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- - FOREWORD

This report presents results of a study conducted by Westinghouse
Electric Corporation , Baltimore, Maryland , under Air Force Contract F33615—
77—C— 2074, “Integrated Thermal Avionics Design” during the period of
September 1 , 1977 to June 1 , 1978. This contract was conducted under the
sponsorship of the Air Force Flight Dynamics Laboratory, Wright—Patterson
Air Force Base, Ohio with Dr. A. H. Mayer (FEE) as project engineer.

The results of the study and recommendations for further study are
presented herein. The Westinghouse Program Manager was R. F. Porter.
Other major contributors were R. T. Dolbeare, E. R. Levitt, R. H. Warsham ,
R. J. Bennett, J. T. Prichard, Y .  Lord , R. A. Marlett.
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SECTION 1

I Nl ’ HOt ) t ’C ° l ’  I ON

The pr imary i~~~.i I of 1 n t  ~~~r a  cii Therm a l  A~ ott  i e lies I gn 1 I A ~ i s he
developme nt o V a system of ’ so f t  war e  p r o g x -~uri s t o ‘omp i i  sh opt  m u m  i i  fe
c c  1t~ cos t ( I  CC des ign  01’ .r~ ion i c s  sys t ems .  Accomp l i s h i n g  t h s goal i~ea i i s
u l  t imat  c l v  mak ng a l l  ne essar v  t rad e—o f ’t ’ d e c i s i on s , not o n l y i’ u n ce’rn t ng t h e
a v i o n i c s  system des ign  i t s e l f ’, but a l s o  c on c e r n i n g  th i a i r e r a l t  env i ron—
ment al contro l system (ECS).

T h i s  tinal report d e t a i l s  the  studies and p rogres s  made t owar d t h e s e  g o a l s
w i t h in  the con s t r a i n t s  of ’ t h i s  i n i t i a l  phase 01 ’ the project. T h i s  j u t  t a l
phase was not  in t e n d e d  t o  i e l d  a werk i ng s o f t w a r e  s y s t e m . I t  i s  a s tud y
phase i n t e n d e d  to d e s i g n  • i n  an arch i t  cc t ura I sense on l y • t he so ft  war e
s y s t e m  requ i r e d  t o  accomp l i s h  I C C  opt i r n i  .‘at i o n .

One of t h e  rnn a ,io r  ground r u le s  of t h i s  s tud s ’ i s  t o  u se c x i  s t i n g  s t t w a r ~
wherever  p o s s ib l e  . Thus a survey of e xt  s t r u g  c o m p u t e r  p r o ~ n’ ,tr :s- has been
made to  de t e rm i ne which  are m os t  app l i c a b l e  t o  t h e  l T . -\P s’~ s t e m .  i i  he
i n i t i a l  pI’i~ se of the  program , it was recommended t h a t  t h e  I TAP so t ’~ w ar e
should be dc~s I gr ied f o r  ev e n t u a l  imp I emeni t a t  ion on I ire C I ) C — r ~~OO c on ipu t e r
loca ted  at W r i g h t — P a t t e r s o n  A i r  Force Base (WrAFB 1 . T h e re fo re , p ar t  0! ’

the  choice  of  computer  program s is  based on t h e r  r app I t  ~‘,tb i i i  t ’, t o  t h i s
— hardware f ac i  I i  t v  as well as t h e i r  app i i c a b i  i i  t~ t o  t h e  l T A ~ sv s t  em.

Many func t t o n s  requ i red t o be per t ’ormed h t h e  I CC opt r ‘ . r ion  p roe Os s  or
to accomplish some peri phera l t a s k s  are n o n — e x i s t e n t . I i i  t h e se  e .r ses .
a l g o r i t hms have been def ’ined to  t ’i i i  t he se  g ap s .  So ft  ware  code has  t r o t
bee n w r i t t e n  i n  t h i s  phase of the  s t u d y except where i t  w a s  c onvent  ent  or
made comp le t i o n  of ’ t h i s  stu dy ea s i e r .

Three s e p a r a t e  groups of e f f o r t  are report  &Sd h e r e i n .  These are d i v i d e d
i n t o  two ma ,jo r t a s k s  w i t h  one t a s k  has’ in g  two separate p h a s e s .  Task I
i nvolves the det ’ir i i t ion and desi gn of ’ t h e  ITAI) sot’tw are  system . Task 11
involves  an ac tua l  r e l i a b i l i t y  opt m i  ~~~~~~ ion  of an e x t  st ing  p a i r  of P r i n t e d
W i r i n g  Boards ( PWB ’t and p r e d i c t i o n s  of the  i n t ’lueuce t h i s  op t i m i  ‘at  i on

F 
process has on t o t a l  LCC .

Al thoug h opt i m i zat ion of I C i ’ for  every type of e l e c t r o n i c  component  j i r d
subassembly is  desirable and eventuall y possible , i t  became i m m e d i a t e l y
apparent that effort should init iall y he c o n c e n t r a t e d  on the di gita l PWR
area. Since the majo r i ty  of parts in modern avionics systems are c o n t a i n e d
in the di g it a l  area , large gains i n  total sys tem r e l i a b i l i t y  and log i s t i c s
Support Cost ( LSC ) can he re-~I i : ed .  Automated wire  rou t i ng  programs are
best suited for wiring di gital circuitry . Also , thenn al  opt i m i  :at ion
techni ques are relative ly stra i ght foz~ ard since modern di gi t a l packag ing

- , -
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techn iques allow consideration of’ optimum arrangement on a row by row b a s i s .
Interactions between rows are a second order effect for most packag ing
techni ques co~~only used . In contrast , most analog boards ior boards
consisting of discrete devices instead of microelectronic devices tMED ’ sf
have very complex arrangements requiring computations of temperatures and
resulting reliability based on comp lex interactions between all the compo-
nents on the PWB . In addition , changing the location of one component may
require a complete rearrangement of all the components in a board — probab l y
not in any systematic manner.

The optimization algorithms developed in this study for di gital Printed
Wiring Assemblies (PWA ) have the necessary flexibility that they can be
used to determine positions of PWA ’s relative to each other within a unit.
In addition , they can be extended to the placement of each unit making up
the total avionic system . Initiall y this total optimization cycle can be
performed by the manufacturer of each avionic system going into the
receptor aircraft. Finally ,  the same procedure can be used for the entire
aircraft avionic systems either by the airframe manufacturer, th ’ customer ,
or an avionics integration subcontractor.

‘1
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SECTI ON I I

TASK I — ITA D I ) E F I N I T I O N

Task I of the ITM.) study was divided into two efforts. The t ’ i r s t , to
reco mmend the hardware sy s t em  on which to imp lement the h A D  sot’tware . The
seco nd t o  d e f i n e  t h e  ITAD so f tware . These separa te  goals are e n t i t l e d  Phase
I and Phase I I  r e s p e c t i v e ly  and are discussed in d e t a i l  in sections 2 .1. 1
and 2.1.2 .

- 
- ‘ 2.1 PHASE I , COMPUTER F A C I L I T Y  D E F I N I T I O N

The i n i t i a l  p hase of the I TAD was a imed at  choosing the best computer  s i t e
for i n i t i a l  in s t a l l a t i n : - of t he  ITAD sof tware . Three a l t e r n a t i ve s  were
exp lored:

1) The DEC— 10 computer at WPAFB A v i o n i c s  Lab
2) The CDC—6600 at WPAFB
3) A third alternative

Among those systems considered for the third alternative were the
Westinghouse Univac 1110 , a commercial timeshare system , and a c o m b i n a t i o n
of bot h WPAFB sy s tems.

The commercial systems were eliminated due to expense and because they
were CDC machines similar to those at WPAFB ASD and thus had no advantage
in machine type. The Westinghouse Univac 1110 system was eliminated because
access to the computer from terminals at WPAFB could not be provided .

-
‘ The remaining computer sites , i.e., DEC—10 , ASD CDC—6600, or a combination

of the two were compared on the basis of the following criteria:

• I) Conversion/installation costs

Most of’ the software to be used is located on the CDC—6600. Those
which are not are easily converted from the DEC—10 or is available
in a form compatible with the 6600.

2) Availability

This is an assessment of’ the availability of lack of the candidate . -

machines at the given time a user tries to start an ITAD run.

3) Additional facilities required

This criteria considered the need for additional equipment such as
graphics terminals , microprocessors , available memory , etc. The

3
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CDC—66 00 s y s t e m  pre~~t ’r t has a l l  the  f o re s eea b le  ‘. i c  i i i  ¶

r equ : r’ed . The ins. lus  i on:  ot ’ ~ TA ~ I N~ uni t h e  I ) EC— I 0 w & - u I  J n’ cqu i t t -
at  l e a s t  one add i t  i n a l  t e r ’m i n a l

4) ~~~~ of t s r

T h i s  ons  idered he amount of knowl e d ge and ex p e l - :  c r e e  r r q ui  r’ i’d
b’, t he  use r ’  t o  u : r ’ h Al) on each  of  t h e  t h ree  svs ’  ems u n d e r ’
c o n s i d e r a t i o n .  A c o n i b i r j t  : en  s\ s ~ i’m would  r equ i r e  a
leve l  o f  knowled ge and more d i f f i c u l t y  for  the us e: - .

5) Response time

Response t i m e  is d e f i n e d  as the  t i m e  b e t w e e n :  s ! ar t i n ~ ‘ho
prob lem and o h t a r n i n g  an answer .  Th i s  i s  depend en t  i :

- - 
- ability. M a c h i n t ’  speed , l o a d i n g  of the m a c h i n e .

6 )  Sof tware M a i n t a i n a b i l i t y

M a i n t a i n a b i l i t y  e x p e n se s  may vary be tween  the  c a n d i d a t e  S i t e s .
This includes c o s t s  of up dat i ng as woll as eli m inat ini f hugs
found  d u r i ng  use .

7)  1)ifficultv ~n installation i n  another  f a c i l i t y  at la t & - r d a t e .

The ease of i n s t a l l a t i o n  of h A D  on other computer ’ s i t e s  a f t e r
having  been ins t a l l e d  at WPAFB w i l l  depend on the o r i g ina l  s i t e
chosen.

A combination of machines is felt to be undesirable because of d i tt ’rc u lt : es
of inter,nachine interactions with the Data Base Manager’ (DBM ) and because
of increased maintenance costs. Also , since the h A D  software will be used
by various avionics manufacturers , it will need to be converted to their
computer systems. This will be more difficult if the ori ginal software is

• split between two machines .

Thus the combination of machin es was eliminated as the final ITAD hardware
facility . However , much of the software required for ITAD is currently
resident on Wright—Patterson computers but is split between the Fli ght
Dynamics Lab facility (ASD) and the Avionics Lab facility.

There are at the present time some facility problems with both of these
sites. The DEC—10 at AFAL is dedicated to real time simulat i on causing
frequent unacceptable turn—around times. The AFFDL CDC—6600 permanent and
scratch file systems are overloaded causing frequent periods of  inaccessi-
bility . Elimination of these problems is a matter of speculat i~ n , hut it
seems that the most likely system to overcome these problems is the AFFDL

- 
‘ CDC—6600 since its primary mission is to provide the entire base and the’

Fli ght Dynamics Lab in particular with required computational facilities.

4
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Althoug h the ob jec t ive  of t h i s  phase of st udy was onl y t o  cho ose a c o m p u t er
s i t e , a parallel i nvestigati on was undertaken t o  de t ermin e  the part  i c u l a r
software and their iateractions required to meet the second phase goals.
This was necessary to make an intelli gent judgement of the type of system
and capabil ities required of the site. Based on t h i s  study ,  th e b lock
diagram shown in figure 1 was developed .

Based on these requirements , a two—step imp l ementation was decided t o  be
most advantageous. The w i r e  routing program , PCPRA , is c u r r e n t ly  res iden t
on the AFAL DEC—10 system. In add i t ion , the pe rsonne l w i t h  t he  expe r t i s e
to use this program (which does require some interac tive man i pulations ) is
a lso at the AFAL . It i s also f’e l t  that  some period of ’ s tud y is requ i red
before this optimization loop will becom e comp l etely automated . There f’or’e ,
the first step of imp lementation was chosen to put all requ i red 114 A1) f’un e—
tions on the ASD AFFDL CDC—6600 facility except the wire routing program .
This allows the utilization of the expertise at AFAL . Once the best imp le—
menta t i~~isof  the PCPRA program in the ITAP sy s t e m  has been d e f i n e d  and AFF’DI.
personnel are familiar wi th its use , the program can be conver te d  t o  t h e
CDC—6600 and integrated into the h Al) system to  run in an automatic optimi-
za t ion a l gor i thm .

Thus f i gure 1 w i l l  i n i t i a l l y have a b reak at the  inpu t  to and output  of ’
the wire routing program r e p r e s e n t i n g  a change of computer  hardware
facilities. In step two , this break will he eliminated by installing PCPRA
on the CDC—6600.

2.2 PHASE II , ITAI) SOFTWARE I)EFINITI0N

Phase ir  of Task I is dedicated to  t h e  de f i n i t i on and de scri pti on of the
sof tware requi red  and t h e i r  i n t e r a c t i o n s  requi red  to accomp l i s h  t he v a r i o u s
functions needed t o  o p t i m i i e  a v i o n i c s  des i gns for m i n i m u m  LCC , perform
various env i ronmental analy ses , and various reliability and stat i s t i c a l
calculations. The exact nature of these functions is described in  t he
se c t i o n . Wherever poss ib le , e x i s t i n g  sof tware i s  used . The c h o i c e  of
sof tware i s  biased toward those e x i s t i n g  at WPAFB or i t s  c o m p a t i b i l i t y
w i t h  the CDC—6600 computer at WPAF B .

Where ex i s t i ng  software has not . been found to appl y t o  a f u n c t i o n  r equ i r ed
by ITAD c a p a b i l i t y  requ i rements , al go r i t hm s are defined .

2 . 2 . 1  LCC O p t i m i z a t i o n  Loop

For purposes of the d i scuss ion  of the opt im i ; ’a t  ion loop , the examp le w i l l  he
centered on the optimization of the Printed Wiring Assemb l (PWA ) t ype shown
in fi gure 2 which will be referred to as “cop lanar cooled .” This assembl y
consists of the boards and heat is transferred from the f i n s  t o  t h e  a i r .

All of the programs requ i re some mod i ficat i on t o  t ’aci 1 i t a t ~ ’ i n t e r l a c i ng
wi th the data base management system described i n  s e c t i o n  2 . 2 . 7 .
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Figure 2. Air Cooled Printed Wiring Board
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It became obvious at the outset of’ the study that the major  d i f f i c u l t y  i n
develop ing an efficient optimi zation algorithm was the magnitude and in-
e f f i c i e n c y  of the automated wire routing process. This process usuall y
takes  several hours of computer central  processor t ime  and then s t i l l
requires some manua l intervention to comp lete the circuitry . The wire
rout ing processes deten ~i ine  two major costs which  must enter i n t o  the trade-
offs required for optimum desi gn. Even one pass through the wiring routing
process is expensive. To make repeated passes to det’itie an optimum layout
is so expens ive  and t i m e  consuming that  it is untenable  for a p roduc t ion
desi gn process.

Fur the r  comp l i c a t i n g  the wi re  rout ing problem is the fac t t h a t  the process
is  not a w e l l  de f ined  or well  behaved func t ion  w i t h  respect t o  r e l i a b i l i t y .
For examp le , a sl i ght rearrangement of components may have l i t t l e  or no
e f f ec t  on the number of layers of PWB or on the cost of the w i r e  r o u t i n g
process. On the other hand , the same sli ght rearrangement on a d i f f e r e n t
board may have a very si g n i f i c a n t  e f f e c t .  As an exam p le o f t h i s , t h e  t r i a l
o p t i m i z a t i o n  of a PWA such as i s  shown in f i gure 2 ind ica ted  tha t  chang ing
the  layout from the best w i r i n g  layout to the o p t i m u m  r e l i a b i l i t y layout
increased the cost by 109% i f  the sam e number of l ay ers  were ret  a ined (See

Table I . A l l o w i ng some a d d i t i o n a l  f ’ lex ib i  l i t y  in w i r e  r o u t i ng  reduced t h e
cost i nc r ea se  to 90% . For these two l ayouts , the rd i a b i l i t y i n c i ’casc
chan g ed f rom 23% impr ovement t o  1.1% . In other word s , t h i s  r e l i a b i l i t y  g a i n
was cut  a l m o s t  in  half with only a 10% reduc t i o n  i n  desi gn cos t .

The above results mi ght lead to several d e d u c t i o n s .  However , i t  each
board i s  cons ide r ed  separatel y ,  d i  f fer e n t  cone I us i  oti s become ap p a ren t
For the t’i i’st board , the di ff’erencc in  cost between the  opt i mum layout and
t he  mod i t’i ed opt imuni l ayout i s  ~% , whereas  the f’a i  lure  r a t e  i n ci’eascd by

~ .7% .

The ;ecorid hoard , however , shows a change in cos t of ’ 10. ~~ w i t h  an i nci ’c ,isc
i n  fa lure rate of 8.5%.

Based on t h i s  very smal l  samp le , i t  would seem that  there max’ be som e

co r r e l a t i o n  between inc reasing  r e l i a b i l i t y  and increas ing  c o s t .  HoweVer ,
i t  a lso appear ’s that  any d e r i v a t i o n  from the  best e l ec t  r i ca l  wi r i t ig l a y o u t
causes a sharp (100% ) r i se  in co s t  . The sam e sor t  of ’ b e h a v i o r  i s cv i  dent
when the number  of layers  i s a l l  owed t o inc t ’case , but I here i s a s l i gh t l y
lower  maximum cos t

l ot’ purposes o I ’ opt im i zat  ion I i ’adc — o t f  cal  cu la t  i (ins , t lit’ W i  i’t’ t ’out  i rig

rout i n c  should consider  at l eas t  four di  f ’f ’e rent  1 ,ivout s . The~- w o u l d  i n c l ude:

1)  Best w i r i n g  lay out
2 )  A p er t u rba t i on  o f ’  (1 ) in  the  d i r e c t  io ;~ of 10% improved  re l i a b i l i t y
3 ) Opt. i mum t’e I jab j I i t  y l a y o u t
.1) A per t  urbat. ion of (3) in the di reet i on  ot  10% reduced re I i  alit  l i t  ,v

( im p r o v e d  r o u t c a h i l i t y .
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Table 1. BOAR [) VESIGN COSTS

BOA R O CO NSTRA INI  FA ILURE ~ o~. ’ 8 F R  i) ISR~N
PART S ET HAT E PRIC E S

N U M 8~ R L A ’a ’E RS

644R407 Optam.:.d 45 10 6700
644R40 7 Oi~una z.d 4 5  I,,’ 3800
644R40/ Sa,.n Opl m zed 4 8 10 6700
644R40 1 S.m~ OpI rn :wI 4 8 I?  3800
644R40$ O i , , r nu~I 11  /600
644R408 Opom ,ed it I) 4800
644R408 Scm Opi m ied 77 10 6800
644R808 S.m -Oin rn.:.O 7 7 12 4800

644R407 Nol Optam ied ’ 6 4  10 7970
644R4 08 Not Oiu rn zed’ 87 t O 3870

‘The On~un& Detag n wat done to keep th p Pow r an ecc h
Row Equ ivelen t

78 0610 VA I

9

~~~~~~~~~~~~~ 
-

~~~~~———-~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - — -



‘~~~~T~~~~-~-- ’--~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-- 
~~~~~~~~~ 

fl~~

Ii

The d e s i g n  co s t  ot  each of t h e s e  l a y o u t s  t o t ’  at  l e a s t  t w o  d i  I I  t ’ t - a-ta ~ nu mb er s
I N~B I aye’ i - s mus t  he p r e d i c t e d . I t  s comp 1 ~ ‘ t el y im p  i’~tc t i . i l  t a  ~p I i  a - I

w i t - c  t o u t  e’ a P%s’B t h i s  many times. For t h i s  I’(’asiaTi , a ~ - I r ip  I i  I I t a 1  I - - ‘  t W o - a
h a t  i s ab I t ’  t o  predict t h e  re I at vi’ c o s t s  o f  v .t  i i  a u ;  1 .1 t a u t  s h i

a c t u a l l y comp let i rig the wire rout i rig p r o c e s s  i n e e de d . I n~~c -; ~t g i l  i ta Il s

pi’imari ly t i  scuss  t orts) w ith a le a d i n g  tui’poi’at ion i i i  t h e  n i t  a r . , t t  a d  w i l t
• rout  i og bus i i i c s s  i n d i c a t e -  t h i s  i s  a v i a b l e’ app n - o . i c l i  . I i i  t h e ’  t i  l a w  i r ig

d i  seuss  i on , i t  i s  assumed t h a t  ,ut -h . in i  ‘st i m at  io n  t t ’chr i  i qua ’ w ; I I f a a  u c a - LI
in  the I T A t i  sy s t e m . I t  i s , of ’ co ui’st ’ , t ’et ’ o g nt  ‘ci t h a t  I l i e - i t’ may ta -
se’~ e ’ i ’ a I pu ; i b I ~ per t  urhed I , t y a u t  ( i t  ems 2 and -l ab ove ) whi  ii w i l l  g I vt’ t h e
- - l i n t ’  i’d I au i I i t v pr’ed i c t i o n s  ,tiia ,I lia~ &’ \ ‘ar ’ I t a il ; ; impa c t oil W I I’d t u t u  i .

I)epend i rig on t h e  c i ’ t ’ i c i e ’iic o f’ t h e  develop ed  ci ;  I i ma t  l a i n  s c a t  t w i  i a - , i - -i ’

t ’art he’ made t o  a t t e m p t  t o  t i  rid a bt - - ; ‘ I av aa u  t for I lie s ,t ina’  p c i - I  u i ’ l a t - ul
ccl i alu l i l y .

The I,CC opt m u  z a t  ion b lock  d i ag ram i s  shown i n  f i gure 3. T h i s  d i a g r a m
i s  shown as though data we’re passed directl y from one program ta anot  her

‘ 
i i a I though i t  i s , iii actual i t y  , passed v i a  the dat a ba -i c management ;;~~ st  i ’m

- , . I I~~M 1 di scu;;;;e’d in d e t a i l  in sec t ion  2 . 2 . 7 .  Au a t t e m p t  t o  r ’ e p i - ’ ; a ’ n i t  t h i s
shown i n f ’ i gure ‘1 where t l i t ’ a, ’ i cc it ’s rept ’e sent  ia I a i n  t h e  UB M

The opt imi zat i tin r o u t i n e s  can be m i t  ia t ed  by st a r t  ing c i t  her at the  c x i  s t i n g
computer ’ program OPTEM P w h i c h  c a l c u l a t e s  and o p t i m i ~’es re l i a b i l i t y la~
i n p u t t i n g  t lie PWA part number , coo I i  rig t echn i que , and si nk I enup &’r at i t  i a  -

Other requ i red i nf’ormation i s oh t  a i ned f’ rom the  dat a base m a n a g e men t  system .
OPTEMI~ rearranges the component layout. to obtain minimum f a i l u r e ’  r a t e .
During this process , arrangement.s are stored at 5% improvement increments
so that when optimum placement I;; attained , ‘ snapshots” of ’ approximatel y
10% subopt i ma t l ayouts can be retained for w I re rout i rig a, ’ao ; t I r;nle—o t i ’ ;;

I’ h t -  se I a~’aa u t  s are transferred t o  the’ wi t -c routing cost  program wh i eli
c a l  cci I ate;; I ha, ’ number ’ of layer’s  of PWB c i rcui t ry u ’equ i red and as soa - Li I i’ d
costs o,’ doing the wire u’out i rig and artwork .

The wire routing cos t pu ’ogn ’an i  then de termines  t h e  best  l ay ou t  t o n ’  t , t s e ’

of ’  wire’ routing arid a s so c i a t e d  c o s ts .  A l l  o f t h i s  dat a is  st  t ir ed  i i i  t h e
I)BM and the best wiring layou t  dat a i s  passed to  OP T EMP where ct I i  abi l i t  v
calculations are made . Then OPTEMP per turhs  this lav u a tu t until u’a ’ l i a h i l i t \
has been improved by a p p r o x i m a t e l y 10% . T h i s  f’our t  11 layout i ii i - a t  urn ed  to
the w i cc rout rig cost program t ’a ’ t’ cost i rig i n  f o rma t  ion .

At this point a table has been established i n  the I)RM as shown i n  Table 2 .
This data allows R & D cost s , i i id f ah i ’i c a t  ion caa;, t s ol ’ the PWB at a,’ i ght
d i f f e r e n t  po in t s  t e i ght desi gns). By add i ng the cos t s ot ’ p a r t s  at id
connectors , the i nvestmen t cost  i s  e s t a b l i s h e d .

The l .SC for the four layouts can be c alc u l a t e d  using the mod ’ t i e d  A l l  C
LSC model. Then add i ng t h e  ~~~~~ c o st s  y ields an ei ght point I C C  l i t  i c e
from which the l owest I C C  i s  p i c k e d .

t o
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A sensitivity analysis cs now perf’orined to determine relativ e ’ ;- a,’r ; si t i v it ~
o f LCC t o  PWB acquisit ion cost , parts acquisition cost , PWB R & P ca st , a i r ’

-
- reliabilit y. At this point the only parameter that can be’ l u r ’ t h e r -  capt c m i i i

in a reasonable manner is the’ part-s on the’ PWB. Thus , if the - c r , s i  i v i t v
ana ly s i s  shows I C C  to  be most se ’i ;s i  t ive to either part cost u - i’ ri- i iabi I i k v
l owe’r q u a l i t y  parts  can be exchanged f ’ ou ’ t h e  b e t t e r  qu al  i t s ’  p a n t s .  I f
i’e l i a h i l i t v  i s  more s e n s i t i v e  t h a n  pa r t  cos t , t h en  b e t t e r ’  q u a l i t y  p a r t s
can he used .

~ i t h  these changes , the optimi - ;etion c~ c le r e tu rns  a l l  the  l ay o ut s  w i t h
r he new pan’t s t o  OP TEMP wher e new l’t ’ A ccli ab i I i  tv c,i I cu 1 at i u~i i; - ar ’e r ;,i dt-
and the tab le  updated . The wi re  rou t ing  cost progr am i s  hvp ;ussed since the
part change does no t  c t ’ t ’ect  the wiring . i f ’ a comp l e t e l y d i  t’t ’cr ’cr it part is
s u b s t i t u t e d  t and t h i s  would he done manual  lv wh I cli does change t lie rout  i t ; 1 -
the’ entire cycle must be repeated . The LCC cost  m a t r i x  and se’ n s i t i v i t \
is performed ar - id compared w i t h  the previous  m i n i m u m  LCC I det ermine i f
an improvement has been made . This process coot iflues unit i i  rio i rrpr’o\ t’ria -n
is shown . Then a new optimum layout is det’ined and t h e  cu t  i cc u ’V ’, l i

n’t’pcated .

T h i s  a l g a a n ’ i  t h m  does not necessari ly provide an abso lu t e m inir n uni I C C  s i  r i c a -
h er e  ~~ he some part  i c u l a r  layout which  w i l l  g ive  a s l i gh t l y ht - t  t e n ’  r e s u l t

However . t h  i s al gor’i thin will g ive  a near m inimunt I,CC with .i t ’t ’w’ t e ’ ’ i I i a i r ; ; ; .

Better opt i m i , ’at  ;on can , of course , he ob t a i n e d  by u s i n g  5°~ t ’e’ i Li l - ’ i  I i t v
i n c r e m e n t s  and n,o I’d da t  a p o i n t  s i n  the 1 at cc at t h e  sac r’ i f i  c ~

‘ of ’ ic
caumput at ion .

An alternate techni que which has the  p o t e n t i a l  of c o m i n g  c loser  t a t  a ;;
absolute n i t ;  r iuni hu t  may i’cqui ci’ ;:l a a re i i i ’  less  i tei’at i a,1 fl5 i s  t i i d i i a
cr-a d e’nt sea rch h ,ised on the se i ts  i t  i v i  t v  ana l~ - s i  S st  a i t  i t i c, C - t ’ ;; t a t  I l ie ’
l a c s  w i n ’  i r ig I avon un t  j 1 no 

~ r~’°”~’~~ ’° t i s shown . Then s t ar t  a t  I he opt
ccl iab : 1 1  t v  1 ave -aut  and reduce r e l i a b i l i t y  u n t i l  no i mprovem e ’nt  is ;; l iu iwl ; .
Then compare t h ’  two bes t LCC desi gns oh t ; i  I ned from the  t w o  s i d  ; t i c ,  pu i  r ; t  s.
A g a i n  t he n - i- .1cc many l ayou t s  pos s ib l e  t o  oht a i  ii the  same rd i .tb i I i  v r i d
some i r id  r e ’ment must  be’ u sed so tb  i s St i l l  does not  gu an ’ .ur ; t  a - a - ,u n

, t b s olu t e  i n i r l ; r i i a c m .

- 
- The opt  im i ‘at  i on  loop cat-i he integrated with t h e  a ir - c r a ft  I CC opt i ;;i i ‘at i c r ;

rout  inc  to  r iLe a i r c r a f t  F.CS desi gn dcci sions. T h i s  can be doi ;a -  lay
i n c  1 ud i ng t h e  a\ i o n  i t ’s opt imi - at on loop w t b in the ai cc i’a t i  opt tnt  i :,it i c;;
i cop . Thus di ft’cr ent  opt i mun u n i  on i cs  desi gns and LC C ‘ S w h i  cli c ,u ; ;

w i  t h  t h e  K C S  LCC I c  I ’ind  the ’  bes t  i r u t e c n ’ ; a t  ci d e s i gn .

.-\r ; app m x i  m a t  oil of I l L  s techn i que wh i cit w o u l d  reduce t h e  cos t  bu t  ria i l

I el ci as g_e a a a c f  an opt i mum w o u l d  he t o  r iot  change t lit - a i r ’ r g u n i t  I i’t clu l . l\ O O  t 5
T h u s  w e a u l d  t he ’n only re’qui it ’  ,‘ a ’~’ a l c u l a t  in g  n -c l r a h i  l i t  irs i~ t h e ’ . l l t ’ a, , id ~\
ca-i tab Ii shed I ;t y i a ~n t  s. R & I) costs  and hare hoard ac qu i sit L i i i  d O S  I won Id

- - n ’ema i i ;  ca i t i s t  , i i it  . The most d cs i  c a b le  l a y o u t  may t l i ; I n 1 c , c  and the ;‘ , i t - l  q1i~t l  I i v
w i l l  change w i  I h L’ l- iang e s in  coo I i i  i t  pa ramete r ’ s  i . e • , I’ low i’a t a - , t cr’ipc r’a I tire
i t ’d p u ’cs sun ’e’ drop t o  p i - i i~~ide  ,i new LCC t o  t s a n i p , an’c  w i t h  t iit ’ i i  r~~i’ a t t  I C C
ii c ,ia , ’ li I I a ’ra t  t a i l ;  •

1 .1
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It is obvious that the optimum avionics design considered by itself , is
one where the aircraft ECS is supp ly ing ai r at a hi gh rate and cold
temperature which will make the reliabilit y comp letel y i n s e n s i t i v e  to
layout. This would allow the least expensive wi re routing and the minimum
number of layers with a very low failure rate. From the overall weapon
system ’s point of view , the restriction of not alterin g the layout is not
generally or strictly valid. However , within a range of values reasonable
for the ai rcraft ECS performance and LCC , the approximation may be
reasonable.

2.2,2 Thermal Environment Software

2.2.2,1 OPTEMP

The existing computer program OPTEMP which has been developed at the
Flight Dynamics Laboratory , Wright Patterson AFB , will provide the means
for optimizing component positions on the printed circuit boards. The
existing version of OPTEMP will optimize both the component locat ions and
the spacing between components for cop lanar cooled printed circuit boards.
Additional features which will be added to this program are :

1) Calculation of coefficients F and ~~~~.

2) Calculation of PWB equivalent temperature (this is defined below )
3) Identification of components via circuit symbols
4) Capabil i ty of handling additional cooling schemes

a. In—line conduction
b. Natural convection
c. Forced convection
d. Heat pipes
e. Thermoelectric devices

5) Choosing best cooling techn ique
6) Orienting PWB based on equivalent temperatures
7) Interface with DBM

The coefficients F and c’< used in the expression k = Fe0(T will be calculated
for each component based on two data points obtained from RELCOMP , i.e.,

0< = 
~T2 — T,~ 

Ln (“~t/1.,) and F = Aye~~~
’

where ).
~2 

is evaluat ed and T2 and is evaluated at Tj.
T1 and T2 are input by the user for RELCOMP failure rate calculations .

Components on each printed circuit board will be arranged in groups of
constant o(, Normally only 2 or 3 values of o(will be encountered . An
equivalent temperature will then be determin ed for each group of components

by 
TEQ = 1/~ a(,ln 

~~~~~~~~~~~~~~ 
@T Sink =

15

— — — —3~r ‘~~~ ‘ — —



‘

~

- 
‘

~ ~~~
‘
~~~~~

‘ :~~~~ 
-
~~~~~~~~~~~~~~

-
~~~-~~~~~~ L =-’- - - ’ ’~ 

—-“ ,~~~~~~~~~-~~~~~~~
:—-‘--

~~~~~~‘ 
_‘_ -

where ?~sum = sum of failure rates of all components havin g~~~= o
calculated at a sink temperature T . = Tsink I

The physical meaning of the equivalent temperature is given as the answer
to the following question . If all components were at the same temperature ,
what temperature would yield the same failure rate as that calculated using

a 
the actual temperature distribution? That temperature is the equivalent
temperature calculated as previously described . In addition to having a
physical meaning , the equivalent temperature provides a means of ’ treat i ng
an entire printed circuit board as a component , i.e.,

ARD = sum EQ + ( s n k  — 1 )

where T1 = sink temperature at which TEQ was evaluated and Tsink = new sink

F 
temperature .

If a printed circuit board has components with 3 different values for ~
then .ABD = t~~’.BD) ~~ i + ( ?‘BD) 0( 9 + ( ?‘.BD ) 0(3
The OPTEMP program currently has an equivalent temperature rout i ng . llowevt-i’,
it is based on the ~~coefficient of the first component read i n t o  the input
data.

The addition of circuit symbol numbers for component identification has
already been added to OPTEMP and was used for the Task I I  effort . This
feature require s the entry of the circuit symbo l along with other component
data such as power’ dissi pation and size. This will be mod i fied so t h a t  onl y
the PWB part  n umber need be entered and a l l  required data w i l l  he o b t a i n e d
from the DBM .

The ability to o p t i m i ~’e p r i n t e d  c i r c u i t  board layouts w i t h  c o o l i n g  schem a -s
o t h e r  t han cop l anar , w i l l  be incorpora ted  i n t o  OPTE MP . I n — l i j re c o o l i n g  i s
a common techni que in which components are placed on heat c o n d u c t i n g  m e t a l
s t r i ps which conduc t the component heat to the ends of th e boa rd w h i c h
i n t t ’ c t ’act  w i t h  a heat sink. The temperature profile of the conductors will
be c a l c u lated by superposi t ion  whereby the c o n t r i b u t i o n  of ’ eac h component
i s  summed w i t h  the basel ine conductor temperature . T h i s  i s  shown c,r ’,ap h i c ~i l I y
in Fi gure 5 and 6 for two cooling schemes. Fi gure 5 is a genera l ca se
of a hoard wi th heat sinks at each end which are at different temperatures.

- I Fi gure 6 i s  a s imp l i f i e d  case o f onl y one heat s in l a ,.  Opt i m i . a t  ion  of ’  t h e
in—line ’ boards will he achieved by the modified bubble sort techn ique
d e s c r i b e d  h e r e i n .

Natural convection cooling will also he added to OPTE MF ’ . T h i s  c o o l i n g
tec hni que is ot ’t en  pre ferred because of ’ i ts s imp l i c i  t y  bu t i , s  not oft  en
practical for hoards with substantial heat dissi pation .

It is assum ed that- the p .c. hoard will be oriented in a vertical direction
i n  an unbounded f l u i d  m e d i u m  and t h a t  d i s s i p a t i o n  w i l l  he t m i t ’oriru .
Components will be closel y spaced and of uniform size and power’ d i s s i pat i on .
This allows the use of the experimental correlation of the l o c a l  N u s se ’I t
number of a vertical flat, p late wj~ l~ ‘ m i  form heat flux as da ,’scr ihe d  i n
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Reference !~~ and ,~ / .  Depending upon whether the induced convection currents
are laminar or turbulent , one of the following equations will be emp loyed .

— NU
~ 

= 0.60 (Grx* Pr) 1/5 ~~ < GrX~ < iOu
(Laminar)

NUx = 0.17 (Grx
* Pr) 1/4 2 x 1013 <Grx

* Pr < io
16

where

NU
~ = Local Nusselt Number =

Gr~ = Modif ied Grashoff Number = 
g_~ ,~~~

Pr = Prandtl Number MC /K

h = Local film coefficient (BTIJ/hrft 2°F)

- x = Distance from bottom of board (ft.)

K = Thermal conductivity of fluid (BTU/hrft°F)

g = Gravitat ional constant (f t/hr 2)

B = Volume coeeficient of expansion (1/°R )

V = Kinematic viscosity of fluid (ft.2/hr.)

M = Absolute viscosity of fluid (lb. sec./ft.2)

Cp = Specific heat of fluid (BTU/lb . °F)

The local film coefficient, component area , arid component heat dissipation
are all that is needed to determine the component case temperature, i.e.,

— Too ...3...~ha

Component junction temperature will be calculated based on the junction to
case thermal resistance which is obtained from DBM or by user input and can
be obtained from MIL—SPEC ’s or from vendor catalogs. This technique assumes
that the board is in an unbounded fluid medium and negl ects any turbulence
which might be generated due to spacing between components or due to
variations in component heights. User judgement will be necessary for the
case (considered unlikely )  of a series of closely spaced boards.

For forced convection , the mass fl ow is def ined and is input by the user.
The junction to case thermal resistance obtained from sources described
for free convection. The case to ambient thermal resistance will be
determined by 

~CA = (1/ha) (273) (°C/W) where h is the film co-
efficient  (BTLI/hr ft 2 °F) and a is the component area exposed to the

1/ HEAT TRAN SFER DATA BOOK , General Electric Corp., Section 504.2, pg. 14
‘
~~/ HEAT TRANSFER , Holman , J. P., McGraw Hill , New York, 1976.
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cooling area (in 2 ). The constant 273 is a unit conversion fa c t o r .

The f i lm coe t’t’m cient h is determined by evaluation of’ the d i m e n s i o n l e s s
N uss t ’l t  number Nu = ( h L / k )  ( 1/ 1 2 )  where L - component l ength  measured in
the direction of air flow (inches) and K = therma l conduct i v i t v  o f  a i r
(BTU/hr ft °F)

The va lue  of ’ Nu depends upon the va lues  of’ the Prandt 1 numb er ’ Pt’ ) and
— - the Reynolds number (Re). The dimensionless Prandt I number  has p r e v i o u s l y

been de f ined  as P r’ = Cp ’K. The d i m e n s i o n l e s s  R eynol ds  number is  def ’ i ne’d
as Re = n p v l  -

~~
,) ( 1  1 2 )

where p = air’ densit y (IBm . f’t 3 )
C - a i r ’  v e lue  i i v  ( f t/ se c
L = component length as previousl y defined
‘ 

- air v i s c o s i t y  ( l ,Bm ’ft  hr’)

The e q u a t i o n s  t o t -  the Nu ssa ’  i t  number ’ are ( R e t .  2

N u r 0.664 Pr ’ ~ Re 1~~2 Re ~ 5 x 10~

Nu Pr 1 3 ~~O37 Re~
8 —850 ) 5 x 1O~ - Re ~~ -

Nti  Pr ~ 
. Y . ’7 R e 

— .58~ — 850 lO~ ~~- Re ~~
- lO~( log Re) - J

Opt in a ‘at ion of component p lacement is accomp lish ed h,v the exis t i rig a)l l’l-Ml’
rout  i n c .

I’ r ’i  ni t cal ci Ia -U it boards wh i~’h ale con ti gui ’c d wit ii heat  p i p t ’s Co r- cool  i rig
do not require  opt i mi ~a t ion-i of ’ component  p lacement because eompone ’n

empei’aturt ’s are unaffec ted  by pos i t  i oh • ile)Wt’V Ct’ , prov i s ions  w i l l  be
added t c OPTEMP b,~ which t o  cii I cu l  at  e component tempe r’a t  ai r-a ’ s and (a i I u t ’ e-
ra t es  so t h a t  t h i s  cool i r i g  t a ’chn i quc can he compared w i t h  oth a - I ’ S .

Component ,j tine t i on  t emp era tu m ’ t’ w i l l  he calculated by

‘Fj = T~.j, Ip q co mp (~~1’— ll I +

, q TOTAL g compwhere i ll - i F s ink ~ hA condenser + 
~~~ eva porator

The’ user may i nput values t’or the  hA ’ s • I U no v a l u e  i s i n p u t  • a a l e t ail I t
v a l ue’ of ’ 1 500 BTU ‘hr ~ 

2 °F , a commonl y used ‘‘ r u l e  o I t humb’’ ar~e ’~I t o  si i t ’

heat .p i pes , w i l l  be u sed for  the h of b o t h  eo~ de ’t isa ’t ’  ,m nd c~- ap ecr- at c’I hut t he’
ar ’e’iis must  s t i l l  he’ i nput

Two c i i  Sc’ S have’ been cone a ’ i va ’d wh e ’ re in  thermo c lee t n a - a lt ’ V ice’s i gh t he used
anal t he ’ c a p a b i l i t y  of h a n d l i n g  these’ case’s w i l l  he c ot i t  a r m’d i n  (W I t- ’~ci

Case 1 a on side i’s a print ed a i rcu i t hoard w i t  h a coo ii tag schema’ t~t~ su i t  i i  i~
i n  m few c omponent w h i c h  a l t ’  t 1)0 hut. The ha s  i t  c o o t i rig s c t i t ’ i i i t ’ cal l  he
ma mit a i tie d at  it ,i t he ~) t’flb len compemen t s a iii h~’ Ii iwo red i mi t e .mpe ’ 1 , 1 )  tlt’e’ t ’~ t he
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use of ’ t herme’e 1 cot ri  c dcv i  t e n .  Such a dcv t e e  can n t h l ) t ) I ’ I ’ I he t ‘nigr h - a t  ut ’c’
l ocal i v ,  but in  the  process i t  g en e r a t e s  a - o t i s  i derab ic he’at whi cia i ia la ls  t o
the t o t a l  heat  l oad of ’ t h e  hoard , These f’act or’s c -mi he at ’commodat ccl by
r e d e f i n i n g  the component ~j t rnc t  ion to  case therma l i’e’ n i st i ih ia ’c ( ~ - 1 and t h e
component heat d i s s i pat i on (q ) as f o l l o ws: t 

~~~~~ (‘t i ~~~ TT~l, l q~

q* q • q TEl)

Where the subscri pt ‘‘TED’’ cc’ Cci ’ s t t~ prope r’t i c-n of ’ th e t hot’moe’ I cc ’ ( I ~ i t ’ dea i t t ’

The value ’ of ’ t he tempe rat ure suppre s ion ( 
~~ ~

1 i s t o be i r iput  h,~ t he- use i ’
A d e f a u l t  v a lu e of’ ~‘0°C will be inc luded . S i n i u a t ’ 1~ - , qT~ l) mu st he i nput
but - a det ’au l t v a l u e  of ’ 1 .2 x q wi  i i h~ used . These’ ~‘ i t 1  ue’s ar t ’  a’hosen
because they arc a common near ’ opt i mum desi gn p o i n t  for ’ TEl) ’ s • Re I’. /

The sum of ’ the two q ‘ S w i l l  then he used as the e q u i v a l e n t  component
di ssi pat i on. Op t im i zat i or-i of’ component l t ic ’iit i or -m s can pi ’oa’e’cd I-cased upon
that  app l i c a b l e  for the m a i n  coo I i  ng scheme wi t ,h the rode f i n e d  vti l c’s
accounting t’or the ther’moel ectr’ic device.

Cast ’ 2 cons ide r s  an cnt it - c’ board con t’i gured w i th a t ha’ rm oa’ icc t I’is ’ afe’V i a c

(or many small ones) with the hot s ide of ’ the  therrnoe lee t c i a ’ dcv i a t ’ at t .ia ht ’ aI
to a constant t emporature’ sink • F ’oh ’ t h i s  case , the t’ompeme’i-it t emp er ’at ut ’e
will not be a f’unct ion of’ pos ition so op t i m i . at ion is n e t hiec ’e’ssary
Temperature will be calculated by T j (a j0 ) (q ) (~~ ‘~) (q 1
(Ta ink — TTFD I where H i,,. is  the ~‘ompon~’nt ~junetion t t’ a’ctse’ t ha’ t ’mai
resistance

~cs is t he’ component case to s i n k  ( the risoc I ca ’ t t’ i c d e v i c e)  t ha’ cmiii
resistance

q is the component- heat dissi pat t on.

The re la t ionshi p of OPTEMP w i t h  other ’  programs in 1TAD and t he’ tint a R i se ’

Manageme itt System ( DBM I I s show in in fi gure 7 . m i  t i a i  dat  ti oil t 1a’ eec ’ I
parameters and the PWA to  he anal yzed are i nput  v ia  punch card s or ’ h a t  or—
act ive remote t e rmina l . Component data i s  oht ained t’rom t h e  u R N . Two
temperatures , T 1 and T2 (40 °C and 90°C unless  otherwise ’  spec i t ’ie ’d ) are’
used by REI .COMP t o ca l cu la te  two viii  tie s of ,\ for each gene rh c t yp e  of’
component ofl the assembl y .  These’ are used to  determ i ne F’ and for the
component type . OPTEMP the m-i o p t i m i z e s  the  PWB l ayout u s in g  t he’ cool i tig
scheme desi gnated or searches for the best c oo l i ng  scheme i t ’ r ’eqti i red alil i ii

is provided . The data associated wi th  the chosen o p t i m u m  p lac ement  i s
passed to the DBM for upda t ing  am-id f’or use by the w i r e  t’out in g p !’c~gi’an i
( PCPRA ) or the routing cost- e s t ima t i ng program , or the LCC program i t ’

parts type o p t i m i z a t i o n  i s  be i ng done .

C AMB ION THE RMOELECT RiC HANDBOOK , Cambridge  T h er m i on i c  Corp . .  Cambr id ge .
Massachusetts , Second Edition
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2.2.2,2 O p t i m i z a t i on Al g o r i t h m s

The optimi ~’ation routine used in OPTEMP to arrange components is a
stra ightforward “bubble search” routine amp ly de scr ibed in re’tun-e’ric -e’ ~
This al gor ithm was desi gned specifica ll y for the cop lanar’  cooling
techn i que desc r ibed  but is app licable to forced and natura l cori~ cct i o n i
tooling schemes. In all of these schemes , except unbounded natura l

- 
- convection , the air t emperature at the component being examined i s  a

function of only the sum of the dissi pations of upstream components.
The temperature of the kth component can thus he expressed as

k
T k = T0 + 7  q 1 

-f ‘1k + 9ca ~~
-‘ ~Cp Jo

where T is air inlet temperature
0

is Junction to case resistance of’ component k

°ca is case to air resistance of component k

I is at the air inlet end of the PWB

This can be expressed as

Tk = T~ + Sja qk ~

In the case of unbounded natural convection , this can be replaced by

qk
Tk = T0 + HJ~ qk + h(x k) A

i.e., the temperature of the Kth component is a function only of its
location and power.

In the case of conduction cooling , the present algorithm cannot be used
because the temperature of each component is affected by the position of’

a every other component . Referring to figure 5 , the temperature at any
location is the sum of the temperature rises at this location caused by
all the other components at other locations and the temperature rise
caused by the component located at this position.

The temperature rise at location i due to a component to the right of
i in figure 5 (components are numbered from ri ght to left ) can be expressed
as:

Ri r R ’ l  . R’ i - -A T 13 
= ( ‘ 3 ) qi 1 L  ; ~~~

- 
- Rjr + R~ 1

±1 COMPUTER AIDE D THERMAL DESIGN OF AVIONICS FOR OPTIMUM RELIABILITY ANI)
LIFE CYCLE COST, Dr. Arnold H. Mayer, Wright—Patterson AFB , March 1978.
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= resistance from i to left sink

R ir = resistance from i to right sink

R31 = resistance from j  to left sink

Rjr = resistance from j  to right sink

q = heat dissi pati on of component i

The temperature at i due to components to the left of i can be expressed as

Rjr RJI Rjr -T~ ,3 ~~“j r + RJ 1~ qj ~~~ 
1 < J

In the case where the left and right sink temperatures , T1 and Tr, are not
equal , another term is required .

a 

T _ ( r 1) R j l
R~~1 Rir

Thu s, the temperature at i , T1, is expressed as:

— 

(Tr — T 1 ) R u ‘ Rjr  R 1T 1 = T 1~~ 4 qj~~H 11 + J = 1 Rj r  + H31

n
~ H31 Rir, z.. q3J = 1 + 1 ‘R j r  +

For a single sink on either end , this expression reduces to:

= Ti + H 11 .k. qj + R. q’j = l  j = j + i  il j

$ If component posit ions are numbered from left to ri ght then

T1= T1 + 
~~~ 

• Z~~~ qj  + ~~~ R~j~ qj

The fai lure rate is expre ssed as :
-~~~ -

‘ 
n kTk

= 
k~~~l 

Fke

and th e object is to m i n imiz e 1.
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Initiall y, an attempt was made to use a dy n am i c  progr’anaming approac h t e i
assure a global optimum s o l u t i on . This  has been done and is exp laine d
in detail in Appendix B. However , this approach requires substantiall y
more computer time (in fact for more than 10 components i t  i s  i m p n ’ a c t i c a l )
and there is an intuitive feel that an appropriate bubble sor’t r ’ou t in c  w i l t
yield comparable answers even if the rigor of dynamic programming is not
present .

The sort ing techni que to be incorporated in OPTEMP for conduction cooled
PWA ’s involves simp ly renumbering the components in order of ’ i n c re a s i n g
temperature , whatever their location , as shown in  fi gure 8. The bubble
sorting techni que can now be used by comparing the sum of the failure rate
of components one and two in their original and switched positions. If
the total ).~ is  lower when switched , they are left that way . Then-l and 3
are compared in the same manner and the process continues until the last
component is compared with its adjacent component.

The process can continue until comp letion in two ways. A comp le te
pass can be made and then the components again renumbered for the next
pass. This process continues until no switches are made in the last
pass. This technique is illustrated in figure 9 and 10.

A second method is to renumber the components each time a switch is made
and work backward switching and comparing all components until component
is reached. Then the comparison can resume at the l o c a t i o n  o f the ori g i n a l
switch . -

The latter method will usually converge faster. However’, because t he-
objective function is monotonicall y increasing , th e al gorithm will alway s
converge. The optimi~~at ion can be terminat e- al when gains become i ris i gnif ’i—

cant or allowed to continue until all gains are zero . The m aximum number’
of passes should be limited to N (N—I) although convergence should occur’
long before this limit is reached .

2.2.2.3 SINDA

In addition to the capabilities to he included in OPTEMP, the abilit y
to model certain thermal control techniques associated with avionics
equ ipment will be available in SINDA . The thermal control techn i ques
required for ITAD are electrical heaters , thermostaticall y controlled
fl ow dev ices , and variable conductance heat pi pes.

Electrical heaters , constant , time dependent , or t emperature dependent
are easil y simulated by several options within SINDA . The “SIT” tan-id “Sly”
options used in the heat source definition block allow respectivel y time
and temperature varying source interpolated from any table input into
the array data block. Alternatel y ,  the “DiDEGI” subroutine can be’ used
in the VAR IABLES I block to describe varying heat sources.

The simulation of thermostats is also included as a SINDA subrout i ne
called THRMST, This routine returns a “I” or a “0.” These’ can he used
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either as “flags” to turn on and off a heat er , on- can be used w i th a
mul t i plier to give direct calculation of the heater or t’low controlled by
the thermostat . A descri ption of th is  subroutine is inc l uded in Appendix
A.

Variable Conductance Heat Pi pes ( VCHP ) can he s imulated  in SI N D A by us ing
the temperature dependent conductance option . Using the “SI\”  conductor’
opt ion , the condenser an’ea can be varied w i t h  condensate t emp eratur- e .

The s imula t ion  of phase change cooled systems i s  also a standard suhr’outine
in SINDA . A ctua ll ,~, three subroutines are a v a i l a b l e  to simulate expendable
ablat i on , expendable boiling , and non—expendable melt and free:e types
of phase change material. These subrout ine descriptions are also inc luded
in Appendix A.

Evaluation of temperatures achieved with .a i n- having free moisture will
be accomp lished by an iterative solution to the First Law of Thermodynamics .

- c~, (T2 - Ti)J — [(vc~T 2 - (wcpT)j
AIR LIQU iD

+ 
{

(wc pT) 2 (wc~ T) 1J VA POR

+ [(w2 -w i) (hf )~~VA POR b j

q — heat input (BTU/hr) GIVEN

— mass air f low (Lbm/min) GIVEN

c~ air specific hea t (BTU/lb °F) GIVEN

T2 — exhaust temp (°F) UNKNOWN

inlet temp (°F) GIVE N

“LIQUID — “tIQUID’~~IR LIN~ 4t)WN*

“VA POR — I~~APOR/mAIR UNKN(~~N*

cpLIQL,w — specif ic  heat of liquid (BTUflb °F) GIVEN 
- 

$
CPVAPOR — specific heat of vapor (BTU/ lb °F) GIVEN

— la t en t hea t o ’ porization (BTUilb ) GIVE N I -( 1025 ~~ 5 % I
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P8 — (P
~

)(lO) I

L 

l + d x

where a, b c, d , ~~ are coas tants

x — T~ - T

— VA POR PRESSURE

T — TEMP (°K)

1’
~, 

— P8 if WLIQ UW ~ 0

WVAPOR .622/(P/Pv -

— -

*(,~\N RE CALCULATED BY SE 1AR ATE EQUATIOE S

2 .2 .3  Dynamic Environment Software

The capabilities of a number of computer programs were analyzed relative to
a their applicability to determine the vibration environments at equi pment

boundaries and the equipment response. All programs that were analy-ed
are in the public domain of available programs. A summary of t he
capabilities of the candidate programs along with other comments is
g iven below .

SAP—I ’~ — SAP—IS’ is a general purpose finite element program that p er t o n ’ r s
statis , modal , transient , frec~uency response and spectrum anal ysis. The
program has an extensive library of elements and has both modal and prop-
ortional damping. “Th e un ique feature of SAP IV is that i t  is the ’ o n l a
general pu rpose p rogram that i s simp le enough so that users have tn- n ed
to modif y it for their needs.~~ Additionall y, SAP—IV i s  c u r r e n t ly  r e s iden t
at the WPAFB computer facility at the Av ionics Lab .

�2 SUM—lO , SHOCK AND VIBRATION CONTROLS COMPUTER PROGRAM REVIEWS A.Nl)
SUMMARiES , Edited by Walter and Barbara Pikl ey,  1975, Shock and
Vibration Information Center , U. S. Depart ment of Defense .
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One diffi cult y encountered w i t h  SAP— IV is t h a t  it has no random v ib r a t ~on
response anal ysis capabil i ty. This difficulty can I-a c overcome , however ,
by using

6~
he frequency response option of’ SAP—I \ with a suitable sub-

routine — that calculates the output power spectral densities (PSD ’s)
and ENS response of specified degrees of freedom for a g iven input PSD.

NASTRAN — A l arg e ve rs a t i l e  genera l purpose finite element program , NASTRAN ,
con ta ins  ex tens ive  l i n e a r  dynamic  anal y s i s  c ap a b i l i t i e s .  Due t o  t h e
vers a t i l i t y  of ’ the program and the bu lk  of the d o c um e n t a t i o n , co n s i der a b le
expe rience is  required for i t s  use. In a d d i t i o n , NA STRAN i s  ve ry in—
e f f i c i e n t  ( c o s t l y )  for sma l l  p rob lems .  NASTRAN Leve l  15 is  a v a i l a b l e  at
WPAFB on the  CDC 6600.

FLEX1 1 
— A WPAFB computer  program for vibration pred iction of f i gh t e r ’

~T~~ ra f t  equipments , FLEX is cu r ren t ly a v ai l a b l e  on t h e  CDC 6600 and
Cyber 73 computers . This program predicts v i b r a t i o n  spectra at equ i pment
moun t ing locat i on s on f i ghter’ aircraft due to boundary layer’ Iaerodyniam ic 1
i npu t s  for strai ght and level fli ght , b u f f e t  turn s , t ake o f t ’, and landing .

This program is very usefu l  in p r ed i c t i ng  the  v i b r a t i o n  env i ronments ton’
a large class of aircraft . In addition , several  future work areas wer-e
listed which means the program will be expanded arid improved and that  i t
should be continually supported and maintained b’c - WPAFB personnel .

PURD UE PROGRAM!~ !~~ — This program estimates the response of a linearl y
elastic system under random or deterministic steady state excitation. An
approximate method based on relaxation techniques (conjugate gradient
method ) is used . Natural frequencies and normal modes are not computed.
To use this program , the mass damping and stiffness matrices are cal—
culated outside the program and input into it. The most obvious use of
the program is to fill the void in the SAP—IV capabilities due to its
lack of a random analysis capabi l i ty .

RSPC!’ — A WPAFB computer program for the random response anal y s i s  of
structures subjected to multi ple random loads. To use t he  program
eigenvectors, natural frequencies , generalized forces , masses, and
damping are computed outside the program and then read into the pr’ogram .

VIBRATION CONTROL FOR AIRBORNE OPTICAL SYSTEMS , AFF fll —TR—~6—l4 5, WPAF8.

COMPUTER PROGRAM FOR VIBRATION PREDICTION OF FIGHTER AIRCRAFT EQUIPMENT.
AFFDL—TR—77-- , WPAFB .

A NEW METHOD FOR PREDICTING RESPONSE IN COMPLEX LINEAR SiSTF~IS 11 ,
J. L. Bagdanoff, et al , Journal of Sound and Vibration , V o l .  53 , l9~~~,
pp 459—469.

V BUFFET DYNAMIC LOADS DURING MANEUVERS , AF F DL—TR—7 2— 4 6 , WPAFB .
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No user ’s manual or other documentation could be obtained for’ this program
although it was possible to get a listin g and program deck. I t  was
discovez’ed during the course of this investi gation , however- , that ce-r ’tai n
portions of the program had not been successfull y debugged and that
caution should be exercised in using the program .

SAP V — SAP V is basically SAP IV with added capabilit ies. Primary among
these additional capabilities are the i n c l u s i o n  of a bandwidth  m i n i m i . ’a t i o n
routine , a graphics package , and ri gid e lements .  In add i t i on , a 1978
o b j ect i v e  of the  SAP V t ’ ser-s Group is the a d d i t i o n  of a random response

V analysis option .

The recommended choice for a general purpose FEA (finite clement analysis)
program is SAP \ due to i t s  small s ize , ease of use , and good static and
dynamic capabilities. The proposed inclusion of a random response
analysis package remedies the deficiencies of the previous SAP IV
program .

NASTRAN has capabilities that exceed those seen as ne :essary under the
present requirement of an optimum design oriented FEA program .

It  is also recommended that  the FLEX program be included in the ITAD
software. The FLEX program , while being limited to one particular class
of vehicles (i.e., fighters) represents a significant contr ibution i n
the determination of the onboard fighter vibration environment to he us’ed
as input to the avionics system .

Rationale for the Adjustment of the App lications Environment Factor

The failure rate model from MIL—HDBK 217B ( .?. s1i~ TT q 1T~ ( C 1 ?7~
+ C2 ,7~) contains a temnerature depender.t factor í~ t and an application
environment factor fT~~. The lTt factor is well defined analytically ,
and its value can be minim ized thru the optimum placement of components
for maximum reliability . The application environment factor, or
as it is called , is a general factor based on vibration levels and other
parameters such as sand , dust , humidity, and temperature cycling . The
breakdown of what percentage of the 77 F factor is due to each parameter
is not clearly defined though some wor1~ in this area has been undertakenl.Q/
and is presently being studied at RADC .

As the current state of the art exists , the exact contribut ion of the
structural reliability to the overall reliability calculat ion is unknown ,
and much more study and testing is needed in the area of the structural
reliability as it relates to the overall system reliab ility fi gure .

It is obvious that a P.W. board or other piece of electronic equ ipment
that has been weel designed structurally to minimize vibration effects
will be more reliable than one that has been poorly desi gned .

12/ DEVELOPMENT OF HIGHLY RELIABLE SOLDER JOINTS FOR PWBs, 1~estinghouse
Final Report on Contract No. NAS8—21:’33 , 1968.
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For this reason it is assumed that: (I) the structural desi gn of’ a P . W .
board aff’ects the total board reliabilit y and should therefore be optimized
as much as possible and (?) that this reliabilit y is quantifiable. That
is , that it makes up some unspecified fraction of the E factor (14%
based on Grumman study ) that remains to be determined through future study.
For the present , it is sufficient to say that the effect exists , and to
arbitrarily pick a percentage (say 15%) as being typical and then proceed
from there .

To quantify the failure rate due to the vibration environment , it is
first necessary to identify the board failure modes and the factors that
affect these failure modes. Some , but by no means all , of the mechanical
failure modes are :

° P.W. board dynamic  stresses and fatigue

0 Component electrical lead wire stresses and fatigue

0 Thermal expansion between the board and lead wires

° Solder joint thermal stress and fatigue

0 Plated through holes thermal stress fati gue

Board Failure Modes

The dynamic bending stresses in a printed wiring board is detcrnnined at
the resonance by considering the resonant mode shape of the circuit board ,
its t r a n s m i s s i b i l i t y  and the input  load cond i t ion . From these factors the
maximum bending moment in the board can be determined and hence the dynamic
stress. From this data and the board mater ia l  properties the fa t i gue
l i f e  of the board can be calculated .

Component Electrical  Lead Wires Stresses

Electronic component parts such as resistors , capacitors , and f la tpack
I.C ’s are often mounted to P.W. boards by their electrical lead wires.
Failures can occur in these lead wires due to the large deflections and
bend i ng stresses that are developed as the board bends back and forth .
Every ti me the P.W.  board bends , it forces the lead wires to bend since
the wire s are normally soldered to the board . The greater the PW board
de fle c t ion , the hi gher the bending stresses in the lead wires .

Stresses in the component lead wires can be determined by examining  the
geomet ry of the electronic component , the fundamental resonant frequency
of the board s and the input forcing function . The relative slope of the
electric lead w i res, whe re th ey are soldered to the circuit board , will
not change as the board vibrates. That is , the wires remain perpendicular
to the board . The wires also remain perpendicular to the component body
where th e lead joi ns the body as the body of the component is much stiffer
than the lead . Therefore , as the circu it board bends back and forth the
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electrical lead wires will bend as shown in Fi g. 11. From these curves
the stress in the lead wires and the solder can be determined by a n a l y z i n g
the le ad wires as a beam.!~

/ 
~~~

Thermal Expansion

Due to the mismatch of the expansion coefficient .s between the P.M . hoards
and the metals used in the compont-nt leads and solder thermal induced
stresses a r i s e  i n  t h e  solder- joints. These s t resses  can cause c rack ing
of the solder joints and failure of the components due to cold solder
joints. The stresses due to ther’mal cyclin g ot solder joints has been
stud i ed extensivel y and there exist a n a l y t i c  means to calculate these
stresses.12” 

-

Fati gue of Solder Joint.s

Even when solder joint s are properly made . hi gh bend i ng or shear stresses
coup led wit h the stress reversals due to vibration can lead to fati gue
failure . Many solder joint fati gue failures are due t o  a “shear t ear~out”
type of failur’e induced by the bending of’ the electrical lead wires. This
t v ~ (’ of cond i t ion as well as other’s can be analyzed and then automated .12”

Factors that Affect the Failure Mechanisms

Knowing the potential failure mechan i sms that can occur hel ps the desi gnci
to avoid possibl y major problems that can occur due to the component
layout on the boards. It is necessary , however , for the board desi gner
to be aware of the factors that affect the failure mechanisms. A few
of the primary factors will be -liscussed below :

Probably the greatest factors that affect the mechanical reliability of
a P.W. board are the board orientation and geometry . The orientation of
the hoard determines the dynamic loads that the board will see. For this
reason it is log ical that the plane of the board should be cop lanar with
t h e  two axes that  have the h i ghest v i b r a t i o n  i nput loads and normal to
the axis with the smallest dynamic i nput whenever feasible. The hoard
geometry w i l l  de te rmine  the fundamental  mode shapes of the board which
in turn de termines  the board deflect ions and also the board and component
st ress.

The mater ia l  properties of the hoard along wi th any r ibs , heat s inks ,
or other mechanical  s t i f f e ner s  determine the s t i f fnes s  of the board . These
factors in conjunction with the board geometry and the boundary conditions
determine  the natural  frequency of the board .

The m a t e r i a l  properties of the electronic components leads as w e l l  as
the solder used also af fec t  the  thermall y induced v ibra t ional  stresses.

1! ’ VIBRATION ANALYSTS FOR ELECTR ONIC EQU I PMENT , Dave Steinberg , John Wi ley
& Sons, N. V ., 1973

34

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— 
~~~~~~

- -  -—



~~~~~~~

—- - - - -  

~~~~~~~~~~~~~~~~~~
- -‘-:--

~~~
-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -— -_--_

-.- --- -. -~~ -- - -  -—
— —  — .~ - . 

- 
~~~ ~~~~~~~~~~~~~~~~

__ _ _ _ _ _

I UfldIft Cted PW Boa,d

b P 1s t , v t .  Boa, d

Negat ive R,~.rd E)~’f Ip i -ti1 ,, i

78 06 10 VA  B

Fi gure 1 1 . D e f l e c t i o n  of I- I a t  ‘~~- k  I t - iJ i~ res I~ut ’ i og i h i - ‘



~IIF~ ~~~~~~~~~~~~~~ 

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~

—- - --—-—- 

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 

‘ ~- r -—- — -----‘ —‘---‘ -- - ____________________

The degree of damp ing in a P.W. board affects the transmission of’ the’ i nput
forcing function to the board and thus has a significan t effect upon the
dynamic load the board and the components experience. U n f o r t u n a t e l y ,  the
transmissibilit y of a board i s  difficult to predict without physi c - a ll y
testing the board . Sttinbur’g 11/ give s a general rule of’ thumb for
predicting the transmissibility at resonance as

Q = K (frn ) .5 ~ K ~

where is the na tu ra l  frequency of ’ the hoard in H e r t z  and K i s  a constant
based on the hoard type and mounting . Some of t h e  f act o r s  t ha t  a f f e c t  th e-
se’lection of K are given below (see Ref. for an e x t e n s i v e  l i t ) .

o P.~~. board na tu ra l  fr-equency

o M u l t i p le layer boards

o Heat si nk straps

o S t i f f e n i n g  r i b s

o P.W. board supports

o Board connectors

Mi th an est imate of’ the t ransmissibility and the hoard n a t u r a l  I r ’ e - qu cnc  ie - s ,
i t  i s  there fore p o s s i b l e  to c a l c u l a t e  for a known f o r c i n g  f u nct  ion the
e n v i r o n m e n t a l ly  induced st i’csses i n  t h e  board and the  c o m p o n e n t s  us i n~
s tandard  anal y s i s  procedures .  I t  i s  a l s o  p o s s i b l e  t o  e o m p c i t c r ’ i . e - : h i s
analysis , thus relieving the desi gn eng inee r’ of t h i  t rv m enidoe i s  v o l u m e
of calculat i ons. The eng i fleer’ can t h u s  be made aware of’ the e f f e c t  of
changes to his board desi gn or Ia  out and any potent ial prob le m i r e  as .

Me thod of ’ Imp l e m e n t a t i o n

This  section will deal with the st n -ps  necessary  to c a l c u l a t e  the st r e - s o
1 cv&- l s and margins o I’ sa f r I  v of ’  t h e  hoard and compone -nt  s th a t  make up a
P.M . board assembly.

The first step in ana1 y~ ing a board dc-si gn i s  t he  d e t e r m i n a t i on of  th e ’
natu ral frequency and the mode shape of the f u n d a m e n t al  hoar ’d r’e-son1 rni~-e

— as in mo st cases the r f”ec t of th e fundame-nt a I mode’ nisua I lv  d o m i n a t e - s
the other’ hoard r’eoona!n-e ef ’ l’ect s . To det e r m i n e ’  t h e  hoard nat un -a I
frequt-ncy , c t- r - t a i n  i n format  i on should  be de f i ned . Tb i s i n f o r m a t  i on
consist s e e f the follow i ng . Boar’d Geomet cv — The board geome t r’y i S
basicall y t h e  shape of the g i v e ’n hoard — i t s  l e n g t h , w i d t h  and t h i ~ - Lne -so ,
p lus  any add it i ona I st ru e t ure such a~ s l i t ’  f ’t -ne ’ r r i b s , hea t  si  nk  s , mu I t  i 

~ 
Ic

Liver’s , etc .

Bcard M a t e r i a l  Propert  ic - s — The hoar ’cI m a t e r i a l  proPe!’t t e s  i s  a h i-ua d h ’r ’m
that  desc ri  be s not o n l y  t h e  i ’ompos i t  ion of the board i t sc- 1 f but a I s i  I he
prope tt  i C S o f ’  any gr ound p 1 ani’s , Con formal coat r ngo • st i f ’fen i r ig n ’ i ho ,
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et c . that will contribute to the overal l stiffness of the board (the effect
of the stiffness of’ any components will be neg lected in determining the
natural frequency). Needed for the d i f f e r e n t  mater ia l s  that comprise the
board are the modules of e las t i c i ty  ( E ) ,  Poissons ratio (~~) and the
material density ((~).

• 
- 

Board Wei ght — The weight of the board must be known to determ i ne the
natura l frequency . This wei ght consists of the wei ght of the board due
to the density of the material making up the board as well as the weight
of’ any electrical components or connectors that are mounted on the board .
It-. p r a c t i c e  it will be assumed that the total wei ght of the board is
uni form ly d i s t r i b u t e d  over the board area and that the location of
individual components has no effect on the board natural frequency .

Boundary C o n d i t i o n s  — The boundary conditions specify whether an edge of
the board is fixed (can ’t translate or rotate) free (can both translate and
rotate)  or s imp ly supported (can rotate but not t r ans la te)  or some combin-
ation of all three boundary conditions. An accurate representation of
the board boundary conditions is critical in determining both the r-esonant
frequency , mode shape and stress levels in the board and the components.
There fore , the boundary condi t ions  must be de te rmined  accuratel y as
even the expected input level can affect the boundary condition. For
example , a board edge that can be assumed clamped under a low vibr’at i onal
input  level  may become simp ly supported under a hi gher i nput l e v e l .

Once t he  above- i n f o r m a t i o n  has been speci f i ed , it is possible to calculate
the natural frequency and mode shapes of the P . W .  boa rd u s i n g  one o f ’  t w o
procedures. The fi rst procedure is to model the board as an assembly
of f i n i t e  e~ ement ~ and then use the SAP V computer program to determine
tIc mode shape information . The SAP V program w i l l  de t e rmine  t h e
normalized board disp lacements and rotations at each mode point i ’- the
model. This information can be saved for later use in determining the
board stress and moments .

The second method consists of using analytic approximations based on
the previous given information and an assumed mode shape that satisfies
the boundary conditions to obtain the natural frequency of the board .
The Ralei gh method of equating the board strain energy to its kinetic
energy i s  one method of ob ta in ing  the board natural  frequency . The
assumed mode shapes used in the R a l e i gh method would be based on
tri gonometric or pol yn omia l  ser ies  approximation . Appendix  C illustrates
the d e r i v a t i o n  of the board natura l frequency based on the R a l e i gh method .

By using the anal y t i c a l  approximat i on approach , i t  is possible to build
up a ca t a log  of board mode shapes and na tu ra l  f’requ enc i es based on common
board geometr ies  such that the  desi gn eng ineer  could q u i c k l y make c a l —
c u l a t  i ons. If a new board confi guration caine up that  could be a n i l y :ed
by t h i s  means i t s  approx i m a t i o n  could th en be added to  the cat~~log or’ j -

desi gn t ab l e .  This approach would e l i m i n a t e  the need for’ pc- i ’forrn ing a
t i m e  consum ing f i n i t e  element anal y s i s  w i t h  each new board conf i gu ra t ion .

• - ‘-~~~ - - -
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With the knowledge of’ the board mode shape and natural frequency , the
r’esponse ot’ the board to a s i n e  or random load i ng could be determined . If
the SAP v computer progr-am was being used , the board disp lacements and
rotations as well as the bend i ng moments in the board i t s e l f  could be
icti ta i ned d i  r’ec t ly fr ’om t h e  progr-ain . I f ’ an anal y tic- approximat I on had
heeri used t o  o b t a i n  the hoar ’d t in t  ural frequency , a d d i t i o n a l  cal  eu l  at i ons
would have t o  be done to obtain the dynamic loads and response of’ the
P . M . boar’d . These c a l c u l a t i o n , whil e’ riot as pr - e’cise as those obtained
using the SAP ~

‘ pi-ogram , would  n o n e t h e l e s s  pr’ ovide adequate’ i n f ’ o r - m a t i c n
tc) the engineer r-egardintg t h e  loads in the hoard .

F i i i a  I I  ~ , by knowing the dynani i c  loads and moment distributions on a board ,
the hoard st ress l e v e l s  ari d component st r-ess h-vt- i s  c-an be c a l c u l a t e d .
These cal  c’u 1 at i C i i  would be imp l e m e n t e d  as t o l l  OWS . Ea c h component  on t h e
hoard would have i t s  mechanical properties such as component wei ght , lead
wir’e material , separ’atior-r , area , and at-ca moments of ine’r-t ia s to red  a l o n g
w i t h  i t s  e l e c t r i c a l  p roper t i e - s .  By d e f ’i n r n g  t h e  l o c a t i o n  and o r ’ i e n t a t  i on
of the component on the hoard as well as the  method  of ’ mount  i ng  t h e
component , it is a re I at i ye ly st r’a i ght for’war ’ci pro c e d u r e  t o  c a l  1-u la te ’
he’ st r’e sst’ s in  the compon ent 1 c-ads and solder ’ j o i n t s  us i rig the pr ey i oti s l y

de t e’ u i  ned hoard de f 1 c c l i  ot is  and bend i rig moments

The- num e rous anal y t i cal formu l as t ha t  h ave’ been d c r ’ i  vt ’d for ’  det e - r m i n i n g
comp orit-nt st ress  w i l l  r i o t  be presented here .~~~~~~~

- 
~~~~~

‘ ~i’
I’ ropose- d Techni que for Adjust i rig 77;
Mh i h- it i s  obvious that the nrriI~ up of the ~

1F’ fac tor’ is not known , i t
i s p r-opost ’d t hat  t h i - n-c- be mec z ’e I at i t ude g iv e -ri to  tire ’ desi gner’  I o in f I  ucra- e’

the f a c t o r ’  than the t ’a t iu l ist i c  approach g iv en in MIL—$17B . This Piopo~ al
s ha - - e ’cl on t h e  t e \  I 0( 101 y g i s-en argument s r egard i rig e f t ’ec’ t of ’ hoard

o r - i ’r i t  at ion e- t C . To i uc- 1 ude the ct ’ : c - I of ’ the ’ h o a r d  d c - s i gn n t h e  oc’ h- c —

f i n  of  t he- ~~ ~
- f a c t or’ r -equ i r ’ e’~; t h a t  a base ’  I inc hoard ar i d  c c l  I cut  at  ion

he - or I e ’~ t Ccl tot’ cal Ii ccl ’ the pos -; i f i l e ’  cniV i r ’o t i n ic  n i t  s h a ;  cci on I he’ o f  t t  i st i cal
- - i s  of  experimental dat  a i- elat i ng boar’d me’c’hariical t’ai I t i i ’ e ’o t ic t h e -

e ’li\ i reinmt’n t .a I cord i t  ion • M t  t h tb is base li t re ho ir’d defined , t he dc- f n i I i err
of w h i c h  wou I ~i inc - I  ude ’ the board orit’ntat i (iii , S i.’( ROil _ l i l t  rig ~‘orid i t  t u n i s ,
and st  i f ’ t nt ’ so , t t wou 1 ci he p o s s ib l e ’  t o  accoun t f o r -  t he- e t t ’ec ’ t o  o f  good
de s i gn pr - ac - I  i c c ’s and poor one -s dt ’p errd ing  upon t h e  d e s i gn cor it  r - a i  n i t  s~ t o
i tic r ’ c- m c n i f  i i  iv a t ’ t”- - c- ’t the ’  base i i  ne v a l u e  of ’  77’

F 
. M i th t }’ii s I at  i t  tid ’

a 1 1 owed • however- , it I hen Io’ c - ome 5 s i h i  e~ t cc op t i mi  .~e the di’ si gn i .ir ~d
l ayou t  of a board t ’or both mechan ical and the -r ’m a l r e ’  I i  ab i I i  t~ .
log i c  ~i I Iv, the al b eat ion o f ’ 

~
- i - cc! it for’ sound des igr \ would e ’ I is  an

t t i t e i i t i ye to p i - l imO te it

In tire’ case- i -e l  boards in s  ing i l l  t h e ’  same- t y p e ’ of ’ c-omponent 5 . C’ . i ~~. • O f

i e le ’ni t  i c- al i .‘ e’ and c’On: ; t r ite i i  illi , t h e  nec -In  i i i  c’a I ~ t i ’ e ’ so i s t h e ’  same ’ on • t l l \
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of the components at a given board locat i on . Diffcn’ent c’omponerits w i l l
have different stresses at correspondin g locations. Assuming that the-
calculated stresses can be correlated with values of some portion of
the ITE factor , th e board can be divided i nt o 2 dimensional sectors with
corresponding IrE values. For example , in the equation for failure rate

= TT’L ,77~ 17j, (C 1 1T”T + C9 TTE
the ITE can be partitioned into

T7~ =hc,’s ~/1E/t

where lIE/S = that portion of )T~ affected by stress

17’E /t = that portion of77~ affected by other factors

A table of val nes is then generated relating the x, y location on the
PWB with a TIE/S value which can be used in the o p t i m i z a t i on al gor ’i thnn .

A similar table is established for each type of component on the board .

In the case where all components on a board are identical in si-~e,
construction , and materials (this is rare), the sum of a l l  th e TrF/ S
will be constant no matter what layout changes are made . Thus , orly
the 17~~optimization need be considered .

While only an outline of a technique is presented here with a minimum
of supporting evidence , it is clear that- a large gray area exists that
bears extensive investi gation .

:c .2.4 Reliability Software

For th e various reliability capabilities required within ITAD , two
existing software programs were investi gated : The RADC Optimized
R e l i a b i l i t y  and Component Life Estimator (ORACLE ) and the Westinghouse
Reliability Computational Program (RELCØMP). Both programs are com-
puterized MIL—HDBK—217B ’s and both must be modified and recompiled for
inclusion as an integral part of the ITAD program . ORACLE is optimi zed
for a time—share operation , particularly with regard to the input and
output functions , where the failure rate of a part is sought give’ni certain
modif ying conditions. RELCØMP , on the other hand , is the more versatile
of the two programs , being geared towards proces .-ing parts indentured
to a module , a print ed c ircuit board , a line repi acea hie unit (LRU ), and/
or a system . RELC~MP is particularl y well structured to allow t rade—off
studies involving such r e l i ab i l i t y  dependent variables as part quality
and cooling provisions. Additionall y,  Westing house is naturally already
familia r with the RELCØMP program and in—house funds are used in part .
to update the program to the latest version of MIL—HDBK--217B and to
re f ine  RELCØMP to meet new requirem ents such as IT/tD . For th ese rea sons ,
RELCØM P was chosen fo r inclusion in the ITAD program . The following
paragraphs describe RELCØMP in more de t a i l .
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RELCØMP provides a fh-~ i hle method o f ’ c o m p u t i n g  the r e1i abi l it ~ parameters
for electronic - systems , both existin g and proposed . As dep ict e - ci in
figure I~~, the program •tc’ c ’ e’pt s dat a l’n-onn ci th e ’r ’ pan’t s l i s t s  arid app l i cat ion
data for existing systems ns’te’rred t o  by W e s t i n g house as t he ’ EDIT  t i l e ’
whose development and mainte nanc- e are- descn’ ih ed in f ’i gure I~ on ’ eng i n e e r i n g
data prepared for proposed on - deve l opmental  s y s t e m s .

The program orders the -  dat  a p r ’o\ - ided ( e i t h e r -  t h e  EDiT  dat  a o t -  c-ng inie&- r -lng
dataf in par’t number order’ an’i d compares i t  to t h e  r e l i a b i l i t y  di1 ’t iona ry
tape (figure 14). The dict ronan ’ tape has the  dc sc-r ’i p t i v e  da ta  r ’equ ire - d
to d e t e r m i n e  the f a i l u r e  n-ate of e-ach part t ype . The pr’ogr ’aln t h e n
computes the failure rate ( ,X equal to the nujirbe-n’ of ’ t ’a i lu r c s  pe r’ m i l l i o n
hours ) for’ each part app lication in ae’c -or ’dance w i t h  t he  component  p a r - t o
parameters provided by the dictionary . The appropriate app l i c a t i o n
adjustment factors (actual or assumed ) ar’e also applied. This dat a is
l is ted in part nuj nbe -r - order and i n d i c ’a tc s  whet - c’ the  p ar -t  i r used in thi ’
sy s t em.

The f a i lu re  rates are for ’ the most part  computed by t h e  method s  of ’
MI L—HDBK—2 17 8  wi th  a l l  part s not  cove red by the  d i c t i o n a r y  t ape be ing
l i s t e d  so tha t  manua l f : i i l t r r e  n - a t e  e n t r i e s  c’an he made.

The part f a i l u r e  rates are combined in accordance with the system
conf i gura t ion  and lists all failure rates from the component  l c v - 1  t o
the  sy s tem It -ye- i l~~- assembl y .  The program w i l l  take the  assembl y t’ai lun’c
rates and combine  them in accordance with the system re l iabilit y mode-I
to arrive at a system reliability prediction .

For the purposes of a n a ly s i s  and t rade—off ’  s t u d i e s , the progn’am ha s  t h ’
capability of’ comptrting t’or any combination of’ app licati on p ar’arnc t e -r ’ :~
ttemperatui’e or strc-ssl and providing matrices to i l l u s t r a t e  i n d i v - d u i l
or combthed e f f e c t s  upon component , assemb ly, system , or math m o d e l .

To integrate RELCØMP with the ITAD system , it is o n ly  ric( ’e ’ss;’il’V t o
interface it with the new Data Base Management System (I’)RM ) which w i l l
be used in p lace of the old EDIT and DICTTQNAR Y files.
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~~~~~ LCC Sot’tware

The Westinghouse approach t o  develop ing an h A D  I C C  so f tware  s y s t e m  is
based on m a x i m u m  u t i l iz a t i o n  of e x i s t i n g  com~- u t e r ’  programs.  T h i s  approach
is dcscr’ibcd in the following paragrap hs. In a d d i t i o n  t o  d e f i n i n g  a
suitable appt-oach , Westing house has developed pr’elim iniar y I T AD ~CC
model .  T h i s  model , w h i c h  is based on the AFAL EAR 1Sf ’ model  w i t h
developments by Westing house , i s  a lso  desc r ibed  and i l l u s t r a t e - d i n  t h i s
sect ion , Tb i s pee’ 1 im i nar’~

- I TAI) LCC model was used as t h e  Pr’ I mary  too l
to quant i fy ICC f’or- t h e  desi gn t noici e’ st tic~ it ’s  in I ask I I  of t h i s  pn ’o n ’ant

~~~~~~~ LCC Approa ch’.

m t  egn’ated thermal a v i o n i c  ITA1) 1 of ’ nnu l t  i — l a y c n ’ e’d pr ’inted  ci  rc’ui
hoards (PCB ‘ s)  i s  in tended  t o  make i mp n o v e m e n t s  i n  i-c l al’ i i i  t y uid
r’educ’ t iOn 1~ i l l  l i f e ’ e\ c 1 e c’ OS t o ( LCC ) . ITAI ) i s a system of c’omput er-

~ r ’ogr ’ams being developed f’or use by PCR desi gner - s .  I t  i s  i n t c n d e ’d t o
p r’o~-id e an cf’fect lye tool to opt imi.-c pra’t t e a l  l~ a l l  physi cal pa n- .rme - t e’n’5

to  ac h i e v e  the obic ct i v e ’ of maximum eel iab i  I i t v  and m i n i m u m  LCC - I t
r e s u l t s  i n  i PCB des i gn w i t h  a the’r’mal opt imuni an’n-angc ’ment t i C  the pi n ’t s
on a multi —l ayer’ PCB to  aeli  i e’ve ’ the above’ object i ye’ . Th i  s se’ct ion
descr- - be’ s a var’i etv of t e c h n i ques and pn’ocedur’cs being i nivest i ga t  e’d
to demonstrate t I r e ’  f e a s i b i  I i  tv  o f ’ the ITAI) approach for the’ Fl i~~h i t
Dynamic’s Laboratory ot the United St ate’s Al ~- Forc e’ . In thi s appr-oae’h
par t  i c’ui an’ emphasis n s d i  r’e’c ted I 0 t lie ’ app b~ cat i e ’n o f  r’c Ii ~it~ i l i t  v arid
I C C  computer ’  mode’ i s  fon’ t h i  s desi gn appr’oac-h

Thi s Si c t ion i n c l u d e s  a f l o w  di agr’am II lust i-at i rig the’ rd at i oni shi  p and
sequence of ’ van’i ous c’omput or’  mode’ I s  ~ec’e’soar’y to opt m i  :e’ n’c’ i i  abi  I r
and LCC . The’ Se’ computer’ nioci e’ 1 s in ~- l u d e  t h ose ’ I’equ i red Con ’ then-n c
a 1 cci I at ions , re ii rib i l i t  v cal c’U I at rOl l s • a~i~i r’earrange’m e’n t log ic  . The-

LCC opt  im 1 ‘at ion  l oop is de ’sc r i  bed and i me’ I udes c’ofls t t~~i i i t t  S I n p o s~ ’d

by wi n- c routing, and the ’ num b e r’ of  I a~- ct’s i ii a b~irc board asse’ml’lv
Al so desc r I bed r s t h e  i mp.rc I of’ t lie t h r’e’e I CC maj on’ cost ci e R i e - T I  I s

(I r’’sear’c’h and desi gn I R~ D , 1 i nyc’s tment 1 i vie’ 1 t i d in g  pi’ c d t i e  t —

-os t s~ • and ( 3 )  opcr’at ic ’nt and support costs.

1TA~ opt m u  ;~‘s LCI
_’ by c’ortstde’i’tng that the r ’ e’l  i ibi  1 itv ~

‘c t  a pri nt c’ l
w j r-i n ~~ se ’nnh ly is hi gh l y clepe’nid e’nt on t he t empe’r’at ure d i  st . bitt ion e C
the e’omp onc’nt s en the pri ni t  ed w i r ’  i ng asse’n h Iv . Tb i s t e’m~’ ’  r’at tire ~l s I I ~~ bu—

can t h u s  he mod if ’ i cci h\ -  a i’e’~u i ’l ’a r 1f ’me ’n I of ’ com ponen t s -
rea r ranges  I he’ c’ompone’nt s i i i  a sv stom at Ic mar ine’!’ 0 v ie ’ b d a m i ii i mum

Ic cy cle ’  c’ti~~t -

In or ’der t o  tiSe ’ h A P  to opt i m i  ‘c b i t e  ~‘ c le coot s • i t ‘s ne ’ e ’ s 5 i t ’ \ t o
comp le te ’  e - c n t  cm pr’e r ’equ i Site ’s . The i d a ss ioml of tli~ pr’et’e’tlu li s i t e ’ stop
makes it impossible to produce’ s-al id  i i  Cc’ e y e ’ It’ c’ost s. ‘Fhi&’ se ~t e ’ - .ii e ’
1 i i~ t e i  he’ low in the seqtre’TIe ’e in wh i e’hi t hey are pe ’i’t ’ormcd :

I f  C i  i’ c ’ir  i t  Ans i I \  515

- ‘ 1 s t i n t  l ie -si n Con t i  Ceir ’a t ion

44

-- 
-- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~~~~ ‘:: ~~~~ “~~~ —_——-_--_--- - ?‘-‘~~~~“ 
‘
~~~~~~~~ -: ~~:j ’ -- : ~ q r !~~~~~ -~- —



~IP~~~ 

- - -  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~

~

- j
3) Mechanical and Thermal Stress Analyses

4) System Reliabi lity

5) System Costs

6) Maintenance Engineering Analysis

7) Optimum Repair Leve l Analysis and Spares Analysis

8) Life Cycle Costs

The relationsh ip between these steps is showi’i in Figure 15 , Relationshi p
Between Decision Making Models and Techniques. Each of these steps is
briefl y exp lained in the following paragraphs, including their application
in the ITAD approach .

System Design Confi guration

The desi gn configuration is the basic starting point. Initiall y the
system design evolves as a block diagram for all functions to be
performed in the design . ITAD requires a design configuration down-i
to the level of a PCB with all component parts identified . For this
application , it is mandatory that the desi gn configuration be mechanized
so that a computer can be used to generate a system top—dow-n breakdown ,
and an al pha—numeric part number listing of all parts in the design.

System Reliability

The compute r  program used to calculate system reliabilitv ,(either
RLLCOMP, or ORACLE is based on MIL-HDBK--2178, Reliability Prediction of
Electronic Equipment and is used to compute the system reliability for
the in~t.ial design. In the past the designs for each PCB were accepted
once they were success fu l ly  tes ted .  This baseline re l iab i l i ty  also
locked in both the system operationa l ava i lab i l i ty  and resu l tan t  re-
curring maintenance costs. The ITAD approach further improves the design
r e l i ab i l i t y  of each PCB with a therma l opt imum arrangement of the parts
on a mu l t i - l aye r  PCB .

The reliability model stores a dictionary of unit failure rates for
all component parts in the des ign. The initial run of the model is used
to id ent i f y any missing f a i lu re  ra tes  not contained in the dictionary .
such items are added in an update to the dictionary . OEACLE would flag
such addit ions for  val idat ion.

Many equations from MIL-HDBK-217B are contained in the r e l i a b i l i ty  model ,
including the failure rate equations for microelectronic devices such as:

- ir~ ii;~ l7~ (C1 7rT + ~~2 ~~~~~
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wh ere
I’ ins the dcv ic-a L d i l e ,L ’ u  & a l e

lrL is the dev ice ’ lea rn in g factor

~11’Q i~ the quality fac tor

‘T( p is the dev i c e  p i n  q u a n t i t y  factor

lIT is the device temp erature ’ accelera tion factor

11’E is t h ’  application e’nvt roinic’nt factor

C1, C2 are circuit compl ex ity (actors

the i’cliai cilitv model makes it poa siule to rap idl y mechean t ie Lic e c- ofltput
.slioni ot failure rate prediction s for sU PCIt ’a and other assemb l ies in
an cntire~ electronic subsystem . This desi gn too l makes it feasible to
perform any q u a n t i ty  ct reliab 1.1 it v calcul at Locus required in t h -  l I’AI)
de~ 1gm opt imizat ion.

Syst em Costs

‘rh €• [‘tM) approach r equ ir es the computation of costs for 11 .) t h e  h~sie
des I gnu vt fort , and ITAI) d ens ign i t  cr81 ions • t, :’) p roduct  ion • rind 3’) s upp e i r t
spares . The costs for i’l’AI) cit ’S ign i t  erat ions are tiic only c-os Is wit ich
change when the quant liv ot  board layers is unchanged.  i t ’ the quant i t s
ci t hoard invc ’ r~ inc r eases • costs for  product ion  and suppor t  spa res a lso
inc rease. There t’ore , it is des i r able to accomplish tc thei -iuru l opt imiErit ion
of pa r ts w i t h o u t  increas ing the q uan t i ty  ci board layers . Ih ~- cos t d l
the basic des ign e f f o r t  includes all research , des ign , tea t  • rind ev es lua t  ion
tasks invo lved in the bas ic des ign e f f o r t .  Production and support
s pic es s cøat s  r e f l e c t  a l l  coSts (or labor and mater ia ls  involved in the
produc tion effort.

Maintenance  Cn~ ineerthg Analys is

The maintenance  engineer  lug aria lvii is (MEA ) Inc lud~ s th ~ c’it le ’ ei la t  Ions and
eat inudle ’s for al l  main tenance  t asks  required to support the avionic ~icl i-
sy stem . The ~~~ includes maintain abilit y elements such as es t ima tes  I c r
t ime , In hours , for access , fa ul t  isolation , rep lacement , repair , and test
ot’ a PCI% . I t also includes estimate s 01 repair cyc le t imes , in months ,
at both intermediate and depot levels ~ maintenance ’. Applicabl e ’ labor
rates , in dollar .  pe r hour , for  t h e  intermediate and depot Idve ls . lir e
MEA also includes the establishment 01 the maintenance plan. This has a
direct bearing on all support e- i i s t ~~~.

LI the ITAI) des ign involves a change in the quan t i ty  of board layers ,
then related changes , such as mean t ime to repair , must  be ret  le t- ted in
the MEA data.
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Optimum Repa ir Level and Spares Ana ly8es

In the ITAD approach the normal Optimum Repair Level Analysis (ORLA )
has been combined with a spares analys is . The ORLA is a computer program

r des igned to make comparative logistic support cost calculations . The
result is an opt imum repair level decis ion based on the selection of the
overall minimum LSC for (1) repair at intermediate , (2) repair at dcpot ,
or (3) discard at failure. Investigations of ORL.A decisions for PCB ’s
on many different  avionic systems resulted , in a lmost every case , of
repair at depot. S ince ITAD involves only the des ign of PCB ’s , it was
decided to code all PCB ’S for repair at depot . Thus , for the ITAD
approach it is necessary to only code an ORLA decis ion to avoid the un-
necessary expense for actually running the ORLA model for each PCB .

A spares analys is is highly desirable for the purpose of deciding the
level of sparing necessary to achieve a required operationa l availability
for the avionic subsystem . The spares analysis involves a plot of spares
cos t versus operational availa bil i ty.  Figure 11 is a sample characteristic
curve of these two parameters . The spares analysis provides the visibility
of costs necessary to assure the required quanti ty of spares at minimum
cost. If the baseline operational availability is adequate , it can be
inserted as a constraint for the ITAD design. The result is a reduc t ion
in spares quantities , and costs , caused by the improved reliability of
an ITAD design .

Life Cycle Costs

The Logistic Support Cost (LSC) Model , develope d by the U. S . Air Force
Logis t ics Cosmiand , was selected to calculate the LSC portion of lif e
cycle costs (LCC) . This model was modified to include improvements
develop ed through the efforts  of the Avionic8 Laborato ry at Wrigh t P
Patters 3n Mr Force Base. For ITA D applications , additional changes ,
incl iding development costs and production cos t equations , were added to
create an LCC model suitable for performing ITAD LCC des ign trade studie s .
Thus , this ITA D LCC model includes the three major cost elements:
( I )  research ~nd design , (2)  acquisition (production ) , and (3) support
costs .

This LCC model generates tire foll~~~ing output reports at the optio n of
the user:

1.) Input data file

2 )  System variabl es

3J LRU/SRU (PCB) input data

48
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4,) Spares stanunary

5,) Avail ability stmum a ry

4 óJ Cost .zmuuary

7,) Cost stmumary by percentage

‘~.e cost sunmcary prov ides a breakdown of LCC for each cost element and
for each PCB . Thus , it is possible to pinpoint the impact of the ITAD
design on LCC for both the PCB , the LRU in which it is loca ted , and the
entire avionic system .

2.2.5.2 Preliminary ITAD LCC Model

A sample of the output reports for the preliminary .TA D LCC model is
shown on the following pages. “~ie ITAD LCC run for  the optimum desi gn ,
low flow , 12-layer constraint , for all SRU ’ s in the SC/PRG LRU and the DIG
ASSY LRU was selected for the sample. Each report includes an iden t ify-
ing heading which is identical for all output reports. These reports
are br ief ly  explained in the following paragra phs. See paragrap h
2.2 .5.3 for tire definitions of variables which appear in tire LCC output
reports.

System variables , values , and definitions are shown in Figure 17. The
MTBF divisor in this case is tha t  which is required to convert the ori-
gina l EAR MTBF predictions to the ITAD baseline field MTB F . Va r iab les
normally supplied by the government were selected from the same variables
in the AFL C LSC user handbook . Other system values are contractor
estimrt es for the latest design configuration of the EAR system . l’wo
additional system variables were included in the input data but do not
yet appear in the computer output report. The added variables are :
1) TS , To tal Sys tems , wh ich is used to compute the operational availability
for one system , 2) FTMTTR , Fetch Time and Mean Time to Repair , is also
needed to compute the operational availability.

LRU/SRU variables for the SC/PRG and the DIG ASSY are shown in Figure 18.
The MFTBMA values are the field mean flying t ime between maintenance
actions for the ITAD application . The other column headings are ident ical
to the LRU/SRU variables used in the AFLC LSC model. Two other l Rtt/SRU
variables have been added but do not appear in this output sunmtary of the
LRU/SRU imput data. Firs t , RD . research and design cos t , in dol lars , is
the total des ign cos t , including any applicable design costs. These data
do appear in the cos t Sunmrary , Figure 21 , column headed R & I). Second ,
U Lil unit cos t multi plier is used to apply a learning curbe for a given
production quantity.
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LRU/SRU Spares Suninar~y was added by Westinghouse to provide complete
visibili ty to arrival rates , spares allocations , expected backorder ’s ,
and weighted ZILDT. Figure 19 is a sample of this suamary and includes
a breakdown of base , depot , and condemnation spares . The arrival rates
at the base and depot are indica ted by the columns headed STKB and STKD .
The sum of base and depot spares indicated by R & D , and condemnation
quantities are shown under COND. The TOTAL spares quantity is the sum of
(R & D) and COND. Spares quantities were calculated with a Poisson
subroutine , and an LRU/SRU expected backorder cons traint of 0.05. The
columns headed EXPECTED BACKORDER indicate the base (XBOB ) and depot (XBOD )
expected backorders resulting from the allocation of base and depot spares .
Weighted MLDT is the LRU/S RU prorate d portion of the system MLDT . The
sum of the individual LRU/SRU MLDT values is the system MLDT .

The Availabili t y S uamary, Fig . 20 is a brief listing of the calculated
variables , MLDT and MFT BMA , followed b y the system inherent availability,
operationa l availability, and operational readiness. ITAD des ign
opt imizations will always cause an increas e in availability when spares
are computed with the same expected backorder cons t raint as used for the
baseline design.

A V A Z L A B Z L Z T V  SUMMARY

SYS1E P~ MT IR 1 .S O
S Y S J E M  P101 •3 b c,9

M F 18MA :  17 .39
1P~H(PEN 1 A V A I L A B I L I T Y :  .920575
OP( P A T I 0 ~4AL A V A I L A P I T I T Y  •°03 033
OP CR A T~~O NAL R (A0IP.ESS : .9b8092

FIG. 20 ITAD LCC Availability Sumary

The ITAD LCC Cos t Su~~ary (in thousands of dol lars) ,  Fig 21 is a listing
for each LRU/SRU with columns for the eight LSC equations , Total LSC ,
R & D , Unit Acquisition Cos t , System Acquisition Cost , and Total System
(SUBSYS ) LCC . The LRU -TO TAL for each column is shown at the bottom line ,

- 
I tabled LRU-TcYrAL in the firs t column , for each LRU . There are two

exception s wh ich will be changed at a future date; the subtotals for LRU
Unit Acquisition and System Acquisition appear on the line for each
LRU . The LCC TOTAL SUBSYS is the sum of LOG IST TOTAL , R + D , and SYSTEM
ACQUI S . For example , the LCC TOTAL SUBS YS for the DIG ASSY LIJR in Fig. 21 ,
is 10461. (LOG IST TOTAL), plue 221.8 (R ÷ D) , plus 26845.3  (SYSTEM ACQUIS )
for a total of 37528.4 (TOTAL SUBSYS). In additton , the ITAD field MTBF ,
calculated in the model from the SRU and chassis MTBF ’s , is shown under
the column heading KFTBMA. The las t column shows the LRU and SRU unit
weights in pound a .

The ITAD LSC Cost Suninary by Percentage , Fig 22, shows the LRU LSC per-
centage for each of the eight LSC equations , and the LSC total. This
table is useful in quickly identif ying major cost drivers in an electronic
syst em.
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2. 2.5.3 Letinitions of Variables Used in ITAI) LCC Model

The following list include all the variables used in the ITAD LCC model
and which appear in the LCC output reports used as il lustrations in
this report.

BA Cos t ot new and pecu liar base Support equipment related to sub-
system .

BAA Total active work t ime in hours , in the base shop per moth

BLR Average base level labor rate in dollare/manhours

- - BMC Average base material cost per maintenance action expressed as
a fraction of the unit cos t of the LRU . The material cost
shall include the mean dollar value of the consumables
utilized in repairing the LRU and any subordian te repairab les .

BMH Average manhours expended at base to d iagnose and repair , or
attempt to repair, the LRU or SR1J

BRCT Average base repair cycle time in months

BSTOC Number of unique parts and assemblies which are to be stocked
at the base as spares , including standard parts

CS Cost of software to utilize existing automatic test equipment
(ATE) for the subsystem

Cl Initial and pipeline spares cost

C2 Replacement spares cost

— c3 On-equipment maintenance or removal costs

C4 Off-equipment maintenance cos t

CS Inventory entry and supply management cost

C6 Support equipment cost

Cl Cos t of personnel training and training equip ment

C8 Cos t of management and technical data

COND Fraction of depot arrivals condemned

DA Cos t of new and pecu liar depo t support equipment related to
sub s ye tern
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DAA Total active work t ime in the depot per month

DLR Average depot labor rate in dollars /manhour

DMC Average depo t material cost per cepot maintenance action
expressed as a fraction of the unit cos t of the LRIY . The
material cos t shall include the mean dollar value of the
consumables utilized in repairing the LRU and any subordinate
repairables of the LRU .

DMH Average manhours expended at depot to diagnose and repair , or
attenint to repair , the LRU or SRU .

DRCT Average depot repair cycle t ime in months for  the LRU or SRU

EBOB Maximum allowable base back order

EBOD Maximum allowable depot back order

FIB Probability that LRU can be fault isolated to an SRU at the
base level when the SRU fails and LRU removal results

FLA Cost of unique flight line AGE (coninon and peculiar) to support
the subsystem

H Nubine r of pages of depot level T.O.’s and special repair
instructions

IAC Initial inventory management cos t to introduce a new coded
repairable assembly into the Air Force inventory.

IH Cost of interconnection hardware to utilize existing ATE tor
the subsystem

ThIN Average time in manhours to perform corrective maintenance in
place for the LRU or SRU

IPC Initial inventory management cost for consumable items

JJJ Total number of pages of T.O.’s (H & J)

M Number of bases expected to be utilized in the deployment of the
system

MFTBM A Mean flying t ime between maintenance actions for each LRU/SRU

MLDT Mean logistics down t ime in hours per maintenance action
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MRF Average manhours/maintenance action for completing of f-
equipment maintenance records

MRO Average manhours /maintenance action for completing on-equipment
mantenance records

NPLR Probability that an LRU will be fault isolated to a faulty SRU
at aircraft due to BITE, CITS , or other detection mehtods

NRTS Fraction of LRU/LRN removals which , once removed , are
expected to be returned to depot for repair

OS Fraction of total force deployed in overseas locations

OST The number of days to order and ship the LRU or the SRU to
the depot

PA Number of new”P” coded repairable assemblies within the LRU

PFFH Expected peak force flying hours /month

PIUP Operationa l service live of the system in years .

PLR Probability that an SRU (LRM) failure can be fault isolated and
replaced at the fligh t line .

PMB Direct productive maxthours/man/year at base level (Includes
both “Touch Time” and time used in getting to and from job,
getting tools , AGE, etc. )

R1D Direct productive marthou.rs/man/year at depot level (includes
both “Touch Time” and time used in getting to and from Job ,
getting tools , AGE, etc.)

Pp Number of new “P” coded consumables within the I.RU

PSC Packaging and shipping costs for continental  locations in
dollars/pound

PSO Packaging and shipping costs for overseas loca t ions  in
dollars/pound

QPA Quantity of the 12W/LaM contained in the next highest
assembly
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RAC Recurring inventory management cost to maintain a repairable
assembly in the wholesale system (expressed in dollars/item/
year)

RIP Fraction of failures for the LaU/LRM which can be repaired
in place given that the LaU/I.R14 has been fault isolated

RMH Average time in manhours to remove and replace the faulty
IRU/LaM for subsequent report

RPC Recurring inventory management cost to maintain a repairable
assembly in the wholesale system (expressed in dollars/
iteny’year)

RTS fraction of removals of LRU or SRU which , once removed , are
expected to be repaired at base

SA Anraj a]. base supply inventory management cost in dollars/item!
year

SMH Average time in manhours to perform scheduled maintenance
(including preventive maintenance , preflight , postflight ,
and periodic inspections of the subsystem )

SMI Lheduled maintenance interval in flying hours for the sub—
aystcm (including preventive maintenance, preflight , post-.
flight , and periodic inspections of the subsystem)

SR Average manhours/maintenance action for completing supply
transaction records

STKB Expected numiicr or arrivals at. eaca oase

STKD Expected number of arriva ls at each depot

TCB Cost of peculiar training per man at. base level (including both
instruction and training materials )

TCD Cost of peculiar tra~~ing per man at depot level

TD Cost per original page of technical documentation

TE Cost of peculiar training equipment required for the subsystem

TFFH Expected total force flying hours over life cycle
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TR Ave ~‘nge manhou es/ma i nt.enance a t on for e omp e t t~~ t t . m

p ort at ~Ofl 1 O I ~~5~~~

TRR Annual turnover  r a te  for base pe~’soflnel

TRI) Annual turnover rat c’ for depot personnel

tIC Unit ~‘ost of I.RU or SRU

w Wei ght in pounds of the LRU or SRU

XROB Computed l.HtI/L~~ hack orders at base

XHOD Computed 1,RU I .RM hack orders nt depot 9d

XTYPE Number o f di f t ’e rent  t .RU ‘ s ‘SRI I ‘ s that can he c I ose lv approx—
i mated by one g i y en  dat a  ~r I . N o t e :  XTYPE i s usefu l during
the deve lop ement phase of ’ a program ; when the  syst em confi ~~

—

ura t i on i s Vu I I y de Vi ned XTVPF. WOU 1 d equal I
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.‘ .~‘ .6 S t a t i s t i c a l  Sot ’twar e

The l TAl~ regre ss i or anal y s i s  requ i res that a mathemat ical model be
formulated for ía ii ure dat a o t ’ vari ous e l e c t  eon i c equ i I~m cnt 

~
- . iii mode I

in  con junc t ion  w i t h  the other  anal y s i s  program s i dent i V ied  in the IT A I )
study will at t empt t o  p rov ide  a quan t i tat i ye insi ght i ut  o the  mechan sms
a fleet i ng ía i lures and to p r e d i c t  t h e  performance o I ’ these el e c t r o n
equ t pment  s in  t h e t  r operat i onal and non—opera t iona l  env i ronment  s . The
dot a from t hi s ana lv  si s should p rov ide  add i t  i onal  t radeo Vt ’ dot a in the
ii t’e eye Ic cost ana lys i s for I TAD , by hi ghl i ght  i ng the dependence of

- 
- t’a I I  ures on the  m i x and I eve i s of ’ comb I ned cnv ronnicn t s

- 
- A comput er  program w I i  be genera t ed  to  i n t er  t’ac t’ w i t h  t h e  ot her  I TAP

-
‘ program s and w i l l  use t he  RI STEI tU F ORI. st ep wi se  t ’e~~~ rcss I on pi’ogram

This  program is  part  of ’ t h e  IMSI .  l i br a r y  w h i ch  i s  as- at lal ’Ie at the
AFSC - ASP Computer .‘entei’ Vac i l i  t y  at  WPAFIt . ( S e e  F l  gul’e ‘3

.6 .  1 Mu l  i vari able Regres sion

I)ev ’ 1 oprnen o I t h e  Mu it Vat’ . i l ’  Ic t - e ~~~ res~~’ i ‘ii model i’equ I rc s I W O  t i  s~
The I’ i rst I a sl~ s t o  d e t e r m i n e  a set  .s t ’ c au s a l  t a c t  ~t t ’s  wh ch have a
s i gn i ~ i can t  i m p a c t  on t h e  Va t t  nrc r a t e  • F x i  st ng la l u re  da t  a from CEH T
e st s or t’rom rq ii i pm en I n t he V I ci d con be anal  y ed t o p t ’op sc . t i sp e k ’ I ed

t’c 1 at  i onsh i ps bet ween f a i l u r e s and m i xc s and lev els ~s I env 1 ronmen t a I
tac t ot’s • and the Mu I t  var  al ’ I c  Hegress ion program can he used I o de t (‘t ill I tie
t h e  i g u i  I ’ cance ~‘ I ’ these re I at i oush i ps . ~)t tce  t h i  done • t h e model
thus de~-e I ope~l con he used t o  pr ed i t ’ t t h e  t ’a i I nrc dot a of ’ some s ’qu i pment
under a spec i V i e d  s c e n a r io  by us i n~ t h e  ía i i nrc mode I . A st  epw i -c
mul t i v ariabl e r eg ress ion  program wi 11 he used f i s t  t he m a  I

Th i program t ’ on st rue t s a mat  hema t ~‘ a I mode I by odd i ug one I c em it a
I mc t ’rom t h e  supp lied I ernis . At each s tep  t h e  mo st  i m p o r t a n t  ‘;e t ol ’

Ic t’m s are selected lot’ the model , t ’ i r s t  t h e  s i n g le  most  i mpot’t ant
then t h e  two  most import ant  t hen I h eec • e t c  . The genet a I I t s  I’m ‘ 1~ I l i i

model would b e;

A’ a 4 a1 $
~ 

(x
l .

x ? .x l. . . ) 4 a .~ 4t~ (x
1 , x~~, x 3~~. . . ) 4

where

A ’ It ; the pie d  ‘ ted number of I a I ur e s

a ,n , n i t ic  1 1n’ n t coi ’flfcieu t det t ’ t t i t j t i i ’th ~~ h~I ’  Il l’
o l  2

$ inc £.enr ’t ~il  1,ics - (  ion’. of au~’ of ow r~,’.msiti .i~~ ’ I ’  v a t  i . s l ’  h i ’ ~

(I c t f lpe t . i  ( t i l t ’ , hum i ti ~ t ~ , v I hi a ( i  I ’n  • et  t -t .

the pt ’~~tiu%t’~ t t ’ t m  i i i  lii i t , t t ’ n n i l . m  t ’xprt -t cii I s ’ be (he  t a t  I u i ’e  t i t  ~
- mode I

is pt’isp is setl i n  ‘IT I. HI)flK - ‘ I ill . The p.tr;uret ci’s I o t -  l i i i s mo del w I i  1st ’

f ’ c t i e  t ’ i t  c i i  i~\ the I TAI l pt’isgt’ .mns. I ;ti~’h is  I ~f lA . , t s i  D F I  ~‘~ M I’ I s a - - i - si  s i t i  I lie

I’ - ’
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g iven s cena r io .

These parameters Will be available to the  M ulti variable Regressi to ;  I’rogt’am
thru the h Al) I)ata Base Manager. For examp le , suppose we have some
t’ai  lure da t a  for a par t i cu l a r  mi c roe lec t  i o n i c  hoard ’ I’or scenar io  1

for scenar io  l i ..  n for scenario n.  These scenarios could he
essentiall y identical board s subject to a CERT test procedure or hoard s
operational in the fiold. For each scenario compute the 

~ 
(Mu ~I7R

pred iction model ) where , sa y ,  x 1 would he the t emperature from S I N D A ,
at each p o i n t  i n  t he  scenar io , x~ would he the  

~ 
terni etc .  A model

to exp lain the failure data

j \= (X ~~ X , ... A’) would be

A’ - a0 + a1 •~ (x 1, x2,. . .x)

Onc e a0 and 01 were determined f’oi’ t h i s  board , a new improved p r e d i c t i o t i
(over MIL—HDBK—217R ) could he made for this hoard subject to some new
proposed scenario (i.e. 10 years in the field or o t h e r ’) .

A second example could be the board layout problem . Let the he the
sum of observe failure data for individual component s in a g iven layout
for several scenarios and ø~ be the RELCOMP predictions for these
scenarios and the other ~ ‘s determined (such as vibration level Versus
position on the board). Now the model could he used to pred i ct
for the l i f e  cycle  scenario.

Other terms will be studied which are not spec i ficall y t reated by the
MIL 217R term and will be included in the model. Our reference mate t ’tal
indicates that some major sources of discrepency between projected
reliabilit y and that realized in the field inc lude , failures related
to rap id and slow thermal cycling and temperature extremes in both
operating and non operating mod s , equi pment maintenance , and equipment
interfaces or combined environments such as a l t i t ude  — h u m i d i t y  and

-

‘ humidity with cold temperature . These functions would be expressed:

A’ where T is total life t ime and [T]is

T a partition of T into identifiable

condit ions of !‘I1l. 2 17B

A’ is the predicted numbcr of fRilures
p

for the s p e c i f ic  device under MIL 71711
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417 — is a factor due to rapid thermal cycling for each o p e r a t in g  and non--

operating condition to he determined empirically as a set of fac tors

similar to ii . Later , a func t i ona l  r e l a t i o n s h i p in vo lv ing ,  ra te  of

temperature change , amoun t of change , a c c u m u l a t i v e  number of cycles ,

dura tion of temperature extremes , etc. may be found .

413 is a m a i n ten a n c e  term based on quality of maintenance personnel ,

frequ ency sf m a in t e n a n c e , etc. and equi pment type.

414 
— a factor due to i n t e r f a ce  type and c om p l e x i ty

— other factors  to be determined.

We expect the values of these functions to be a table of factors (‘or
each equi pment type , based on the conditions of the scenario , similar
to the current method used in MIL—HDBK—2l78 (see Figure 24). In the
future, if a mathematical formula can be determined for any of’ t h e
factors, i t  would be substituted for the table.

In addition , the partitioning of’ factors such as T7~ (from MIl—Hl)BR—~ l 7Bt
into effects of humidit y and vibration can be i nvestigated by prope r
selection and partitioning oV the test data. For examp le , if ti -ic mod e l
for microelectronic components were rewritten :

A ’ a + a
~ 

EL ~Q ~P ~T 
C
1] 

+ 8
2 
{
~L 

U
Q 

r~ 
~E 

C
2]

and were generated by using data under controlled hum idit y v a r i a t i o n  with
other parameters held constant , the 02 co e f ’f i c i e n t  would  he compared t o
the model generated hy data for full variation of al l parameter’s inT~

’.

The regression analysis will have the flexibility to handle add itional
terms or ref ined terms including cross produc t terms , such as humidit y—
altitude or humidity — cold temperature as more data becomes a~ a i I a h l e
and as the ITAD analysis proceeds.

2.2.6.2. Calculat ion of Means and Var iances  of Environmental 1-ac t s s ~~~

A computer program w ill be written to in te r face  w i t h  the l)BM and at’t’ange

data for computat i on of’ me ans , var iances , and cross correlat i on i ’oel ’ t ’ i t  t e n t s
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for the environmental parameters (such as temperature , vibrat on ,
humid i t v ,  etc) for a spec i fied scenario. The values of each parameter’
will be obtained t’rom the I TAI) Data Base Manager  as a v e c t o r - , V ,
of ’  parameters  at v ar i o u s  p o i n t s  a long the scenar io .

I-ar each variable of interest , to compute the mean , take samples of’ e~i h
Vj  in order of’ increasing time from each V , a t i m e  vary ing vec to r ’  w i t h
components  Vj and use the  ri ght  end p o i n t  of ’ ( vj  , VJ ~ + 1 ) “~j i  + as t h e
value of vj in the interval , and (t~ +j— t~

)/T as the interval l ength ,
over t , the total simulation t ime .

- 

- For the wean of V

j  

USC ~ ~~~~~~~~~~~~~~~~~~~~~~~ then

n

p~ (vi) 
_ _ _  

v~ j~~~~~ 
•

This al gorithm does not require equall y spaced data and it r e t a i n s
information about variable extr eme value s (as opposed to an average value
over the interval).

For a variable such as ambient temperature , a corresponding temperature
value for each component must be generated from the mission temperature
profile.

The varianc e of V~ ~rould be calculated 
as

2 e 2
o,~ (v ,~) = (,. (v~ - p~ (v

i
))

n

~~ _ _ _  

(v~ ~~~~~~ a~ 
] 

- lj
j  

(v~~

vhcre a~ and p are defined as above.

In order that a finite number of data points adequatel y represent a
distribution some restriction must be placed on the data po i nts used
for V . For example , if the AGREE 9 p r o f i l e  for a l t i t u d e  were used , then :
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Fi gure 2~ Agree 9 Profile

at least the 7 points shown in 25 must be used . In addition , if the
value of v

~ 
changes rap idly , points such as (a), (b), (el , (d) should

be included , based on availab il i ty , the length of the interval t~~~1—t j l
and the size of the change of v3 from point i to i+1.

The values of the Vj for each compcnent as well as ,~ .j ,  and ~7”,j for
each v~ will be available through the Data Base Manager.

2.2.7 Data Base Management/Graphics

The data base management (DBM) software within the ITAD system is
desi gned to provide the following general features:

• Simple access by all software modules within the ITAD system

• Flexible interface and data base structure to allow for future

changes

• Easy access by users to create and maintain the data base

• Take maximum advantage of library files to minimize user supplied

da ta

The block diagram of the data base manageme nt system is  shown in Fi gure :~6.
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The user specifies a desi gn for subsequent ITAD analysi s by means of
two design f i le s desi gnated as DF1 and DF 2 whose contents are defined
in Fi gures 27 and 28.

2.2.7.1 Design Fil e

The structural desi gn f i le , Desi gn File 1 (DF 1 ) ,  specifie s, for each
assemb ly in a system , the specific characteristics of that assembly
at the lat est point in the design cycle as well as information to
customize each usage of a component part of that assembly. The assembly
charact eri stics :

Confi gurat ion specificat ion
— Life Cycle cost information

Cost, MTBF, MTTR

Drawing information

Lines , circles , te st characters (i.e., all graphics necessary to
draw the assembly excluding the component parts)

Routing in formation —

Parts area, restricted areas

The assembly header informat ion thus conta ins all information about the
assembly excluding the component parts. The drawing informat ion speci f i es
in the case of a printed wiring board , the board outline , the various
tooling holes and text (e . g . ,  the assembly drawing number which is to
appear on the si lk screen).

The par ts  l ist  information specifies not only the parts on an assembly
but also the customizing info rmation relat ing to each part icular use
of a component . The parts l ists  include:

1) Circuit symbol such as U61 and symbol location and orientation

2) Part no.

3) X , Y , z , i . e . ,  locat ion of the part ori gin with respect to the
assembly or igin.

4) Fixed location flag (flag set if part locat ion fixed by designerl

5) 9 orientation of the part with respect to the coordinate system
of the assembly.

6)  Part power diss ipation

7) Part temperature
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- Assembly drawing Num ber

Conf iguration information

Revision List

Cost - -- LCC information

Failures

Drawing data

Parts list

Item #, CS, P#, XYZO, T,

I -

Figure 27. Physica l Characteristic s (DFI )
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Assembly drawing number

Signal name - Socket pin list

Signal name - Socket pin list

— Figure 28. String List Data (3r2)
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8) Part failure rate

9) Part environmental factors

The part number used in the part s lists is the means by which the various
library files may be accessed to obtain add itional , generic data about

- 
- 

a part such as:

- 
- 1) reliability factors

- 
- 2) voltage current ratings/stresses

3) Part Thermal resistance, 9j c

4) Part size

5 ) Part wei ght

6) Part cost

7) Part thermal capacity

2.2.7.2 Library Files

All library f iles are accessed by part number and are desi gned to store
related types of information. Thus the parts drawing file contains
graphical data which when materialized for a particular part on a part-
icular assembly specifies all data necessary to “draw” that component .
The reliability file contains the coeff icients and other parameters
which , when combin ed with the custom izing temperature and environmental
factors allow failure rates to be calculated and subsequently stored
back in the design file for use by other programs in ITAD .

2.2.7.3 Design File 2

The second desi gn f i le  specif ies electrical information for each
printed wire board. The file is accessed by assembly drawing number
as shown in Figure 29.
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Assembly drawing # X

Signa l name i socket pin , socket-pin...

Signa l name J socket-pin...

Assembly drawing # Y

Figure 29 — DF2 Format

The data in design file 2 for a given assembly is organized by signal
name or net and lists all the component socket pins having that particular
signal name where socket is a circuit symbol designator such as 1339
and p in refers to a p in number on that socket .

In order to explain the file structure further, the interfacing mechanism
to OPTEMP , wi re routing (PCPRA 1 and an interactive graphics system will
be presented .

2 . 2 . 7 — 4  OPTEMP In ter face

The component placement optimization process requires P.C. board data ,
component data , and cooling data. The steps listed below define in
general terms how this  data is obta ined assuming initiate run.

1) Re ad system name

2 )  Read PC board assembly number: PCN (from user)

3)  Access design fi le 1 (DF 1)  to get data for PCN

PC Board Data

1) Read board dimens ions

2) Read routing data to get parts placement area
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Component Data

I )  Read parts lis t for PCN to obtain :

r a. Part number

b . Circuit symbol

c. Part location

d. Fixed location f lag

NOTE : If the flag is not set , then the part  location info r-

mation , if present, implies initial location. If the

flag is set, the location must be present and pre-

- served by OPTEMP.

e. Orientation

1. Failure rate

2) Access the parts graphic library for each part to obtain component

size information

Cooling Data

1) Read user supplied cooling parameters and boundary conditions

The results of an OPTEMP run are updated component location information

temperature and failure rate which are stored 
in DF1 overwriting the

initial information .

2.2.7.5 PCPRA Interface

The wire routing process requires PCB 
data, component data and inter-

connection information . The following steps are required:
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Initia te Run

I )  Read sys t em name : DF 1

2) Read PC board assembly number: PCN

3) Access des ign f i l e  IW1

PCB Da t a

1 - )  Read DF 1 to get routing area information inc luding restrict ions

such as “k eep out are as ”

Compone nt D i t to

Read par t s  lis t to got :

.~~ Part number

h )  Ci rcuit symbol

e) Part location

d) Part orientation

2 ) Read r e l i a b i l i t y  library for  each li s t ed  1~~r t number t o  ~~ t p .irt

type (5400 , 54161 , e1~~ . )  , package type  (fli I’) .ind number of pins

3 ) C r eate t he “BUCKE T Category ” which rela tt•s ~ i r cu i t  symbo l t o  typ o

(5(400 II ~ 1 , Ct  c. ) for  input to PC I’RA

4 Read the TY~~— PEDEL I thra ry for each compi~n . - n t  t v ~-. t o  ~ t t .i I e the

‘~ry~: —PU )E L (~~~; I e~~o r y ’ whic h ret ~i ‘
~~ yPt. ~

. com~ I H  I I I  p in f~J L t e’ t I i

t I ~ t , . (A l  1 16 p in dip s . hav, one p in  p~s t t e t  n . i t ’  p n di  p:~ h.s~ e’ —

.n, ,i 1w r e t c .)

I
~~. 4  •%r t~~ APW h f~ArA lj l sr a rv I . t  •ach i~~~I’ I t ype L i  c i~ . t t t t in’

.- , - ‘ ~ apr - f l y  I n~ 1 hr p In  I ,~ca I I . ‘n .  • w i t  Pt t r -
~ pt ~

- t t o  I hi’
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6) Read design file 2 for PCN to get the interconnect information in

terms of signal name , circuit symbol and pin number to create the

“STRINC LIST Category” for PCPRA .

Thus all information required for running PCPRA can be obtained from
the desi gn f i les  and th e gen eri c data library files.

Graphic Interface

The data necessary to drive an interactive graphics systems such as
STAGING is obtained from the ITAD desi gn and lib rary files by the following
steps.

1) Read system name: DFI

2 ) Read assembly number: PCI4

- 

- 
3) Access DFI for PCN

4) Read and output assembly drawing information

5) For each item in the assembly parts lis ts to obtain

a) Part #

b ) Part location

c ) Part orientation

d ) Circuit symbol

6) For each part # read the g:aphic library file and perform the

following steps :

a ) Read the graphic informat ion for a par t

b ) Calculate the absolute coordinates for each graphical primitive

(lines , circles , etc.) by applying the translation and rotation

specifie d in the assembly parts list.

c) Output the “ma terialized” data .
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2.2.7.6 l)ata Base Management Software

A var i e t y of app i-oache to pro viding the soft ware capable of ’ hand I ing
the w i d e  rang e o f ITA I ) r e q u i r ement s have been considered . The st u dy
conc l uded tha t  the  required I)BM software is commerciall y avai  lahh -  w i t h
suf f i c i e n t  c a p a b i l i t y ,  documentat i on , a v a i l a b i l i t y ,  and m a t u r i t y .  One
such sys t em , sys tem 51000 from Management Resources , I n c . ,  exwnined  i n
depth , can e lcgant l y ha n d l e  the storage , ma in t enance , r et r i eve ! , and
interfac i ng requirements. S2000 currentl y requ i res 52Ki~ woz~~s of core
storage , but MRI i s  cur ren t l y develop ing an overlay version which shou ld
substanti al l y reduce thi s number. The entire ITAI) system will require
app r o x i m a t e l y 60K 10 words if ’ the overlay version is  not used. 11’ it
i s  used , SINDA i s  the program c o n t r o l l i n g  memo r y  si e . The memory
requ i red for  S T N D A  depends on the s ize  of ’ problem for w h i c h  SI N D A  is
used . [-‘or mo st  r equ i rements , 40K 10 i s  adequa t e .

The VF .NIJS data base management  sys t em c u r r e n t l y i n s t a l l e d  at W P A f - l~ wa s
a l s o  examined  but  found to be u n a c c e p t a b l e  s i nc e  no pr-o v i s ion  e x i s t s  f o r
so f t ware interfacing with FORTRAN programs.

The second v i a b ]  e p o s s i b i l i t y conc l uded from the  study i s  t h a t  t h e  IThM
i’ t q u  i remen t s can he p roy i ded by w r i t  i ng a new so I ’t ware  isv st em spt - s i t ’ i c  a l l
de s i gned fo r  ITAI ) . In so do ing  advant age  can he t ak en  of known st ruc t ura  1
r e  t a t ionsh i ps and i n t e r f a c i n g  r e q u i r e m e n t s , t h u s  r e s u l t  ing  in  a more
c f - I - I - s cot so l u t i o n  hot  h in t erms of ’ compactness o F stoi’age and conipu t c t
run t i mc . The d i s a d v a n t a g e  i s  the  lunger  t e i’m ma i nt  enanc e cons dera I ‘n s-
gi  \ en  the  a n t  i . i pated ev o l ut  ion of ITAI) w i t h  a s s o c i a t e d  mod i t ’i c at  ions  t o

he IIR M and t h e  signi f i c a n t  lv h i gher  i n i t i a l  cos t  . The c u r r e n t  p r i c e
o S:’ooo i s ~ -1 ~‘ ,000 w i t h o u t  any d i  scout i t  w h i c h  w i l l  h e a v a i l  ab I t -  t h r o u g h

I t i s t~ st i ma t  ‘d t h a t  t h e  cust on so 1 Ut  l O l l  W I  I I he f i  vt -  t i flies-
not-c expensiv e t han  the S1000 so 1 ut i o n .

~ i ri ce the  S :ot () sv s te r n  can adequat  e l y m eet t he  rt’qU i r ement s i ’l ’ I TA l l

I 

and ha s ; t h e  I ’i c x i  h i  l i t v  t o  m e e t  f u t u r e  requi renient s, at much I C s - - - - s - i
han .i cu st on sv st em , i t  i is r ’ectinunt ’nded t ha t  S: I100 ,r a 1 ih I t ’ I - I t ic

Cl IC i i ar dwa r’e hr  u sed as t he I TAI l  l)a t a Ba st ~ianagemen t s;y st  em

I . ‘ .8 l a s s I ~ I — Sunm ar v  and (‘ nc I i n -  I O T I S ;

lO u - i  T1~ Ph ase I of  Tasl~ I a st t i dy was c on d u c t e d  t o  det  er’m i t i e wh i  cii corn —
pit t i - i -  s i t  c w85-s most  app I ~ at ’ I c  t o t h e  I ‘I’Al) sy st em. T h e  ~~i t  e c i i ’  ~t -n 1 5

hr A~~ Cl ) C— 6600  at  WPA 1- B . Be t~~ l t -  t l i t ’ wi t’e rout  i ng pi -o )~ram , PCi’R A , at
A l- Al -  i s  c o n v e r t e d  f t  t h e  CI 1C—6600 , .i s t u dy  W i  I I  he conduc t t -d I t ’  , ‘a i i i

ex p e r -  i t - n c t -  w i t h  t he sel lS  i t  i v i  I I cs of t h o se  p s t r a rn et  c i - ;  .i H e e l  I ri ~ I C C .

T hi t -  p. ir ;inn’t  e t’~ i H e t - t i i i
~~ 

I (‘I ’ wli i cli m u s t  In opt  m u  ‘(‘ti IP t - , qUa L i  t v  of ’

- - component  p a r t  s • number  of ’ I’Mi 1 .ive L ’s , 0 ~ t of ’ WI rt ’ rout I II
~ 

, ar id
i’d t a h i l i t v .  I n  t h e  m i t  i i i  ( T a sk  I i )  st u d s -  o f  u s -op l a r i s r t ’  ~~‘t ’ l t ’d h’W A ,
ha s-n’tl on 20$ s-v stem wit h a t en veal’  I I t -  , ( lit ’ rn ’ i i .e m t id  t e a t  L o r i s  I h a t  t in ’
nt irnhe ~ ,‘ F l a y e r s  ntis t he ft I ti m i ‘ed c vet i  i t  i i  r -~~- i t i c l - t - .Isses- ; i n t lie cos t
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of wire routing . This may not be true for systems used in small quantities ,
but for these systems LSC gains through increased reliabilit y will also
be sma l l .

Whether the number of layers is a reasonable optimization parameter can
onl y be de term ined by t rial opt imiza t ion  of a la rger samp le of systems
th an has been undertak en in this study. An algorithm has been presented
whi ch wi l l  optimiz e all  of the above paramet ers based on th e devel opm en t
of an economical (in real time and computer time ) method of estimating
the number of layers and routing difficulty . A larger scale study might
indicate whether or not the number of layers need be considered . If not,
savings in development of the wire routing cost estimating routine will
be seen. Also a savings in computer time to optimize the PWA each and
every time ITAD is used could be significant.

Several computer programs have been recommended to accomplish various
functions of the ITAD system and are described in detail. These programs
are listed in Table 3. In addition , where existing software is not
available and existing knowledge and techniques allow , algorithm s have
been defined to accomp l i sh these task s. The algorithms presented allow
the calculations shown in figure 30.

Al gorithms to rigorously define wire routing cost estimat ion and irE
variation , have not been presented due to a large unknown area. The
estimation of the number of layers of printed wiring required to route a
PWB and the calculation of actual costs to do this for various numbers of
layers has not been attempted in a completely automated manner. Although
it is not beyond the state of the art to do this , it was beyond the
scope of’ th is study to attempt to def ine thi s al gorithm.

[~~~~~~~~~~~~~ 

An o u t l i n e  of a scheme for affecting the 71E factor used in present
reliability calculations has been presented . However, due to the
uncertainty surrounding the exact nature of this parameter , a precise
optimization algorithm would be conjecture .
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Table 3, RECOMMENDED COMPUTER PROGRAMS

SINDA

OPrEMP

Structura l

SAP V

~~jjabjlitv

RELCØMP

Statistical

RLSTE P/RLFØRL

Data Ba~ e Management

MRI , S2000

Life Cycle Cos t

AFLC LSC

Wire Routine

PCPRA

Graphi cs

STAGING
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p

I. LCC Optimization of ~iJA’s

2. Reliability Optimization of Conduction Cooled I’WA ’s

3. Calculation of Temperatures for IiJA ’s Cooled by:

conduction

na tural convec tion

forced convec t ion

hea t pipes

thermoelectric devices

4. Calculating Equivalent Temperatures

5. Optimizing WA ’s wi th Respect to Each Other

6. Taking into Account Free Mois ture in Cooling Air

7. Calculation of ~~ans and Variances of Environmental Factors

-
‘ 8. Interactive Graphics Interface

Figure 30, Defined Aigorith aa
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SECTiON i l l

TASK I I -  OPTIMA L CIRCUIT BOARD DESIGN AND COST STUDY

A design and cost stud y was under taken  for a pair of mu l t i l a y e r  cop lanar
- 

- 
a i r—coo led  circui t boards used in 12 locat ions  in the E lec t ron ica l ly  Agile
Radar (EAR) built by Westinghouse. This study has given a preliminary
measure  of the  life cycle cost payoff resulting from the optimization of
component  a r r angemen t  on the pr in ted  c ircui t  boards.

3. 1 THERMAL / RELIABIL ITY CONSIDERATIONS

The cons t ruc t i on  of the printed circuit board pair used as the basis for
this study is shown in Figure 31. Each board has six rows of components.
Up to sixteen flat pack components having 14 or 16 pins each can be located
in each row . Flat packs with 24 pins are somewhat larger so that rows with
theses components  will accommodate less than eixteen packages. In addition ,
only f o u r  of the six rows can accommodate the larger size of the 24 pin
flat packs.

For the purposes of this study , the inlet air temperature was held constant
at  85° F. Two d i f f e r e n t  air flow rates were considered — 4 .75  lbfmin /kw
which results in an exhaust temperature of 135°F and 3.2 lb/min/kw which
results in an exhaust temperature of 160°F.

For effective utilization of the cooling air, it is necessary to group the
components such that  the power dissipation per row is a constant for  each
boa rd. This was done for  both the EAR configuration and for the ITAD
conf i gu rat ion.  No at temp t had been made to specify component locations for
the EAR confi gu rat ion.  However , the final arrangement was fa i r ly  good
from a reliability viewpoint. For example , the 408 board which has 18 MOS
devices with a failure rate two orders of magnitude higher than most other
devices was arranged with these MOS devices located at the air inle t region

- 

- 
of the board. This is the same configuration which resulted from the h A D
optimi zation of the board . Accordingly , the reliability improvements and
l i f e  cycle cost improvements that  have been demonstrated using ITAD would
be even more dramatic when optimizing a poorly configured board .

Components located on each of the two boards are identified in Tables 4
and 5. Included in these tables is an identification number which can be
used to identify components on the board layouts presented later.

81

‘— s _ _ i 

- ‘ 



- - ‘~~~2- ’ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~

U

-

t I

82

L - - . — r ’. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~
_
~
- _  _ 

~~~~~~~~~~~~~~~~~~~~~ - -



_____

The arrangement of components for maximum reliability (minimum failure
rate) was accomplished by the computer program OPTEMP . This program was
developed at the Air Force Fli ght Dynamics Laboratory,  Wright—Patterson
AFB and f urn ished to Westinghouse fore_this study . Component failure rates
are calculated by the equation ~~ fi(’which for the temperature range of
this stud y is a good approximation of the temperature sensitive par t  of the
failure rate defined in MIL—HDBK—2l7B. The coefficients F and ~

-
~
‘ are

- 
- - cons tan t  for each component. Inspection of Tables 4 and 5 reveals that

the value of F is different for most all components and that only 3 values
of e< were encountered. One of the 3 values is associated only with a
resistor pack used once on each board . Figure 32 provides a measure of the
accuracy of the failure rate approximation A - F  ~~~ fo r  monoli thic  micro-
electronic devices . The semi—logarithmic graph used in this figure will
result in a straight line for an exponential such as F ~~“ ‘  . The two
solid curves are based on MIL—HDBK—2l7B . The dashed lines represent the
approximation used in OPTEI’IP with the values of F and ~“ evaluated based
on data at 40°C and 90°C. The approximation is within 15% of the MIL—HDBK—
2l7B values over the temperature range of 30°C to 100°C. The majority of
component temperatures were found to be in this range.

Several component placement techniques were invest igated.  These included:
1) unconstrained component arrangement , 2) 100% specified component
arrangement for optimum reliability, 3) zone specified component arrangement
f or semi—optimum reliability , and 4) constant junc t ion  temperature  arrange-
ment .  The last technique (constant junction temperature arrangement) is
one which arranges components in a manner which minimizes the temperature
sp read in each row. This technique ~4as found to yield a poorer reliability
than the original arrangement. Accordingtly , no life cycle cost studies
were undertaken for this placement technique .

Complete life cycle cost studies were undertaken for the f i r s t three
placement techniques. The unconstrained component arrangement forms the
baseline for the life cycle cost studies. This configuration shown in
Figures 33 and 34 is the one actua l ly  used for  the EAR radar which had no
thermal placement requirements. The 100% specified component arrangement
represents a mazimized reliability configuration as determined by OPTEMP.
This configuration is shown in Figures 35 and 36. The zone spe~. i f i ed
component arrangement techniques was conceived in response to anticipated
wire routing problems wi th the 100% specified case. The zone arrangemen t
technique divided the board into zones and allowed components in a zone to
be swapped with any other componen t in tha t zone. This was allowed on a
row by row basis only . Component swapping from one row to another was not
allowed because this could cause a heat imbalance in the rows . The con—
figuration resulting from this technique is shown in Fi gures 37 and 38.

- - Figures 39 and 40 i l lus t ra te  the actual  swapping wi thin the spec i f ied
zones.
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Table Ii.. 407 BOARD COMPONENT INFORMATION

Identification Quantity Generic Power F (~~ (9 @ 149°F*
Number Number (watts) (Failures Per

Million Hrs.)

1 2 54S08 .125 .00031 .0234 .010

2 1, 54S86 .250 .00031 .0234 .010

3 1 54S74 .150 .00066 .0234 .022

4 1 54SO4 .114 .00041 .0234 .013

5 2 54S00 .075 .00012 .0234 .004

6 1 54S20 .038 .00021 .0234 .007

7 4 54LS04 .012 .00041 .0234 .013

8 1 54S37 .165 .00031 .0234 .010

9 1 54S153 .225 .00080 .0234 .026

10 12 25S09 .375 .00143 .0234 .046

11 3 25S10 .525 .00119 .0234 .049

12 3 54157 .150 .00036 .0234 .012

13 1 54LS283 .103 .00138 .0234 .045

14 4 54S174 .450 .00138 .0234 .045

- 

‘ 

15 1 54S151 .225 .00083 .0234 .027

16 1 RP 1K .187 .22533 .0045 .441
$ 

17 1 54S138 .245 .00076 .0234 .025

18 3 54LS174 .080 .00138 .0234 -045

19 2 54368 .295 .00050 .0234 .016

20 6 54S181 .600 .00200 .0234 .065

21 15 25S05 .600 .00250 .0234 .082

*Temperature related failures only.
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Table 5. 408 BOARD COMPONENT INFORMATION

Identification Quantity Generic Power F 
~~ 

(‘
~ @ t49 °F’~

Number Number (watts) (Failures Per
Million Hrs.)

1 8 54LS04 .012 .00041 .0234 .013

2 3 54S74 .150 .00065 .0234 .021

3 2 55363 .237 .00031 .0234 .010

4 1 54S00 .075 .00012 .0234 .004

5 1 54S08 .125 .00031 .0234 .010

6 1 54S37 .165 .00031 .0234 .010

7 1 54S04 .114 .00041 .0234 .013

8 5 54S174 .4~-O .00138 .0234 .045

9 6 54LS153 .031 .00080 .0234 .026

10 12 82S11 .600 .01227 .0234 .401

11 1 54S157 .180 .00076 .0234 .025

12 1 54LS 157 .049 .00089 .0234 .029

13 1 54S153 .225  .00080 .0234 .02e

14 8 54LS174 .080 .00138 .0234 .045

15 1 RP 1K .187 .22533 .0045 .440

16 6 25LS09 .055 .00143 .0234 .047

17 3 25S09 .375 .00143 .0234 .047

18 2 54367 .325 .00050 .02~ - 4 .01

19 18 4060 .500 .00888 .0397 3 .2 0 1

*Tcmperature related f a i l u r e s  only.
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