


NTRODUCTION : 

ne of thc  requirements f o r  NASA acceptance of a Saturn vehic le  engin 

h a t  the  t h r u s t  averaged from two successive t e s t s  without an in te rven i  

a l i b r a t i o n  f a l l  wi th in  s p e c i f i c a t i o n  limits. In  the past;most engi  

were accepted from the  cont rac tor  a f t e r  three  t e s t s ,  but when the  

s p e c i f i c a t i o n  was recen t ly  t ightened it  was estimated t h a t  more than 

50% of a l l  engines would have t o  be t e s t ed  a t  l e a s t  four. t imes p r i o r  

o acceptance. Thei r  increase  i n  number of t e s t s  per  engine represe 

an appreciable  increase  i n  cos ts .  . . 
This  paper p resen t s  t h e  r e s u l t s  of & s t u d y  made t o  determine what 

t 

B done t o  reduce acceptance t e s t i n g  c o s t s  when the  spec i f i ca t ion  

a r e  he ld  constant.  
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nother test is  co 
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l imits ,  t h e  engine is recalibrated, Bnd tha t e s t '  cycltl ii 
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' 7; r2= is the same for a11 engines. - < 1 . , ' I' . , 
'8. Engine-to-engine and run-to-run deviates are normally ;. 

, 
and independently distributed. , j  

. . 
The models described below can easily be altered to change assumptions 1 

through 5. 

Two models are considered herein: 
' . . , 

Ir Assume the engine is scrapped after nine.tinsuccessfu1 

tests, and operational reliability = 1.0; Operational : . I  

. . 

reliability is defined as one minus the probability of i 

! . - 
i 

any failure (hardware, facility, human error) that causes # ?  

. , . . 
a single additional test and calibration. Assume that tho 

! ' 
b : ', 

cost of scrapping an engine is equal to the cost of 40 tests* . 3 .  
.* 
. 

2. Assume the engine is scrapped after 5 unsuccessful tests . ' P . E. ' .  , 

. < 
'.: 

and operational reliability 5 1.0. 9.. . 
- .  . .;&. . i 

. ' Commbn to all models generated under the above assumptions, we define' the *^ 

< .  
. . .  *' ; 

following probabilities' (figure 1) : . icl . P 
C h  

, -' let P-(i) be the probability of thrust exceeding the decision : .  
' I . .  

y, . 
t . .  , . . 4 

2 .  . I 

limits in the ith test. * .  . " 

5 a. - .  . . 1 * .  . 

Let P(Y) be the conditisnal probability that the mean thrust, . . 
i , - <  

(X~+X~+~)/Z, of the ith and (i+l)th tests exceeds the specification . 

, 
limits* / - 

' f 
\.' < .  . . 

f t  is assum&a that P(i) .is the sthe for all i,  and that  is the same ' 

< .  
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e t  the notation 
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a that the cost of one engine is equi&alent to the 

s used to support contract negotiations 



is minimized when the decision limits are nominal f '1.7(1340) = 

e number of standard-&@$&ions between nominal and the specification 

it (two-sided) is 20@4$#60 6.1 ; ,,. = 1.28i ~i trial and error, &pation ( 

.7 to 1.5 stand 



C. Percent engines requiring calibration after second t e s t .  

, are necessa 



COMPARISON OF DECISION LIMITS k 
I ' 

ASSUMING THAT &ER 9 UNSUCCESSFUL TESTS THE ENOINE IS SCRAPPED 

~ E E  
P 1500,Ib~e ' :- 600 l b ~ e  

RR 
. I 

f 
, (spec4* a ~ o m i n e d  1.3 Sigma) I .  

(Assume 1 Engine a . A  Decision L i m i t  Opthum bec. Limit , 
= 40 Tests)  = nominal 1.5 rx - 
Prob. of  Acceptance b 

af ter  3 Tests. .38 ' d-8- , y o  
. . 

.73ngines Requiring 62% *2p~3* 
Calibration After . (of these, 31% . (of these, 84% 

.. . 2nd Test are necessary) are necessary) 
. . * .  
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a MODEL 2: Reliability l r O ;  Engine is scrapped after 5 unsuccessful tests*  ' - ' . .  
Assume that the engine is scrapped when the contractor fails to meet , I. ' , 

requirements for acceptance after 5 successive tests with calibration, * 

Let 1-R1 be the probability of failure in the first test, where *failure* '. 
% * 

/tJ ,Jt 46% Lie 2. 
is any event that causes a'single additional test -, and 

8 .  

similarly for 1-RZ in the second test, e t c ~  A curve of reliability VG. : 
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, . _ '  . - .k. : . . Assuming that the cost of one engine is equivalent to the cost of M tests, 
4 . 

and letting Pj be the sum of probabilities in table 2 associated with j . 
. .  i;. ,>  

tests, the expected number of tests per accepted engine is given by + .  
, < 

, 
cquation (4)u : ;! a 

, , I  . I .  .,: 
.,,.: .. ' 

%I ,I 

Case 1: Reliability 4 1.0 a . : / . I  
.,, 

, In illustration suppose rEE = 1200 lbs., CRR = 600 lbs., specification . . % .  ,. .. 
I ' 

' I ,  

limits ate nominal + 2000 lbs., and the cost of one engine is equavalent 
. I .  

to,the cost of 40 tests. Then as in model 1, case 1, we have! 

:\. 
<X " = 1340 lbs. 

. *r 

i z*,:. -. 
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? .  , .  

f x  (xi+xi+l)/2 = .95 , .. I ' 
. is 8 ,  

1 -. .* 1, 

, . ; " 

?xi+xi+?) / 2 = 1270 1bs 
$t ,&. ,: 

3 , ;.; 
8 , p: % I:; 

\. . 
' Number of standarq deviations between nominal and specification limit = 1.57. F I ,  ., 

* , 4 ,  * . z *  
L .  
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. ' Calculate P from table 2 for j = .3, 4, 5, utilizing operational reliability ;: . <. , 
j - _ .  

$ *. 8 ,. , . 
values of figure 2 .  By trial and error, equation (4) is minimized when the :"I . 

i \ 
x c,. ?Y , 

, decision limits are nominal 2 1.8 standard deviations, and E(N) = 24.6 I ' *  
! t 
'A.. . 

. .* 
tests per accepted engine. .- . 

i 
, , 

Case 2: Reliability = 1.0 (Same correlation coefficient and standard deviations i 
I .  as in case 1) . 

- . It is of interest to observe the partial effect of reliability on the optimum , , " .< . 

decision limits and expected number of tests, E(N). Let R1 through R be 1.0. 
5 

Then utilizing table 2, (or table 1 for j = 3, 4, 5) calculate P ' The 
j ' , , 

Standard deviations of X and ; (Xi+~i+l)/2 and correlation coefficient are 
i 

the same as in case '1. Equation (4) is minimized when the decision limits 
I ' 

1 '2 

are nominal 2 1.5 standard deviations and E(N) rr 3.6 tests per accepted engine* 

In compaeing th'ese values to those in case l1 note that the optimum decision 

. . .  
I .  
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limits become tighter, and the number of tests per accepted engine'decreases . , 

as reliability increases. L * ,  
I 

: ' 1 .  
: .: ' .  

By comparison of results in Model 1, case 1 to those of Model 2, case 2, a .>., , 1. 

measure of the effect of scrapping the epgine after 9 versus 5 tests is ob- 
I 

. . . . 

tained. The optimum decision iimits are nominal -t - 1.7 standard deviations , .  

in the former, and E(N) = 3.3 tests per accepted engine; in the latter, the 

optimum decision limits are nominal - 1.5 standard deviations, and E(N) ' = . 
I 

3.6 tests. 

APPLICATIONS : I$ b 

* j4< 
I I, 

The minimum expected number of test's per accepted engine, E.(N), provides a L a  . 
$4 
rl ' 

convenient yardstick for trade-off studies. For example, one might want to kk , 
i ' 
I ,' 
1: ,, 

determine whether or,not the cost of overhauling test facilities in order ) .  . a 

; ..' 
to improve operational reliability by, say, 5%, is worthwhile. Or, one * .  

I .  
,m . r, I' 

might want to determine whether the cost of reducing engine-to-engine varia- 
- 1  

bility by improving calibration techniques or equipment is offset by the e 

. . 
reduced nmber of tests required for acceptance, etc. + :. 

:, 
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