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with each  Sky lab  v e n t  a r e  c a l c u l a t e d  t o  p r o v i d e  d a t a  f o r  

a s s e s s i n g  a t t i t u d e  c o n t r o l  sys tem per formance .  Magnitude,  
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1 . 0  I n t r o d u c t i o n  

Many s u b s t a n c e s  are v e n t e d  from v a r i o u s  p a r t s  of 
S k y l a b ,  and whenever t h i s  o c c u r s  a t h r u s t  r e s u l t s ,  which 
u n l e s s  it i s  d i r e c t e d  through t h e  v e h i c l e  mass c e n t e r ,  
i m p a r t s  a t o r q u e  t o  t h e  vehicle.  The magn i tude ,  d i r e c t i o n ,  
and  d u r a t i o n  of  t h e s e  t o r q u e s  d e t e r m i n e s  t h e  e x t e n t  t o  
which t h e y  can be n u l l e d  by t h e  c o n t r o l  moment gy roscope  
(CMG) a t t i t u d e  c o n t r o l  system. T h i s  memorandum p r o v i d e s  
d a t a  on magn i tudes ,  d i r e c t i o n s  and t i m e  h i s t o r i e s  of 
s i g n i f i c a n t  Sky lab  v e n t i n g  t o r q u e s ,  and twen ty - fou r  hour  
p r o f i l e s  are i n c l u d e d  f o r  use  by t h o s e  a s s e s s i n g  CMG 
pe r fo rmance .  

2 . 0  Summarv and Conclus ions  

The Sky lab  v e n t s  mentioned below g i v e  rise t o  
p r o p u l s i v e  e f f e c t s  o f  such  magni tude  t h a t  a t t i t u d e  c o n t r o l  
s y s t e m  per formance  may be impa i red  s h o u l d  one CMG f a i l .  

Waste Water Vent - Water a c c u n u l a t e s  as t h e  CSM fuel 
cel ls  are u s e d ,  and i f  a f u l l  t a n k  o f  water i s  dumped, 
an  a n g u l a r  impu l se  o f  a b o u t  5 0 0 0  f t - l b - s e c  r e s u l t s .  
Al though t h e  m i s s i o n  b a s e l i n e  ca l l s  f o r  f u e l  ce l l  
shutdown a f t e r  so la r  a r r a y  deployment ,  t h e  o p t i o n  t o  
c o n t i n u e  o p e r a t i o n  u n t i l  r e a c t a n t  d e p l e t i o n  i s  b e i n g  
k e p t  open u n t i l  l aunch .  A - t  a 1200 w a t t  power level ,  
a f u l l  t a n k  of water would accumula t e  i n  f o u r  d a y s ,  
b u t  by dumping t h e  t a n k  more o f t e n ,  f o r  example d a i l y ,  
t h e  t o t a l  impu l se  could  be d i s t r i b u t e d  more e v e n l y .  
€i2 and O2 R e l i e f  Vents  - With t h e  f u e l  cel ls  s h u t  down, 
r eac t an t s  must  be v e n t e d  from t h e  c r y o g e n i c  t a n k s .  
I n i t i a l  a n g u l a r  m o m e n t u m  accumula t ion  f o r  t h e  nominal  
m i s s i o n  i s  a b o u t  9 0 0  f t - l b - s e c / o r b i t  f o r  H2 and  h a l f  

t h i s  amount f o r  02. 

t a n k s  empty; t h u s ,  momentum/orbit w i l l  d e c r e a s e  w i t h  
t i m e ,  and t h e  i n i t i a l  v a l u e  w i l l  d e c r e a s e  if d e l a y s  
are e x p e r i e n c e d  i n  a t t a i n i n g  o r b i t .  

T h e s e  v a l u e s  d e c r e a s e  as t h e  

The O 2  v a l u e  

1 
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above ( 4 5 0  f t - l b - s e c / o r b i t )  arises f r o m  t h e  oxygen 
e x p e l l e d  f r o m  t h e  t a n k s  i n  e x c e s s  o f  t h a t  r e q u i r e d  
f o r  m e t a b o l i c  and c a b i n  l e a k a g e  makeup. I f  a t empora ry  
i n c r e a s e  i n  c a b i n  O2 p a r t i a l  p r e s s u r e  - a b o u t  1 / 4  p s i  - 
i s  a l l o w e d ,  O2 v e n t i n g  would be u n n e c e s s a r y .  

LOX Tank Vents  - I f  a d a y ' s  c o l l e c t i o n  Of u r i n e  (13  l b )  
e n t e r s  t h e  t a n k  i n  l i q u i d  form,  a b o u t  1200 ft-lb-sec 
w i l l  be  accumula ted  i n  t h e  f i r s t  o r b i t  w i t h  smaller 
amounts i n  t h e  f i v e  succeed ing  o r b i t s .  A t r a s h  dump 
c o n t a i n i n g  f o u r  pounds o f  water r e s u l t s  i n  a b o u t  800 
f t - l b - s e c  i n  t h e  f i r s t  o r b i t .  T h e  above v a l u e s  r ise  
t o  1 9 , 0 0 0  and  13 ,000  f t - l b - s e c ,  r e s p e c t i v e l y ,  i f  one 
o f  t h e  t w o  " n o n p r o p u l s i v e "  v e n t s  s h o u l d  f r e e z e  s h u t .  
( A  h e a t e r  w i l l  be  p l a c e d  on one v e n t  t o  aver t  t h i s  
p o s s i b i l i t y . )  

M092 Exper iment  - This  v e n t  l i e s  unde r  t h e  OWS m e t e r o i d  
s h i e l d ,  and t h e  f l o w  w i l l  be  d i f f u s e d  somewhat. With 
no d i f f u s i o n ,  a b o u t  1 3 0 0  f t - l b - s e c  accumula t e  e a c h  t i m e  
t h e  Lower Body Negat ive  P r e s s u r e  Experiment  i s  pe r fo rmed .  
MSFC estimates t h a t  d i f f u s i o n  w i l l  r e d u c e  t h e  magni tude  
t o  one t h i r d  of t h e  above v a l u e .  

T h a t  b e n e f i t s  can  be o b t a i n e d  f r o m  s c h e d u l i n g  and 
c h o i c e  o f  o p t i o n s  i s  i l l u s t r a t e d  by comparing t h e  " t y p i c a l "  
and "wors t - case"  day  momentum p r o f i l e s  (Table  I V ) .  Angular  
i m p u l s e  i m p a r t e d  d u r i n g  m e s t  crbi ts  cf t he  typical day i s  
a b o u t  200 f t - l b - s e c ,  whereas on t h e  worst-case day  m o s t  
o r b i t s  r a n g e  f rom 40 t o  900 f t - l b - s e c .  

The data  p r e s e n t e d  h e r e  are b e i n g  used  i n  a 
s i m u l a t i o n  o f  t h e  Sky lab  CMG a t t i t u d e  c o n t r o l  sys t em t o  
see i f  i t  pe r fo rms  s a t i s f a c t o r i l y  w i t h  o n l y  t w o  CMGs i n  
o p e r a t i o n . "  R e s u l t s  f rom t h i s  work w i l l  be avai lable  s h o r t l y .  
I t  a p p e a r s  t h a t L a l l  t y p i c a l  day o r b i t s  and m o s t  w o r s t -  
case day  o r b i t s  can  be  accommodated. 

3 . 0  v e n t i n g  s o u r c e s  c o n s i d e r e d  

T a b l e  I ,  compiled b a s i c a l l y  from Refe rence  1, 
g i v e s  t h e  s i g n i f i c a n t  v e n t s ,  t h e i r  O r b i t a l  Assembly co- 
o r d i n a t e s ,  t h e  d i r e c t i o n  o f  t h r u s t ,  t h e  e f f l u e n t ,  and t h e  
maximum f low r a t e .  Several comments conce rn ing  t h i s  table  
a r e  i n  o r d e r .  
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The f i r s t  t h r e e  l i n e s  (waste w a t e r  v e n t  and t h e  pu rge  
v e n t s )  r e p r e s e n t  one  mode o f  o p e r a t i o n  i n  which a l l  
t h r e e  f u e l  ce l l s  o p e r a t e  a t  a 1 2 0 0  w a t t  l e v e l  u n t i l  
r e a c t a n t s  are d e p l e t e d  (about  1 0  d a y s ) .  The f o u r t h  
and f i f t h  l i n e s  ( r e l i e f  v e n t s )  r e p r e s e n t  an  a l t e r n a t i v e  
mode i n  which f u e l  c e l l s  a re  s h u t  down twen ty - fou r  
h o u r s  a f t e r  dock ing .  
r e a c t a n t s  a re  e x p e l l e d  from t h e  t a n k s  a n d  v e n t e d .  
The c h o i c e  of  mode will h e  made b e f o r e  l aunch .  

I n  t h i s  case t h e  r e m a i n i n g  

T h e  m o l e c u l a r  s i eve  v e n t s  are  nomina l ly  n o n p r o p u l s i v e ;  
t h e  uppe r  s i g n s  r e f e r  t o  one  v e n t  of  t h e  p a i r ,  and t h e  
lower s i g n s  r e f e r  t o  t h e  o t h e r  v e n t . *  

The u r i n e  dump and t r a s h  dump sys t ems  emptv i n t o  t h e  
LOX t a n k ,  which t h e n  vents  t o  s p a c e  t h r o u g h  a p a i r  o f  
s o - c a l l e d  n o n p r o p u l s i v e  v e n t s .  Again,  t h e  t w o  sets 
of s i g n s  r e f e r  t o  t h e  two oppos ing  v e n t s .  

4 . 0  R e s u l t s  f o r  I n d i v i d u a l  Vents  

R e s u l t s  are  summarized i n  Tab le  11, t o  which t h e  
f o l l o w i n g  comments a p p l y .  The  d i r e c t i o n  c o s i n e s  a p p l y  t o  
e i t h e r  t h e  t o r q u e  o r  t h e  a n g u l a r  momentum magni tudes  g i v e n  
i n  t h e  columns t o  t h e  r i g h t .  The t o r q u e  g i v e n  i s  t h e  
l a r g e s t  t h a t  w i l l  o c c u r  d u r i n g  t h e  m i s s i o n .  L ikewise ,  w o r s t  
day max H / o r b i t  i s  t h e  l a r g e s t  a n g u l a r  impu l se  t h a t  w i l l  
o c c u r  i n  one  o r b i t  o f  t h e  mis s ion .  T y p i c a l  day max H / o r b i t  
d e n o t e s  t h e  l a r g e s t  a n g u l a r  impu l se  t h a t  w i l l  occu r  i n  one  
o r b i t  o f  a " t y p i c a l "  day .  Note t h a t  there mav be o r b i t s  i n  

much smaller  t h a n  t h e  max v a l u e  s t a t e d .  
eit,ller t h e  t y p i c a l  -----I W U L ~ L  udya J---- i n  which t he  impu l se  i s  

4 . 1  CSM F u e l  C e l l s  

Two o p t i o n s  are c o n s i d e r e d  h e r e .  Op t ion  2 i s  base-  
l i n e ,  b u t  o p t i o n  1 w i l l  be  k e p t  open as an  a l t e r n a t i v e  u n t i l  
l a u n c h .  

O r t i o n  1 - F u e l  C e l l s  Opera t e  

L i q u i d  water v e n t s  f rom t h e  CM w a s t e  w a t e r  v e n t  
unde r  2 5  p s i a  of b l a d d e r  p r e s s u r e . * *  T h r u s t  and  f low r a t e  
m a l '  b e  o b t a i n e d  from Appendix A ,  f o rmulas  (A-6) and (A-9) ,  
r e s p e c t i v e l y ,  and T a b l e  I1 g i v e s  t h e  r e s u l t i n g  t o r q u e  and 

* Data o b t a i n e d  from Ed  Carmody, McDonnell Douglas-Eas t ,  

**This  f i g u r e  o b t a i n e d  from Roger Tanne r ,  MSC, J u n e  2 6 ,  1970. 
liovember 2 ,  1 9 7 0 .  
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TABLE II 

RESULTS FOR INDIVIDUAL VENTS* 

VENT NAME 

CM WASTE WATER VENT 

SM FUEL CELL H? PURGE VENT 

SM FUEL CELL 02 PURGE VENT 

SM H: RELIEF VENT 

CM 0: RELIEF VENT 

AM CONDENSATE VENT 

AM MOL. SIEVE VENTS 

OWS URINE DUMP SYSTEM 

OWS TRASH DUMPS 

M092 LOWER BODY NEG. PRES. EXPT. 

M479 ZERO-G FLAM. EXPT. 

DlREl 
X 
- 
- 

.012 

-.058 

.053 

-.058 

-.030 

-.138 

.405 

-.576 

-.576 

-.051 

.IO3 - 

- ION COSINES 
Y - 

- .993 

-.010 

-.091 

-.010 

-.866 

.882 

-.749 

-.797 

-.797 

-.776 

835 - 

- 
Z - 

-.120 

.998 

-.994 

.998 

- .440 

.450 

-.524 

-.180 

-.180 

-.628 

- 917 .- - . - 

- 
WAX T 
FT-LB 

3.5 

1 *5 

3.2 

0.17 

.076 

.042 

.0072 

0.94 

0.70 

1.4 

! .4 - 

COMPUTED RELATIVE TO A MASS CENTER LOCATION OF (646.7, -2.1, -25.3) IN. IN  ORBITAL 
ASSEMBLY COORDINATES 

* *  FT-LB-SEC/ORBIT: 1 ORBIT = 5600 SEC 
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a n g u l a r  momentum accumula t ion .  The w a s t e  w a t e r  t a n k  h o l d s  
9 2  l b ,  and a t  t h e  assumed power l e v e l ,  20  l b /day  o f  w a t e r  
a r e  g e n e r a t e d .  
e v e r y  day ,  and i n  t h e  worst c a s e ,  i t  i s  a l lowed  t o  accumula t e  
f o r  f o u r  d a y s ,  t h e  r e s p e c t i v e  dumping t i m e s  b e i n g  320 sec 
and 1 2 8 0  sec. 

W e  assume t h a t  t y p i c a l l y  w a t e r  i s  dumped 

T h r u s t  f o r  t h e  f u e l  c e l l  pu rge  v e n t s  i s  o b t a i n e d  
by t h e  method o f  Refe rence  2.  
t h e  a n g u l a r  momenta associated w i t h  t h e s e  v e n t s  i s  n e g l i g i b l e  
compared t o  t h a t  o f  t h e  waste  w a t e r  v e n t .  

Due t o  t h e  s h o r t  p u r g e  i n t e r v a l s ,  

Op t ion  2 - F u e l  C e l l s  Shu t  Down 

Hydrogen is  v e n t e d  f rom t h e  c r y o g e n i c  s t o r a g e  t a n k s  
a t  a r a t e  t h a t  depends  on  how f u l l  t h e  t a n k s  are (see Appendix B ) .  
The  peak f l o w  r a t e ,  which o c c u r s  a t  f u e l  ce l l  shutdown,  i s  used  
f o r  t h e  w o r s t - c a s e  day  i n  Table  11, and a 56-day-average f l o w  
r a t e  i s  used  f o r  t h e  t y p i c a l  d a y .  

S i m i l a r l y ,  oxygen is  v e n t e d  from t h e  s t o r a g e  t a n k s .  
Most of t h i s  O 2  i s  used  t o  r e p l e n i s h  t h e  c a b i n  a t m o s p h e r e ,  and 
t h e  e x c e s s ,  i f  any ,  i s  assumed t o  be v e n t e d  o v e r b o a r d .  Flow 
r a t e  c a l c u l a t i o n s  are covered i n  Appendix B;  t h e  worst-case 
day a g a i n  o c c u r s  a t  f u e l  c e l l  shutdown, b u t  s i n c e  o v e r b o a r d  
v e n t i n g  l a s t s  f o r  s i x  d a y s  a t  m o s t , t h e  t y p i c a l  day  f l o w  r a t e  
i s  z e r o .  

4 . 2  AM Condensa te  V e n t  

T h r u s t  i s  c a l c u l a t e d  as shown i n  Appendix A .  Onlv 
a b o u t  f i v e  m i n u t e s  i s  r e q u i r e d  t o  dump a t h r e e - d a y  a c c u m u l a t i o n  
( f u l l  t a n k )  from t h e  AM c o n d e n s a t e  v e n t ;  h e n c e ,  t h e  a n g u l a r  
momentum a s s o c i a t e d  w i t h  t h i s  v e n t  i s  n e g l i g i b l e .  

4 . 3  AM Molecu la r  S i e v e s  

T h r u s t  i s  c a l c u l a t e d  by t h e  method of Refe rence  2 
and i s  e s s e n t i a l l y  constant o v e r  the missicn. Thrust iiiiba:ance 
f o r  t h e  p a i r  o f  v e n t s  i s  t a k e n  t o  be 5 p e r c e n t  of t h e  t o t a l  
f l o w , *  and impingement on t h e  MDA, OWS and so la r  a r r a y s  i s  
c a l c u l a t e d  i n  Appendix C .  
g i v e  r i s e  t o  t h e  numbers shown i n  Tab le  11. 

Imbalance and impingement t o g e t h e r  

*Obtained from R .  E .  T i n i u s ,  MSFC, October  2 1 ,  1970. 
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4 . 4  OWS Ur ine  Dump System 

Four methods of dumping u r i n e  i n t o  t h e  LOX t a n k  
are  c u r r e n t l y  unde r  c o n s i d e r a t i o n :  

a )  dump as an  unconf ined  l i q u i d ,  

b )  dump i n  bags  t h a t  w i l l  b u r s t  on e n t e r i n g  t a n k ,  

c)  dump i n  b a g s  having  f i l t e r s  t h a t  w i l l  p a s s  gas 
b u t  n o t  l i q u i d ,  and 

d )  dump i n  sealed bags t h a t  w i l l  n o t  b u r s t .  

Methods a and b are t r e a t e d  h e r e  because  t h e y  r e p r e s e n t  t h e  
most severe case. Behavior  o f  t h e  f i l t e r s  i n  method c i s  
p o o r l y  u n d e r s t o o d ,  and method d of c o u r s e  r e s u l t s  i n  no v e n t i n g .  

T h i r t e e n  pounds o f  u r i n e  are dumped each  day .  Flow 
r a t e  i s  o b t a i n e d  from Reference  3 ,  enc .  7 ,  by assuming f low 
r a t e  t o  be  p r o p o r t i o n a l  t o  t a n k  p r e s s u r e ,  and  s n e c i f i c  impu l se  
c a l c u l a t i o n s  are cove red  i n  Appendix D.  Th ree  f a c t o r s  i n f l u e n c e  
t h e  n e t  p r o p u l s i v e  e f f e c t  of t h e  LOX t a n k  v e n t s ,  f l o w  imba lance ,  
n o z z l e  misa l ignmen t ,  and OWS so l a r  a r ray  impingement.  Flow 
imba lance ,  due  ma in ly  t o  t h e  f a c t  t h a t  one  leg  o f  t h e  plumbing 
i s  a b o u t  30 i n c h e s  l o n g e r  t h a n  t h e  o t h e r ,  amounts a t  m o s t  t o  
a b o u t  f i v e  p e r c e n t .  * Misal iqnment  e r r o r  c a l c u l a t i o n s  are covered  
i n  Appendix E ,  and impingement f o r c e  c o e f f i c i e n t s  are  t a k e n  from 
T a b l e  I of Refe rence  4 .  T h e  t h r e e  e f f e c t s  are summarized below 
i n  t e r m s  of t o r q u e  p e r  u n i t  t h r u s t  ( f t - l b / l b ) .  

Tx/F Ty/F TZ/F 

imba lance  .035 -2.059 .917 
+ .E26 

impingement -1.588 .225  - .590 
- + .377 - + .045 m i s a l i g n m e n t  - 

t o t a l  ( u p p e r  s i g n s )  -1.508 -1.457 1.153 
t o t a l  ( lower s i g n s )  -1.598 -2.211 - .499 

The v a l u e s  f o r  t h e  lower s i g n s  are used,  s i n c e  t h e y  a p p e a r  
t o  be worst case. 

*This  i n f o r m a t i o n  s u p p l i e d  by L a r r y  Lannon, McDonnell 
Douglas-West, August  10 , 1970. 



I .  

BELLCOMM. INC. - 8 -  

Values  shown i n  Table  11, which are b a s e d  on a 
s i n g l e  13 l b  dump, are f o r  t h e  o r b i t  i n  which t h e  dump 
o c c u r s ;  v e n t i n g  d e c r e a s e s  t o  z e r o  over t h e  s u c c e e d i n g  f i v e  
o r b i t s  are shown i n  t h e  f i g u r e .  

4 .5  OWS Trash  Dumps 

P r e s e n t  e s t i m a t e s  a r e  t h a t  t h e r e  w i l l  be f ive  
t r a s h  dumps p e r  day i n  p e r f o r a t e d  bags :  one bag w i l l  
c o n t a i n  4 l b  o f  water ,  and each  o f  t h e  o t h e r s  w i l l  c o n t a i n  
2 l b  of  w a t e r . *  C a l c u l a t i o n s  are  s i m i l a r  t o  t h o s e  f o r  t h e  
u r i n e  dump, e x c e p t  t h a t  f l o w  r a t e  i s  based  on e n c .  8 of 
Refe rence  3. Ven t ing  r e q u i r e s  two o r b i t s ,  and v a l u e s  f o r  
t h e  f i r s t  o r b i t  o f  t h e  4 l b  dump are shown i n  T a b l e  11. 

4 . 6  M392 Lower Body Nega t ive  P r e s s u r e  Exper iment  

1 5  m i n u t e s ,  and t h e  expe r imen t  i s  assumed t o  b e  per formed e v e r y  
o t h e r  day.  A s  t h e  v e n t  i s  l o c a t e d  unde r  t h e  OWS m e t e o r o i d  
s h i e l d ,  d i f f u s i o n  ac t s  t o  r e d u c e  t h e  n e t  e f f e c t i v e  t h r u s t .  
Wors t -case  v a l u e s  i n  Tab le  I1 are  f o r  f low unimpeded by t h e  
m e t e o r o i d  s h i e l d ,  and t y p i c a l  v a l u e s  i n  t h e  t ab le  are s i m p l y  
o n e - t h i r d  of t h e  w o r s t - c a s e  v a l u e s .  * * *  

Flow r a t e  i s  e s t i m a t e d  t o  be 2 cfm,** v e n t i n g  l a s t s  

4 . 7  M479 Zero -G Flammabi l i t y  Exper iment  

There  are s i x  expe r imen t  s e s s i o n s ,  which w e  assume 
to o c c u r  on d i f f e r e n t  days .  Each s e s s i o n  compr i se s  twe lve  
s h o r t ,  equa l -magni tude  v e n t i n g s  spaced  5 m i n u t e s  apart:  t h e  
t o t a l  accumula t ion  f o r  one s e s s i o n  i s  as shown i n  T a b l e  11. 

5 . 0  Momentum P r o f i l e s  f o r  T y p i c a l  and Worst-case Days 

Here w e  s y n t h e s i z e  composi te  24-hour momentum p r o -  
f i l e s  from t h e  i n d i v i d u a l  t i m e  h i s t o r i e s  j u s t  d i s c u s s e d .  Such 
a s y n t h e s i s  i s  o n l y  an  e s t i m a t e  because  m i s s i o n  t i m e l i n e s  have  
n o t  been  e s t a b l i s h e d  y e t .  T h e r e f o r e ,  t h e s e  p r o f i l e s  j u s t  
s e r v e  as examples  o f  w h a t  might  o c c u r .  

* I n f o r m a t i o n  from R. E.  T i n i u s ,  MSFC, Oc tobe r  2 1 ,  1 9 7 0 .  

**  "Experiment  Requirements  Document f o r  I n f l i g h t  Lower 
B o d y  Nega t ive  P r e s s u r e ,  I' MSC-KW-D-69-23 REVA, September  1970,  
p a r a g r a p h  4.1.6b.  

November 1 2 ,  1 9 7 0 .  
***One- th i rd  f a c t o r  s u g g e s t e d  by R.  E .  T i n i u s ,  MSFC, 
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.01 I F  
0 5 10 

TIME - HOURS 

VENTING TORQUE DUE TO 4 13 LB 

URINE DUMP (BASED O N  REF. 3, ENC. 7) 

Two F r o f i l e s  are p r e s e n t e d ,  one  c a l l e d  w o r s t  
c a s e ,  i n  which o p t i o n s  are chosen and s c h e d u l i n g  i s  done  
s o  t h a t  t h e  t o t a l  d a i l y  momentum accumula t ion  is  large 
and much of i t  i s  c o n c e n t r a t e d  i n  one  o r b i t ,  and one  c a l l e d  
t y p i c a l ,  i n  which d e c i s i o n s  a r e  made and  s c h e d u l i n q  i s  done 
w i t h  a view toward r e d u c i n g  t o t a l  accumula t ion  a n d - k e e p i n g  
t h e  ratz of accumulation uiiifurm. 
t h i s  s h o u l d  be  a s c r i b e d  t o  "worst c a s e "  o r  " t y p i c a l " .  
I11 l i s t s  s p e c i f i c  d i f f e r e n c e s  between t h e  t w o  p r o f i l e s .  

No s i g n i f i c a n c e  beyond 
T a b l e  

R e s u l t s  f o r  t h e  two p r o f i l e s  are g i v e n  i n  T a b l e  I V .  
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TABLE IV 

COMPOSITE ANGULAR MOMENTUM ACCUMULATIONS 
( FT-LB-SEC/ORBIT) 

ORBIT 

1 
2 
3 
4 

5 
6 
7 
8 

9 
10 
11 

12 

13 
14 
15' 

- 
MAG, 

370 
190 
190 
190 
190 
190 
190 
190 
190 

190 
190 

190 
190 
190 
190 - 

- 
-.047 
.021 
.021 
.021 
.021 
.02 1 
.02 1 
.021 

.021 

.02 1 

.02 1 

.02 1 

.021 

.021 

.021 - 

- 
-.978 
-.167 
-.167 
-.167 
-.167 
-.167 
-.167 
-.167 
-.167 
-.167 
-.167 
-.167 
-.167 
-.167 
-.167 - 

- 
ES - 
-.205 
.985 
.985 
.985 
.985 
.985 
.985 
.985 
.985 
.985 
.985 

.985 

.985 

.985 

.985 - 

v - 
IAG. 

7290 
920 
670 
850 
360 
110 
420 
130 
40 

420 
130 
40 

420 
130 
40 - 

-.145 
-.547 
-.544 
-.546 
-.498 
- .300 
-.510 
-.346 

.405 
-.510 
-.346 

.405 
-.510 
- .346 

.405 - 

-.944 
-.813 
-.819 
-.815 
-.836 
-.894 
-.831 
-.886 
-.749 
-.831 
-.886 

-.749 
-.831 
- .886 
-.749 - 

- 
S ES - 
-.297 
-.199 
-.206 
-.201 
-.229 
-.332 
-.222 
-.310 
-.524 
-.222 
-.310 

-.524 
-.222 
-.310 
-.524 - 

*THERE ARE ACTUALLY ABOUT 15.4 ORBITS/DAY, BUT THE REMAINDER 

IS NEGLECTED 
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APPENDIX A 

T h r u s t  and Flow Rate fo r  L i q u i d  V e n t i n g  

The t h r u s t  F i s  

F = i V e  + Aepe 

where xh = &/CJ i s  t h e  mass f l o w  r a t e ,  V i s  v e l o c i t y ,  A i s  
c r o s s - s e c t i o n a l  area, and p i s  p r e s s u r e ;  s u b s c r i p t  e 
r e f e r s  t o  c o n d i t i o n s  a t  t h e  e x i t  p l a n e .  From c o n t i n u i t y  

m = pAeVe 

w h e r e  2 d e n o t e s  mass d e n s i t y .  

[*:e g e t  f r o m  t h e  B e r n o u l l i  e q u a t i o n  

I f  V, = 0 i n  t h e  reservoir,  

1 2  = Po - --ov Pe 2 e  

F rom t h e s e  r e l a t i o n s h i p s  

( A - 1 )  

( A - 2 )  

(A-3 )  

( A - 4 )  

= Ae(2P, - Pel (A-5) 

Observe t h a t  pe l ies  between po and z e r o  i n  v a l u e ,  p r o b a b l y  

c loser  t o  z e r o .  Thus,  a p p r o x i m a t e l y  

F = 2AePo (A-6) 
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I f  p e < < p o  w e  see by compar ison  of  ( A - 1 )  and ( A - 4 )  
t h a t  t h e  f i r s t  t e r m  on t h e  r i g h t  hand s i d e  domina te s  t h e  
second term. I n  t h i s  case, approx ima te ly  

F = mV 
e 

a n d  by use  of (A-2)  

( A - 7 )  

( A - 8 )  

With t h i s  same assumpt ion  t h a t  p < < p o ,  w e  o b t a i n  
e 

f rom ( A - 2 )  and ( A - 3 )  t h a t ,  app rox ima te ly  

; = A g G  e (A-9 1 
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A P P E N C I X  B 

Minimum Flow Kate f o r  SM Cryogen ic  S t o r a g e  Tanks 

HYDROGEN TANKS 

The s p e c i f i e d  h e a t  l e a k  i s  7.25 B t u / h r  per t a n k  
a t  140OF. The t a n k s '  envi ronment  i n  Sky lab ,  however,  w i l l  
r u n  be tween - 3  and +16OF,* s o  w e  need t h e  h e a t  l e a k  a t  t h e s e  
t e m p e r a t u r e s .  I f  h e a t  t r a n s f e r  i s  by c o n d u c t i o n  

and i f  by r a d i a t i o n  

where Gi are t h e  h e a t  l e a k  r a t e s ,  Ki are c o n s t a n t s ,  Te i s  

t h e  e n v i r o n m e n t a l  temperature, and TH i s  t h e  t e m p e r a t u r e  
of t h e  c o n t e n t s .  Using t h e  s p e c i f i e d  h e a t  l e a k  and T = 64OR 

( R e f e r e n c e  5 ,  F i g u r e  8-71, o n e  c a n  f i n d  K1 and  K 2 .  

can  compute 4 and 4 
t h e  TH vs .  q u a n t i t y  p l o t  of Refe rence  5 ,  F i g u r e  8-7 

(pH = 260 p s i a ) .  
i n d e p e n d e n t  of  q u a n t i t y ,  and ;Il = 5.5  B tu /h r ,  42  = 2.8  B t u / h r .  

S i n c e  r a d i a t i o n  i s  predominant  i n  t h i s  a p p l i c a t i o n ,  w e  t a k e  
6 = 4 . 0  B tu /h r .  

H 
Then one  

as f u n c t i o n s  o f  H 2  q u a n t i t y  by u s i n g  1 2 

I t  t u r n s  o u t  t h a t  q1 and q, are n e a r l v  

*Obta ined  from Ray Zajac, North American Rockwell ,  
Augus t  2 4 ,  1970.  
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Flow R a t e  vs .  Q u a n t i t y  

W e  desire t h e  f low r a t e  & = dw/dt g i v e n  t h e  h e a t  
l e a k  q = dq /d t .  
vs .  q u a n t i t y  i n  F i g u r e  B-1 ,  comes from Refe rence  5 ,  F i g u r e  
8-6a.* 
F i g u r e  B-1 .  

The m i s s i n g  fac tor ,  dq/dw, which i s  p lo t ted  

F i g u r e  B-2 i s  o b t a i n e d  by d i v i d i n g  4 by t h e  v a l u e s  i n  

300 

50 
10 15 20 25 30 5 

H, QUANTITY - LB 

FIGURE B-1 - dq/dW VS. QUANTITY 

*The symbol m f o r  mass is c o n v e n t i o n a l  i n  t h i s  work, b u t  
s i n c e  l b  u n i t s  are u s e d ,  w e  s w i t c h  t o  w t o  m a i n t a i n  c o n s i s t e n c y  
w i t h  o t h e r  pa r t s  o f  t h e  memorandum. 
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I 
B 

FIGURE 8-2 - FLOW RATE VS. QUANTITY 

Flow R a t e  vs .  Time 

T h i s  i s  o b t a i n e d  by i n t e g r a t i n g  t h e  r e c i p r ~ c a l  of 
F i g u r e  B-2 backward i n  q u a n t i t y  t o  g e t  a p l o t  of t i m e  vs .  
q u a n t i t y .  The boundary c o n d i t i o n  u s e d  i s  t h a t  t = 0 when 
q u a n t i t y  w = 1 2  l b .  T h i s  c o n d i t i o n  c o r r e s p o n d s  t o  the nominal  
m i s s i o n ,  which w i t h  r e s p e c t  t o  v e n t i n g  i s  a l so  w o r s t  case 
b e c a u s e ,  as can  be s e e n  from F i g u r e  B-2, any s l i p p a g e  i n  t h e  
s c h e d u l e  w i l l  r e s u l t  i n  a smaller i n i t i a l  v a l u e  of w and a 
c o r r e s p o n d i n g  smaller peak v a l u e  o f  ;.* 

By u s e  of t h e  t ime  vs .  q u a n t i t y  relatier. just 
d e s c r i b e d ,  t h e  abscissa of F i g u r e  B-2 can  be r e l a b e l e d  t o  
g i v e  t h e  desired f low r a t e  vs .  t i m e  p l o t  shown i n  F i g u r e  B-3. 
Note t h a t  t h i s  f i g u r e  g i v e s  t h e  t o t a l  f l o w  from b o t h  t a n k s  

*This  i n f o r m a t i o n  obtained from Walter S c o t t ,  MSC, 
October 2 9 ,  1970. 
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DAYS AFTER FUEL CELL SHUTDOWN 

FIGURE 8-3 - H2 FLOW RATE VS. TIME 

The c a l c u l a t i o n s  f o r  t h e s e  t a n k s  p roceed  i n  t h e  
same way as t h o s e  for  t h e  hydrogen t a n k s  j u s t  d i s c u s s e d ,  
and t h e  f i g u r e s  are based  on a n  i n t i t a l  q u a n t i t y  o f  112.5 
l b  p e r  t a n k  for  t h e  nominal  m i s s i o n . *  
c a b i n  a tmosphere  due  t o  leakage and metabolic needs  i s  
e s t i m a t e d  a t  0.55 l b /h r .*  
t h r u s t  i s  c a l c u l a t e d ,  shows the f low r a t e  from b o t h  t a n k s  
i n  excess of t h e  0.55 lb /h r .  T h i s  excess may e i ther  be 
vented c v e r b ~ a r d  o r  it nay bs added t u  t he  c a b i n  a tmosphere ,  
i n  which case it  w i l l  r a i se  t h e  0 p a r t i a l  p r e s s u r e  by 0 . 2 4  
p s i .  I f  t h e r e  i s  less t h a n  6 2  l b  l e f t  i n  e a c h  t a n k  a t  f u e l  
c e l l  shutdown,  t h e r e  w i l l  be no  excess f low.  

Loss o f  O2 from t h e  

F i g u r e  B-4, f rom which v e n t i n g  

2 

*Obta ined  from M r .  Scott. 
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FIGURE 8-4 - 0 2  FLOW RATE VS. T IME 
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A P P E N D I X  C 

Molecu la r  S i e v e  Impingement A n a l y s i s  

The f low f i e l d  i s  c a l c u l a t e d  by t h e  method of 
H i l l  and Draper  (Refe rence  61, which h a s  been  s u g g e s t e d  
by NASA (see Refe rence  7 ) .  S p e c i f i c a l l v ,  H i l l  and Draper 
p r o p o s e  t h e  f o l l o w i n g  f o r m u l a . f o r  d i s t r i b u t i o n  o f  t h e  m a s s  
f l u x  p e r  u n i t  s o l i d  a n g l e ,  d m / d n ,  as a f u n c t i o n  o f  0 ,  
t h e  a n g l e  o f f  o f  t h e  v e n t  a x i s .  

.? = O  (dm/d R ) 

S u f f i c i e n t l y  f a r  f rom t h e  vent, 1 approaches  t h e  v a l u e  

The t h r u s t  c o e f f i c i e n t  r a t i o  CF/CF 

e q u a t i o n s  ( 1 0 )  and ( 3 0 )  of Refe rence  8 .  For a mean s p e c i f i c  
nea t  r a t i o  -<=1.34 (Refe rence  1, p.  71)  and u n i t  area r a t i o  

c a n  be o b t a i n e d  from 
max 

c& = 0.6656 
max 

and 

j, = 1.69 

The unknown f a c t o r  (dG/dn) i n  (C -1 )  c a n  by 

d e t e r m i n e d  by u s i n g  ( C - 1 )  i n  a c o n t i n u i t y  r e l a t i o n s h i p  
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47 

The i n t e g r a l  i n  8 above can  be r e d u c e d  t o  t h e  e r ror  i n t e g r a l ,  
w h i c h  i s  t a b u l a t e d  i n  Reference  8. T h e  r e s u l t  i s  

S i n c e  impingement i s  n e a r l y  s y m m e t r i c a l  i n  t h e  +y 
and -y d i r e c t i o n s ,  t h e  impingement t o r q u e  i s  e s s e n t i a l l y  
p a r a l l e l  t o  t h e  y a x i s .  Thus,  w e  compute j u s t  t h e  t o r q u e  
T=RF about  t h e  y a x i s ,  where R i s  t h e  e f f e c t i v e  lever a r m  
and F i s  t h e  impingement f o r c e  on a s u r f a c e  of s o l i d  a n g l e  
C.. F e r  p e r f e c t l y  e l a s t i c  c o l l i s i o n s  

RV (C-4)  
d i  
dn F = ~ E  - 

where E i s  t h e  c o s i n e  o f  t h e  a n g l e  between t h e  s t r e a m l i n e  
and  t h e  s u r f a c e  normal  and where V i s  t h e  f l o w  speed .  U s e  
of  ( C - 1 ) ,  (C -3 )  and (C-4)  i n  T=RF y i e l d s  

where  

h a s  t h e  v a l u e  4 . 5 6  x 
s i e v e  v e n t s .  The approach  i s  now s t r a i g h t f o r w a r d :  

s l u g - f t / s e c 2  f o r  t h e  m o l e c u l a r  
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d e t e r m i n e  which s u r f a c e s  t h e  m o l e c u l a r  sieve e f f l u e n t  
can  impinge upon; 

d i v i d e  t h e s e  s u r f a c e s  i n t o  s u f f i c i e n t l y  small  s u b s u r -  
f a c e s  ; 

c a l c u l a t e  E ,  R ,  R ,  and 0 f o r  e a c h  s u b s u r f a c e ;  

c a l c u l a t e  T f o r  e a c h  s u b s u r f a c e  u s i n g  (C-5); and  

add t h e  i n d i v i d u a l  t o r q u e s  t o  f i n d  t h e  t o t a l  impingement 
t o r q u e .  

T h i s  approach  w a s  u s e d  on t h e  f o l l o w i n g  s u r f a c e s :  

OWS so la r  a r r a y s  (most ly  shadowed by t h e  OWS); 

ATM so la r  a r r a y s  (most ly  shadowed bv t h e  OWS, STS, 
and MDA):  

STS and MDA (b roken  i n t o  2 4  s u b s u r f a c e s ) ;  and  

AM t r u s s  m e t e o r o i d  c u r t a i n  (b roken  i n t o  10 s u b s u r f a c e s ) .  

I n  e a c h  case impingement t o r q u e s  w e r e  computed fo r  only o n e  
v e n t  of t h e  p a i r ,  and t h e  r e s u l t s  w e r e  doub led  ( t h i s  i s  
a c c o u n t e d  f o r  i n  t h e  numer i ca l  v a l u e  o f  K ) .  The r e s u l t i n g  
t o t a l  t o r q u e  i s  6 x f t - l b ,  t h e  major p o r t i o n  o f  which 
comes f rom t h e  STSjMDA s u r f a c e s .  
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APPENDIX D 

S p e c i f i c  Impulse f o r  t h e  LOX Tank Ven t s  

B y  u s e  o f  a s p e c i f i c  h e a t  r a t i o  y=1.28 f o r  water 
and an area r a t i o  A /At = (4/1.215) 2 f o r  t h e  n o z z l e ,  one  

e 
o b t a i n s  f r o m  Refe rence  8 (eqn (191, p. 67)  a p r e s s u r e  r a t i o  

- _  - .009015 
PC 

where e d e n o t e s  c o n d i t i o n s  a t  e x i t  and c d e n o t e s  c o n d i t i o n s  
i n  t h e  t a n k  (chamber)  .* Use o f  t h i s  p r e s s u r e  r a t i o  and  t h e  
v a l u e  Tc = 510°R** in fo rmula  (161 ,  p .  62 ,  of Refe rence  8 

gives 

Ve = 2878 f t / s e c  

F u r t h e r m o r e ,  one  ob ta ins  from eqn (131 ,  p .  6 0 ,  o f  t h e  same 
r e f e r e n c e  

= 2.23 X l o 5  l b / f t 2  PC 

where  i s  t h e  n o z z l e  mass f low r a t e .  I t  f o l l o w s  from t h e  

above  p r e s s u r e  r a t i o  t h a t  pe=201 A l b / f t  I and f r o m  eqn  ( A - 1 )  2 

* Mean f r e e  p a t h  c a l c u l a t i o n s  f o r  t h i s  v e n t  i n d i c a t e  t h a t  
cont inuum t h e o r y  i s  v a l i d  h e r e .  

**Suggested by D .  P .  Woodard. 



B E L L C O M M ,  INC. D- 2 

I i s  t h e  s p e c i f i c  impu l se  of one  LOX t a n k  n o z z l e .  
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A P P E N D I X  E 

Misa l ignment  of "Nonpropu l s iven  Ven t s  

Nominal ly ,  t h e  OWS " n o n p r o p u l s i v e "  v e n t s  are mounted 
on o p p o s i t e  s i d e s  o f  t h e  c y l i n d r i c a l  Workshop so t h a t  t h e i r  
l i n e s  of  a c t i o n  c o i n c i d e .  The o b j e c t i v e  h e r e  i s  t o  d e t e r m i n e  
what  t o r q u e  i s  a p t  t o  r e s u l t  i f  t h e  mounting var ies  from 
nominal  w i t h i n  s p e c i f i e d  t o l e r a n c e s .  

As shown i n  t h e  f i g u r e ,  t h e  f i rs t  v e n t  of t h e  p a i r  
i s  nomina l ly  mounted a t  a d i s t a n c e  R from t h e  Workshop l o n g i -  
t u d i n a l  ( x )  a x i s  and a t  a n  a n g l e  e a b o u t  t h i s  a x i s ,  and t h e  
t h r u s t  v e c t o r  i s  p a r a l l e l  t o  t h e  l o c a t i o n  v e c t o r .  L e t  sub-  
s c r i p t e d  Greek l e t te rs  deno te  s m a l l  random d e v i a t i o n s  from 
nominal .  E l  i s  t h e  a n g u l a r  mounting d e v i a t i o n ,  i s  t h e  
a x i a l  mounting d e v i a t i o n ,  and 5 and 5 are  t h e  a n g u l a r  

d e v i a t i o n s  o f  t h e  t h r u s t  v e c t o r  r e l a t ive  t o  t h e  l o c a t i o n  
v e c t o r ,  t h e s e  b e i n g  r i g h t - h a n d  r o t a t i o n s  a b o u t  x and z, 
r e s p e c t i v e l y ,  when e=O. Mounting of t h e  second v e n t  i s  
d e s c r i b e d  s i m i l a r l y ,  e x c e p t  t h a t  t h e  a n g u l a r  l o c a t i o n  e + 6 *  

i s  measured from -y toward  -2. 

1 1 

Y 

MOUNTING DETAIL FOR VENT 1 
X / 

The l o c a t i o n  v e c t o r s  r e l a t i v e  t o  t h e  mass c e n t e r  
( x c ,  Y,, z c )  are 

. 
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-1 r . = ( E  i - ~ ~ ) i + [ + R c o s ( 8 + 6 ~ ) - y ~ l j + [ + R s i n ( 8 + 6 i ) - z ~ ] k  - -  - -  - (E-1 )  

t h e  upper  s i g n s  r e f e r r i n g  ' t o  t h e  f i r s t  v e n t  (i=l) and t h e  
l o w e r  ones  r e f e r r i n g  t o  t h e  second  v e n t  ( i = 2 ) .  The t h r u s t  
v e c t o r s  are 

-1 F . = + F [ c .  - 1- 1-cos ( @ + 6 i + S i ) i - s i n ( 8 + E  1 1 -  . + E .  1 kl (E-2)  

and t h e  t o r q u e  i s  

- T = -1 r xF -1 +r -2 XF -2 ( E - 3 )  

I f  ( E - 1 )  and ( E - 2 )  are  s u b s t i t u t e d  i n t o  ( E - 3 )  and 
q u a d r a t i c  and h i g h e r  terms i n  t h e  s m a l l  d e v i a t i o n s  are d ropped ,  
w e  o b t a i n  

where C = cos? and S = s i n @ .  

L e t  T x ,  T T Z  be  t h e  i ,  1, k measure  numbers of - - Y ,  
- T ,  and l e t  

= [f:3 (E-5) 
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W e  desire t h e  c o v a r i a n c e ,  p ,  of T ,  

where E i s  t h e  e x p e c t a t i o n  o p e r a t o r ,  where T i s  t h e  mean of 
T ,  and where p r imes  d e n o t e  t r a n s p o s i t i o n .  With t h e  a s sumpt ion  
t h a t  a l l  of t h e  d e v i a t i o n s  a r e  zero mean and u n c o r r e l a t e d ,  t h e  
e l e m e n t s  o f  P may be computed by i n s p e c t i o n  from (E-4). For 
example,  

0 

2 2  2 2 
Pll = E!Tx !=F [(y,C+ZcS) ( u 6 1  

= EIE121 i s  t h e  v a r i a n c e  of 6 e tc .  I f  t h e  2 
6 1  1' 

where u 

d e v i a t i o n s  are u n i f o r m l y  d i s t r i b u t e d ,  as w e  s h a l l  assume, 
c 

c o n s i d e r a t i e n .  

2 
= .?*/3,  where + A  i s  t h e  t o l e r a n c e  on t h e  d e v i a t i o n  :=der - 

A p p l i c a t i o n  t o  LOX Tank V e n t s  

Values  f o r  xc, y c r  z R ,  and 8 come f r o m  T a b l e s  I 
C '  

and 11. The  t o l e r a n c e s  are* 

For  these v a l u e s  

*Supp l i ed  by George Car l son ,  McDonnell Douglas-West, 
August  1 0 ,  1 9 7 0 .  
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3 .0064 .0057 .0083 
.0057 .0416 .0751 
,0083 .0751 .1719 

1 - 2 P =  
F 

W i t h  a view toward f i n d i n g  a c o o r d i n a t e  t r a n s f o r m a t i o n  t h a t  
w i l l  e l i m i n a t e  t h e  s u b s t a n t i a l  o f f - d i a g o n a l  e l e m e n t s  of P ,  
e i g e n v a l u e s  and e i g e n v e c t o r s  of P are c a l c u l a t e d .  The e i g e n -  
v a l u e s  are 

2 2 .0085F , 0.2067F 2 .0047F , 

Comparison o f  t h e  r e l a t i v e  magni tudes  o f  t h e s e  t h r e e  numbers 
r e v e a l s  t h a t  t h e  t o r q u e  u n c e r t a i n t y  i n  t he  d i r e c t i o n s  o f  t h e  
f i r s t  t w o  e i g e n v e c t o r s  i s  much less t h a n  it i s  i n  t h e  d i r e c t i o n  
o f  t h e  t h i r d  e i g e n v e c t o r .  Thus,  i n  a l l  l i k e l i h o o d ,  t h e  m i s -  
a l i g n m e n t  t o r q u e  w i l l  b e  c l o s e l y  a l i g n e d  w i t h  t h e  t h i r d  e i g e n -  
v e c t o r ,  and t h i s  g i v e s  t h e  d i r e c t i o n  o f  t h e  misa l ignmen t  t o r q u e .  
The magni tude  i s  chosen so t h a t  t h e r e  w i l l  b e  a b o u t  95% prob-  
a b i l i t y  t h a t  t h e  a c t u a l  t o r q u e  w i l l  be  smaller t h a n  t h e  v a l u e  
c a l c u l a t e d .  T h i s  i s  done bv i n v o k i n g  t h e  c e n t r a l  l i m i t  
theorem, which s a y s  t h a t  mi sa l ignmen t  t o r q u e  w i l l  t e n d  toward  
a G a u s s i a n  d i s t r i b u t i o n  even i f  t h e  d e v i a t i o n s  are n o t  
G a u s s i a n ,  by t a k i n g  t h e  s q u a r e  root  o f  t h e  t h i r d  e i g e n v a l u e ,  
which g i v e s  s t a n d a r d  d e v i a t i o n  u t  and by m u l t i p l y i n g  by t w o ,  
s i n c e  2a g i v e s  a b o u t  95% a s s u r a n c e  t h a t  t h e  a c t u a l  v a l u e  w i l l  
b e  less t h a n  t h e  c a l c u l a t e d  v a l u e .  The r e s u l t i n g  v a l u e s  fo r  
m i s a l i g n m e n t  t o r q u e  are 

+.045F, +.377F, +.826F - - - 
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