t  is un?ino~m. As t h e  lld-i!~+~are is 

t e s t e d ,  t he  wealcneskes pl-oduce f a i l u r e s  o r  s>mptoms of f a i l u r e s ,  then  a n  

a t t e n p t  can be nnde t o  remove t!le de f i c i ency  from t h e  hardware. An a n a l y s i s  

i s  pe r fo~med  t o  i s o l a t e  t h e  a c t u a l  cause from symptoms, and c o r r e c t i v e  a c t i o n  

designed t o  e l imina te  t he  f a i l u r e  cause is  generated.  The upper p o r t i o n  of 

.Fig, 1 i 2 l u s t r a t c s  t h e  dex-clol:.mcnt. process ,  

The lrey t o  t h i s  development cyc le  i s  t o  f o r c e  t h e  umlino>n d e f e c t s  t o  produce 

sj-mptoms of fa i lure ,  genera te  c o r r e c t i v e  a c t i o n ,  and v e r i f y  through aggres s ive  

t e s t i n g  tho  e f f e c t i v e n e s s  of t he  f  is. The d e s i r a b i l i t y  of i r lduc i~ lg  f a i l u r e s  

. e a r l y  in the developien t  program is r e a d i l y  understood by examining t h e  mean 

r a t i o  of f a i l ~ u - e s  t o  succes s fu l  c o r r e c t i o n s  t h a t  have been observed i n  t h e  

pas t .  Sone p rog ram have experienced average r a t i o s  of 4 f o r  turbopuwp f a i l -  

ure causes,  5 f o r  combustion chamber causes ,  10 f o r  i n s t a b i l i t y  causes ,  a n d  

2.5 i n  t h e  remainder of t h e  engine system. It i s  p r e f e r a b l e  t o  l o c a t e  tlie 

problems dur ing  t h e  component developnent phase,  t hen  t h e  more expensive 

system t e s t s  can be focused on tfiose problems which a r e  system o r i e n t e d  with- 

ou t  be ing  hanpered by t h e  more b a s i c  development problems. 

It i s  r evea l ing  t o  note  t h e  p o i n t  i n  t he  miss ion  cyc le  .t,-hen a p a r t i c u l a r  f a i l -  

~ e ' s ~ m p t o n . o c c u r s .  Sone f a i l u r e  s ~ m p t o n s  a r e  observed du r ing  t h e  s t a r t  and 

shut-doxin p o r t i o n  of t h e  miss ion  cyc le ,  \;hereas anot5er  c l a s s  of f a i l u s e  

bpptons occurs  dur ing  mainstage opera t ion .  A f a i l u r e  cause,  which is  orig: 

i h p l l y  a minor malfunct ion d u r i n g ' t h e  s t a r t  b u t  p r o g r e s s i v e l y  d e t e r i o r a t e s  

u n t i l  t h e  sjmptons occur ,  would be considered a mainstage f a i l u r e  s~mptorn. 
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Figure 1. Developnent Process 
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ZIany f a i l u r e  s3~1ptoms require  more than one successful  co r rec t ive  a c t i o n  

t o  el iminate a l l  t h e  contr ibut ing causes. An example of t h i s  type of prob- 

lem would be combustion i n s t a b i l i t y .  I n s t a b i l i t y  requires  the  rernovnl of 

nony contr ibut ing causes; the  problem is reduced by each design change which 

removes some but  not  a l l  of the  po ten t i a l  causes. Figure 2 i l l u s t r a t e s  a 

possible pat11 that, n s jm~tom f a i l u r e  r a t e  might fol low a s  successive design 

clianges a r e  introduced, - 

\$lien in tegra t ing  tlie r e s u l t s  of both conponent and engine system t e s t i n g ,  

it becomes evident t I iat  the  r a t e  of f a i l u r e  of a  f a i l u r e  cause can be in- 

fluenced by e i t h e r  t h e  amount of hnrcl~iare on t e s t '  o r  the s t r e s s  l e v e l  a t  

which the-  harcl~inre i s  opernteil., For esnnple, a  coldmst'ion ci~aml~er may be 

operated as a  component employing only a segxen-l; of the  to-tal  engine corn.- 

bust ion cliao!ber. The gconetry and enviromncnt of each tube and o r i f i c e  

rennin equivalent  t o  the  engine while the  amomt of Ilardx+-are i s  reduced. 

In t h i s  case,  the  f a i l u r e  r a t e  f o r  a coabustor f a i l u r e  cause nay vary 

d i r e c t l y  with the  number of design f e a t ~ x e s .  Also, a  bomb t e s t  is  designed 

t o  r a t e  the  s t a b i l i t y  of an In jec to r  t l l r o u ~ h  in t roduct ion of an explosive ' 

disturbance which s i g n i f i c a n t l y  increases the  p r o b a b i l i t y  of rough 

The codel of r e l i a b i l i t y  developnent process incorporates t h e  fol lowing 

fea tures :  . 

1. Tl~e occurrence of a  f a i l u r e  -sjnptorn i n i t i a t e s  cor rec t ive  a c t i o n  

wliich has a  chance of successful ly  e l iminat ing t h e  cause o r  f a i l i n g  

i n  t h e  attempt.. 

2. The pi.obnbility of sone f a i l u r e  s;?;lptons occurring may be a f f e c t e d  

by t h e  intended mains tage duration. 

3. The improvement i n  t h e  f a i l u r e  p r o b a b i l i t y  of a  sjmpton is des- 

cribed- by a s t e p  function. 

4. Based on t h e  tj-pe of developnent t e s t i n g ,  t!ie f a i l u r e  p r o b a b i l i t y  

- of a cause can be varied by a s t r e s s  f ac to r .  



CUldULA'TIVE FAILURES 

Figure 2. Poss ib le  Path of Sjmpton F a i l u r e  Rate 
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For t h i s  appl ica t ion,  it i s  assumed t h a t  the sys ten  has two c l a s s e s  of 

wcalcness t h a t  may cause f a i l u r e :  those occurring during the  s t a r t - s t o p  

t r a n s i e n t  and those occurring duwing steady-state operat ion.  

During the  s t a r t - s  top t r a n s i e n t  the  pro$abil i t i e s  of wealrness causing 

f a i l u r e  a r e  independent of intended duration. F a i l u r e s  t h a t  occur d w i n g  

t h i s  Period a re  termed " s t z r t  f a i l u r e s , "  a d  t h e i r  p - o b a b i l i t i e s  of occur- 

rence a]-e described by t h e  binominal d i s t r ibu t ion .  
t 

M t e r  the  system Ilns passed t h r o c i ~ i  't!le S t a r t  phase, f a i l u r e  

a re  cicyondcnt upon intended t e s t  duration. The p r o b a b i l i t i e s  o f  occtrrence 

of these f a i l ~ n - e s  is  b e s t  i:escr..ibed by the  esponentinl  d i s t r i b u t i o n ,  an6 

f a i l u r e s  t h a t  occ& during t h i s  period a r e  termed "mainstage" f a i l u r e s .  

R e l i a b i l i t y  - The p r o b a b i l i t y  of s t a r t  and mainstage o p e r a t i o n . ~ ~ i t h o u t  

f a i l u r e  f o r  fu l l -n i s s ion  durat ion.  . . 

S t a r t  R z l i a b i l i t y  - The p robeb i l i ty  of no f a i l u r e  dusing t h e  s t a r t  

phase, 

Mainstage R e l i a b i l i t y  - The p robab i l i ty  of no fa i lu re  dur ing mainstage 

f o r  f u l l  dura t ion,  given a  successful  s t a r t .  

Failure-Cause & r e l i a b i l i t y  - The p robab i l i ty  bf  a p a r t i c u l a r  riealiness 

causing f a i l u r e  under nominal condit ions a t  t h e  beginning of the  

development per iod,  given no other  wcnhinesses e x i s t .  

Failure-'Cause R e l i a b i l i t x  - One - fai lure-cause u n r e l i a b i l i t y  

Failure-Cause Probabi l i ty  of Occ~lrrence - The p r o b a b i l i t r  a p a r t i c u l a r  

weakness produces a f a i l u r e  i n  a given t e s t ,  i f  it has  not  been elimi-. 

nated. This i s  not  necessa r i ly  equal t o  t h e  f  a i lure-cause  u n r e l i a b i l i t y .  



START REI~IABILITY 

Conditions and Ass~unptions 

1. The r e l i a b i l i t i e s  of the  system or  fai l l -re causes p r i o r  t o  test- 

ing  a r e  tel-aed " i n i t i a l  r e l i a b i l i t i e s . "  

2. 'Rle i n i t i a l - s t a r t  r e l i a b i l i t y  of the  system is equal t o  t h e  pro- 

duct  of the  i n i t i a l  r e l i a b i l i t i e s  of each f a i l u r e  cause, The 

f a i l u r e  causes' a r e  independent, and any number can produce a f a i l -  . 
' 

ure on the  same t e s t .  

3. \,"hen a  f a i l u r e  occuss on a t e s t ,  an analys is  i s  made. I f  t h e  

cause of f a i l u r e  i s  discovered, correc t ive  a c t i o n  i s  attempted. 

There is a  ccs ta in  p robab i l i ty  t h a t  a ca~ i se  ~ii l l  be discovered 

and corrected w1ien it occurs. If it i s  correc ted ,  i t s  p r o b a b i l i t y  

of recurrence is zero; i f  no t ,  i t s  p robab i l i ty  of recurrence 

remains unchanged. 

I f  only one f a i l u r e  cause occurs on a  t e s t ,  i t s  p r o b a b i l i t y  of 

discovery and cor rec t i cn  i s  defined a s  "En This P remains con- 

s t a n t  and appl ies  t o  each f a i l u r e  r e s u l t i n g  from t h a t  cause tlirough- 

ou t  the  e n t i r e  t e s t  program. 

If t h e  f a i l u r e  cause occurs with one otlier,  i t s  p r o b a b i l i t y  of 

discovery and correc t ion is reduced t o  some  constant  va lue  (P x x), 
where 0 g X  I. 

If a fa i lu re -cause  . is  one of th ree  occurring,  i t s  p r o b a b i l i t y  of 

discovery and correct ion i s  loriered t o  sone  constant  value (P x Y), 

where 0 y 5 X. 

. I f . . f o u r . o r  nore f a i l u r e  causes occur a t  once, none of the= w i l l  be 

discovered and corrected. 



5. Afte r  I! t e s t s  the re  i s  a  c e r t a i n  p ro5ab i l i ty  t h a t  rt f a i l u r e  cause 

has produccd one or  ulore f a i l u r e s  and has been corrected. This 

is i ts  "probab i l i ty  of elimination," .In expected value .of t h b  un- 

r e l i a b i l i t y  of each f a i l u r e  cause a f t e r  a  c e r t a i n  number o f  t e s t s  

i s  f o m d  by n u l l i p l y i n g  the  i n i t i a l  ~ u l r e l i a b i l i t y  of n f a i l u r e  

cause by t h e  p robab i l i ty  t h a t  it has not  been eliminated. The 

expected r e l i a b i l i t y  of tile system is  t h e  product of t h e  espectcd 

r e l i a b i l i t i e s  of a l l  f a i l u r e  causes. 

6 .  Altho~zgil t h e  u n r e l i a b i l i t y  of a  f a i l w e  cause x c i l l  renain  constant  

u n t i l  it is e l i c i n a t e d ,  i t s  p robab i l i ty  of f a i l i n g  alone.may in- 

crease  a s  t e s t i n g  increases,  s ince  o ther  causes may liave been 

el iminated.  

7. Ox-crstrcss t c s i i n g  may be enploj-ed i n  sucI1 a  Tiny t h a t  t h e  pro11al)ility 

o f  qccm-rence of a  f a i l u r e  cause w i l l  be mul t ip l ied  by a  i o n s t a n t  

f a c t o r  ( ca l l ed  the  "overstress fac to r" )  t o  a l t e r  i t s .  f a i l u r e  .. . 

probabi l i ty .  

Def in i t ions  

El = :Total  number o i  s t a r t - f a i l u r e  causes present  i n . t h e  system 

RSo =- I n i t i a l  s t a r t  r e l i c b i l i t y  

I n i t i a l  u n r e l i n b i l i t y  of t h e  it'' s t n r t , f c i l u r e  
. . 

cause , 

RS. = TIre expected systen s t a r t  r e l i a b i l i t y  a f t e r  j t e s t s  
J 

E~ iqi) = Toe expected value o f  tllc u n r e l i a b i l i t y  of the  ith s t n r t - f a i l u r e  

cause a f t e r  3 t e s t s  

Pi = Tie p r o b a b i l i t y  of discovering and cor rec t ing  t h e  ith s t a r t -  

f a i l u r e  cause i f  i t  occurs alone 

Bi, j 
= Toe p r o b a b i l i t y  of not having el ioinat .ed t h e  ith s t a r t - f a i l u r e  

cause a f t e r  j t e s t s  



qi 
= A stress factor by &ich the unreliability of the i 

th 

start-failure cause is multiplied to alter its probability 

of occurrence to q. q where O 0, Vi qi * 1. At nominal 
1 i' i 

The lfodel 

The actual value of the unreiiubility of the ith start-failure cause after 

j tests is equal to q. with probability (B .) or equal to zero wit11 prob- 
1 ~ J J  

ability (1-R .) 
i, J 

Given one start-failure cause in the system with unreliability (q)  and the 

probability of discovery an& correction (P), the probability that it has not 

been eliminated after- j tests: 

j- 1 . r 

for i start failure causes, after j tests: 

j 

Bi, = . 1 - 1  h he probability the ith cause occurs and is 
k=l corrected on the kth test) x (probability it 

was not corrected on the p~evious (k-1) tests.) 
. - 





5. l fa instage t e s t s  may have any intended du ra t ion ,  and each t e s t  may 

have a  d i f f e r e n t  intcntled dura t ion .  Since the  p r o b a b i l i t i e s  of 

' . f a i l u r e  a r e  esponent ia l ,  they  ~t-ill vary  wi th  t h e  i~itexidcd d u r a t i o n  
. . of a t e s t .  

6 .  If a  t e s t  f a i l s  CILU-ing s t a ~ * t i n g  t r a n s i e n t ,  mainstage ope ra t ion  

w i l l  n o t  occu r ,  and no mainstage f a i l u r e  cause w i l l  have a chrmce. 

t o  prodnce a  fni lul-e .  I f  a  . t e s t .  . is  s u c c e s s f u l ~ d u r i n g  s t a r t ,  and . . 

a na ins t age  f a i l u r e  does occur,  o the r  na ins t age - f a i l~u -e  causes w i l l  

no longer  he exposed, s i n c e  t h e  t e s t  w i l l  be terminated. 

7. U t e r  N t e s t s ,  t he se  is  a  c e r t a i n  p lsobabi l i ty  t h a t  a  cause has  

occui-red, been discovered,  and cor rec ted .  Eiis is the  "prolmbj . l i ty  

of c l ininr : t ion."  --br expected value of the  f a i l r x e  r a t e  of  each 

f a i l u r e  cause i s  f o ~ m d  by mul t ip ly ing  tile i n i t i a l  f a i l u r e  r a t e  by 

t!le p r o b a b i l i t y  t.!~at'tlle cause has n o t  been el iminated.  

8. Alt!ioug!r t h e  f a i l u r e  r a t e  of a  f a i l u r e  cause is solne cons tan t  (A) 

u n t i l  t h e  cause i s  co r rec t ed  and 1 = 0 ,  i t s  p r o b a b i l i t y  of f a i l u r e  

w i l l  i nc rease  wi th  t e s t i n g .  -4s f a i l u r e  causes occur and a r e  cor- 

r e c t e d ,  t hose  n o t  r e t  cor rec ted  . w i l l  have a  g r e a t e r  oppor tuni ty  

t o  occ~zr. The p r o b a b i l i t y  t h a t  a  t e s t  texminates because of anotjier 

cause of f a i l u r e  w i l l  decrease. 

9. Overs t r e s s  t e s t i n g  nay -be enployed i n  such a way t h a t  t h e  failui-e 

r a t e  of a   ode ~i i l l  be mul t ip l i ed  by a  cons tan t  f a c t o r ,  c a l l e d  t h e  

"ove r s t r e s s  f ac to r . "  

Def in i t i ons  

K = Tota l  n ~ m b e ~  of mainstage-fai lure  causes p re sen t  i n  t h e  system 

R'io = I n i t i a l  na ins t age  r e l i a b i l i t y  

'i 
= I n i t i a l  f a i l u r e  r a t e  of tile ith mainstage-fai lure  cause, where 



RM. = The expected system mainstage relia5ility after j tests 
3 :  

E .(A. ) = The expected value of the ith cause-failure rate after j tests 
3 1 

th  
a: = The probability of discovering and correcting the i main- . I 

stage failure cause if it occurs 

th 
v = The probability of not having .eliminated the i mainstage- 
i ,  j 

- failure cause after j tests 
. . 

= An oyerstress factor by 1,*11ic11 the failure rate of tlle i 
th. 

8 i - 
mainstage-failure cause is multiplied to increase its value to 

Xi ei, Bi > 0. -4t noirinal conditions 0 = 1. i 

.ti 
= T1:e intended mainstage roooing time on the. jth tests 

tf 
= Full mainstage duration 

Given K mainstage failure causes, each k-it11 a failure rate (x.), wl~ere 
1 

i = 1, I<, the probability that a test of intended duration (to) is termina- 
th 

ted by failure of the m mainstage-failure cause (1 C m K) is 

K .  
1 = esp (-tf c ~3 i= 1 

th 
The actual value of the failure rate of the i mainstage-failure cause 

after j tests is equal to Xi with probability (v ) or equal to zero with 
i,j 

probability (I-v ) E. (Xi) = Xi vi, j. Given one mainstage-failure cause 
i, J 3 

present in the system with failure rate (A )  and probability of discovery and 
correction (a), the probability that it has not been elin~inated after j tests 

can be shokn as follows: 




 or t h e  ith mi ins t age - f a i lu re  c a u s e  a f t e r  j t e s t s :  

j 
Y = !? [I-(Probabi l i ty  of a s t a r t  success  on t h e  kth t e s t )  r 
iyj ,=, 

 robab ability t h a t  t h e  ith f a i l u r e  cause occurs  on 

t h e  lit'' t e s t )  x ( ~ r o b a b i l i t ~  t h a t  t h e  ith f a i l u r e  

cause is corrected)].  

To  f i n d  t h e  c spec t ed  na ins tnge  r e l i a b i l i t y  a f i e r  X t e s t s ,  =h, v i ,N i s  

co i~~puted  f o r  a i l  o i a i t~s t age - f a i lu re  causes .rjllere i=1 ,LC. 

K 
Then m& " exp [-tf 5 Xi vi,*, 7 Under nominal cond i t i ons  t h e  f a i l u r e  r z t e  

i=ll . 
th 

of t h e  i mainstage f a i l u r e  cause ,  f o r  t h e  computations of v i, j' is (hi). 
'th 

Under o v e r s t r e s s  c o n d i t i o n s ,  t h e  f a i l u r e  r a t e  of t h e  i f a i l u r e  cause is 

Overa l l  R e l i a b i l i t y  
. . . - 

The i n i t i a l  ~ r e r a l l ~ r e ' l i n b i l i t ~  is  ( R ~  = RS o  x ~ 1 ~ ) .  A f t e r  K t e s t s ,  the 

expected o v e r a l l  r e l i a b i l i t y  i s  (%. " RSN x 3). 



APPL ICATIOX 

Previous component and engine t e s t  experience provides a  b a s i s  f o r  estlrll- 

n t i n g  in i t i a l - cause  f ' a i lure  r a t e s  f o r  each f a i l u r e  sjmptom. Tlie predicted- 

c a u s e  f ai l tu-e r a t e s  are derived from i n t e r p r e t i n g  tliose encountered on ' 

. . 

i ~ i s t o r i c a l  prograins i n  vie~t. of the  v a r i a t i o n  i n  design between 

tl:e  advance;^ and h i s t o r i c a l  engines. Tile following -des ign f a c t o r s ,  110~- 

ever ,  a r e  r e f l e c t e d  i n  the  est imates.  

I .  Design envirolmcnt being ~ r i t h i o  a  range experienced on p~.cvious 

designs w i l l  reduce tl:e nvmher of causes, lover t h e i r  f a i l u r e  

r a t e s ,  and increase  the  p r o b a b i l i t y  o f  f i x .  

2. Design environment a t  a  l e v e l  exceeding previous experience w i l l  

i nc rease  t ~ i e  cause f a i l u r e  r a t e s ,  introduce new f a i l u r e  causes 

wi th  lower f a i l u r e  r a t e s ,  and lolcer the  p r o b a b i l i t y  of f ix .  

- - - -. - -. -. -. 
3. The p o t e n t i a l  e f f e c t  of a  ma l f~mct ion  a l s o  inf1uences. i t .s  

c l a s s i f i c a t i o n .  For example, metal t o  metal rubbing wi th in  an 

o s i d i z e r  system n igh t  be considered a  f a i l u r e ,  while the  same 

rubbing i n  a  f u e l  system miglit only l)e considered a  minor 

malfunction. 

It s l ~ o u l d  be noted t h a t  a  high i n i t i a l  frecjuency of bccurrence per  f a i l u r e  

cause i s  benef ic i a l .  To i l l u s t r a t e  t h e  po ten t i a l  e f f e c t s  r e s u l t i n g  from 

tile v a r i a t i o n  in  opera t ing  l e v e l ,  an esanple is  presented i n  Table I f o r  a 

s i n g l e  f a i l u r e  symptom. 
- .. 



Ekpec ted 
Failure 

Probability 
(50 tests) 

0.014 

0.0077 

0.0282 

0.0553 

0.0097 

0.0060 

Cause 
Failure 

Probability 

0.05 

0.10 

0.10 

0.10 

0.05 

0.025 

0.025 

Xumb e r 
of 

Causes 

1 

1 

- 

Operating 
Level 

h'ominal 

Severe 

Probability 
o f 
Fix 

0.5 
0.5 

0.25 

0.25 

0.25 

0.75 

0.75 . 

Parameters 
I'ai-i ed 

- .  

Increased 
Canse-Failure 
Probability 

Severe 

Scver e 

Bclow 
Sominal 

Be 1 ow 
Xoninal 

Increased 1 
Cause-Failure 
Probability, 
Reduc ed-Fix 
Probability 

Increclsed 
Cause-Failure 
Probability, 
Reduc ed-Fix 
Prohnbility; 
liitroduc cd 
Sddit ional 
Cause 

Reduced 
Cause-Failure 
Probability, 
Increased-Fix 
Probability 

Reduced 
Cause-Failure 
Probability, 
Increas ed-Fix 
Probability, 
25 tests op- 
erated at 
nominal level 
(Q increased 
from 0.025 to 
0.05) 

I 

2 

1 

1. 

. 



The f i r s t  ca se  a t  t h e  s e v e r e  ope ra t ing  l e v e l  dcnons t ra tes  t h e  d e s i r a b l e  

e f f e c t  of a  high, i n i t i a l  f a i l u r e  r a t e  p re sen t ing  more oppor tuni t ies  t o  

determine t h e  f a i l u r e  cause.  The more r e a l i s t i c  example of high f a i l u r e  

r a t e  coupled wit11 a low f i x  p r o b a b i l i t y ,  however, con t r ibu te s  t o  a lowor 

r e s u l t i n g  r e l i a b i l i t y ,  whi le  wi th  the  a d d i t i o n  of another  f a i l u r e  cause 

r e t a r d s  t he  r e l i a b i l i t y  p r e d i c t i o n  t o  a g r e a t e r  ex ten t .  Tlie f i r s t  e s a n ~ ~ l e  

(a t  n beiolr nominal o p e r a t i n g  po in t )  p o i n t s  t o  t h e  p o t e n t i a l  of a  h igh- f ix  

p r o b a b i l i t y  overcolning adverse  e f f e c t s  of a loxi f a i l u r e  rate'. The poten- 

t i a l  of ope ra t ing  a t  t h e  nominal p o i n t  f o r  25 deve1opn:ent t e s t s ,  however, 

would lead  t o  a h igh  p r e d i c t e d  r e l i a b i l i t y .  

To a s s e s s  t h e  impact of an engine design requirement,  i t  i s  necessary t o  

t r a n s l a t e  t h i s  r c q u i r e ~ a c n t  i n t o  a  neaningfu l  opera t ing  l e v e l  f o r  each 

f a i l u r e  synpton  a able 11). 

TABLE 11. 

Engine Design 
Reaui renent  

Thrust  , CIlaclber 
P re s su re ,  Pro- 
p e l l a n t  Conbi- 
na t ion ,  \ire i g h t  

.- - 

Component Operating 
Leve 1s * 

~ e a ~ c r a t u r e s ,  Speeds, 
Rea t  F l u s c s ,  Flor+.- 
r a t e s ,  V ib ra t ion  

Expected Seve r i ty  - 1  
Sumber of F a i l u r e  
Causes, F a i l u r e  

3 Rates ,  P r o b a b i l i t y  1 

of Fix 

I 
d 

Pubavs tern 

S i m i f i c n n t  Operatinn Chnrnc te r i s t i cg  
~ -=soc i i ? t ed  Lnnine D c s i c  Requirc~nents  

Turbine 
n o t  gas l e a k s ,  b lade  o r  nozz le  e ros ion ,  b lade  f a i l u r e s ,  excess ive  
\,?lee1 v i b r a t i o n  l e r e  1, ~s i lee l  t i p  s e a l  leakage 

Hot gas i n l e t  t enpe ra tu re s ,  engine system t h a t  has d i f f i c u l t y  
i n  c o n t r o l l i n g  i n l e t  temperatures dur ing  t r a n s i e n t  opera t ion  
( f u e l  punp t h a t  is  capable of s t a l l i n g ) ,  t u rb ine  horsepok-er, 

T h r u s t ,  clianber p re s su re ,  power cyc l e ,  performance r equ i r e -  
ment,  p r o p e l l a n t  combustion 



Pump 
C a v i t a t i o n ,  s t r u c t u r a l  f a i l u r e s ,  r u b b i n g  

I m p e l l e r  t i p  s p e e d ,  pump c o n f i g u r a t i o n  (&a1 o r  c e n t r i f u g a l  
f l o w ,  a d d i t i o n a l  b o o s t  puiap), r e a c t i v i t y  of f l u i d  pumped,' 

' 

power requ i rement  , LTSII requ i rement  
T h r u s t ,  cllamber p r e s s u r e ,  combustion chnnil~er c o o l i n g  
method, porier c y c l e ,  v e h i c l e  w e i g h t ,  p r o p e l l a n t  
c o ~ b i n a t i o n  

Dynamic S h a f t  S e a l s  
E s c e s s i v e  lcalcage, f i r e  

S e a l  s p e e d ,  s e a l  d i a n e t e s ,  r e a c t i v i t y  of f l u i d  s e a l e d ,  c o o l i n g  
o r  l u b r i c a t i n g  q u a l i t i e s  of f l u i d  s e a l e d .  

T h r u s t  , clinmber p r e s s u r e ,  c onbus t i o n  chniiil~cr c o o l i n g  
nethocl, power c y c l e ,  p s o p c l l a r l t  combination 

G e a r i n g  'and L u b r i c a t i o n  System 
IIigIl s h a f  ̂u t o r q u e ,  b e a r i n g  f a i l u r e ,  b e a r i n g  over  t e m p e r a t u r e ,  
low l u b r i c a n t  p r e s s u r e  

Bear ing  DN, l u b r i c a t i n g  b y  s e p a r a t e  sys tem o r  f l u i d  pumped 
T h r u s t ,  chamber p r e s s u r e ,  porier c y c l e ,  p r o p e l l a n t  couiliination 

A x i a l  ~ i l r u s  t Ba lanc ing  IIechanism 
Bigh o r  lor,. c a v i t y  p r e s s u r e ,  bea r i l ig  f a i l u r e  

F lo r i ra te  , s h a f t  horsepower,  t y p e  of b a l a n c i n g  mechanism. 
T h r u s t ,  chamber p r e s s u r e ,  pc~rier c y c l e ,  p r o p e l l a n t  
combination.  

An a n a l y s i s  was p e r f o r n e d  t o  d e t c m l i n e  t h e  d e s i r a b l e  pump s i z e s  f o r  a 

l a r g e  advanced b o o s t e r .  From d e s i g n  l a y o u t s ,  p r e d i c t i o n s  were made a t  

t h e  amount of development t e s t i n g  t o  a c h i e v e  r e l i a b i l i t y  g o a l s  as a 

f u n c t i o n . o f  t h e  e q u i v a l e n t  eng ine  t h r u s t ,  chamber p r e s s u r e ,  and p r o p e l l a n t  

combina ti on (oxygen-RP1 o r  oxygen-FIydrogen). 

E s t i m a t e s  have been d e r i v e d  f o r  t h r e e  turbopunp s i z e s :  small, medium, 

and l a r g e  (??ig. 3 ) .  Tile medium and l a r g e  turbopumps d e l i v e r  t w i c e  and 

f o u r  t i m e s ,  r e s p e c t i v e l y ,  t h e  f l o ~ i r a t e  of t h e  s m a l l  turbopunp. The r e s u l t s  

show t h a t ,  f o r  e q u i v a l e n t  turbopunp r e l i a b i l i t i e s ,  t h e  s n a l l  turbopump 

r e q u i r e s  t h e  f e v e s t  development t c s  t s .  F o r  e q u i v a l e n t  eng ine  sj-s t e a  t l l r u v t s  

and r e l i a b ' i l i t i e s ,  horiever, t h e  l a r g e s t  turbopump r e q u i r e s  t h e  l e a s t  

amouut of development t e s t i n g  ( ~ i ~ .  3X and 38). 
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Figure 3. Developncnt Testing and Cost for Reliability Goals 
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Because of t h e  g r e a t e r  cos t  of the t e s t - f a i l - f i x  cycle f o r  the  l a r g e r  

tu;-hopump, t h e  a c t u a l  b a s i s  f o r  comparison must be the  est imated - 
development cos t  t o  r e a l i z e  equivalent  system r e l i a b i l i t i e s .  ( ~ i ~ .  3 ~ ) .  
The r e s u l t s  again  take a r eversa l  leaving the  smallest  turbopump s i z e  

(implying f o u r  t imes t h e  number of l a rge  tufbopumps i n  t h e  engine 

system) wi th  t h e  lowest development cos t .  

The r e s u l t s  a l s o  i n d i c a t e  ' t h a t  .higher chamber pressurks and hydrogen 

engines w i l l  r equ i re  add i t iona l  turbopump deve lopen t .  These es t imates  

permit a t radeoff  between increased. dex-clopment cos t  and engine pcrform- 

ance . 

R~cI ie t  engine developr~cnt philosophies can be placed i.n t ~ i o  ca tegor ies :  

1. Emphasizing couponcrt lcve 1 development 

2. Emphasizing engine system development. 

The f i r s t  concept i ~ p l i e s  t h a t  l a rge  nurcbers of collibustor and turbopunip 

tes t . s  be performed t o  cor rec t  f a i l u r e  modes p r i o r  t o  running the  majori ty 

of the  expensive system t e s t s ,  ~ i h i l e  t h e  second concept assumes t h a t  

component t e s t i n g  can only approximate t h e  engine environment. IIence, 

the bas ic  development i s  performed through engine t e s t i n g .  

The problem i n  plannirig an e f f i c i e n t  develcpment program i s  t o  determine 

the  appropr ia te  amount of t e s t i n g  i n  etch category. The index of e f fec -  

t iveness  f o r  each category of t e s t i n g  becones the  increase  i n  engine 

r e l i a b i l i t y  pe r  t e s t  and development d o l l a r .  A r e l i a b i l i t y  growth 

p red ic t ion  can be examined and readjus ted ,  with e f f o r t  a l l o c a t e d  t o  those 

a reas  ind ica t ing  t h e  g r e a t e s t  r e t u r n  (J?ig. 4). 

Theoret ica l ly ,  t h e  optimal program can be determined through a l l o c a t i n g  

e f f o r t  t o  t h a t  category having t h e  h ighes t  index (AR/Ac) u n t i l  another 

category becores des i rab le .  I n  a c t u a l  p r a c t i c e ,  it may be impract ica l  

t o  ca r ry  out a l l  poss ib le  answers. -4 problem has  o c c ~ r r e d  when it 

appears more e f f i c i e n t  t o  s t a r t  a program wi th  engine t e s t i n g  and complete 

i t  with turbopump t e s t i n g .  The model i s  appl ied  by allowing it t o  indi -  

c a t e  the  t e s t  q u a n t i t i e s ,  b u t  not  t h e  schedule. 





Ifhen component t e s t i n g  i s  indicated  l a t e  i n  the  development program, 

the s t r a tegy  of a l loca t ing  the  component t e s t s  e a r l i e r  i s  the  more . 
e f f i c i e n t  course t o  follow than f a i l i n g  t o  a l t e r  the amount of compo- 

nent t e s t i n g .  The instantaneous r a t e  of r e l i a b i l i t y  growth ( a t  th ree  

points  i n  a t y p i c a l  development plan). i s  s h o ~ ~ n  i n  Fig, 5. During the  

e a r l y  phase, t e s t i n g  the  cooled and uncooled combustor appears most 

e f f i c i e n t .  I n  tlie middle of the  program, engine and turbopump opera- . 

t i o n  y i e l d  h igher  expected re tu rns  than e i t h e r  combustor categories,  -- 
and a t  the  f i n a l  program phase, t h e  t u r b o p b ~ ~ ~ p  r a t e  of growth i s  

. . gaining on t h e  module. 

COXCLUSION 

I n  essence, t h i s  approach t o  r e l i a b i l i t y  predic t ion s t a r t s  from 

ini t ial-fai lu-e-symptom and fai lure-cause est imates,  and u t i l i z e s  

p;eviously esperienced development e l f  ic ienc  i e s  and deve'lopment e f f o r t  

t o  p r e d i c t  t h e  u l t imate  design r e l i a b i l i t y .  Through the  procedure 

p o r t r a y e d i n  Fig. 6 ,  an engineerirq appra isa l  of t h e  design concept 

and the  development p lan  i s  converted i n t o  quan t i t a t ive  es t imates  of 

the  development e f f o r t  t o  r e a l i z e  r e l i a b i l i t y  goals .  By applying 
t h i s  model during the  adrance design pilase, a  more e f f i c i e n t  design 

concept and developcent plan can be se lec ted .  
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