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ABSTRACT 

A test program was conducted on a Hall Magnetohydrodynamic 
generator. The internal dimensions of the generator channel diverged 
from 4 in. in height at the channel inlet to 6 in. in height at the channel 
exit, and the width was 2 in. along the 48-in. length of the channel. The 
plasma was provided by a gaseous oxygen/RP-1 combustor with a Mach 
number 1.6 nozzle. The propellants were seeded with potassium hy- 
droxide (KOH) dissolved in ethyl alcohol to produce a high ion concen- 
tration in the exhaust stream. The generated power was dissipated 
through a resistor load bank with a variety of parallel and series resis- 
tance configurations. Operating conditions were nominally as follows: 
combustor chamber pressure, 46 psia; KOH concentration, i. 3 percent 
of total propellant weight flow; magnetic field, 20, 000 gauss; and load 
bank resistance, from 0 to 24.9 ohms. Tabulations of combustor per- 
formance data and of the generator electrical data are presented. 

This document is subject to special export controls 
and each transmittal to foreign governments or foreign 
nationals may be made only with prior approval of 
Air Force Aero-Propulsion Laboratory (APIE-2), 
Wright-Patterson AFB, Ohio. 
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SECTION I 
INTRODUCTION 

A m a g n e t o h y d r o d y n a m i c  (MHD) e l e c t r i c  power  g e n e r a t o r  is  c l a s s e d  
as  a d i r e c t  e n e r g y  c o n v e r s i o n  dev ice .  Ion ized  gas  f lowing at h igh  
v e l o c i t y  t h r o u g h  a channe l  is  ac ted  upon by a t r a n s v e r s e  m a g n e t i c  f ie ld  
to p ro duce  an e l e c t r o m o t i v e  fo rce  (emf)  p e r p e n d i c u l a r  to the  v e l o c i t y  
v e c t o r  and the  m a g n e t i c  f ie ld  v e c t o r .  The  s a m e  p h y s i c a l  p r i n c i p l e s  a r e  
i nvo lved  in an MHD g e n e r a t o r  as in a c o n v e n t i o n a l  g e n e r a t o r  excep t  tha t  
conduc t ing  g a s e s  r e p l a c e  the  m e t a l l i c  c o n d u c t o r s  of the  r o t o r .  

The  U n i v e r s i t y  of T e n n e s s e e  Space  I n s t i t u t e  (UTSI) is  c u r r e n t l y  en -  
gaged  in a r e s e a r c h  i n v e s t i g a t i o n  of p a r a m e t e r s  g o v e r n i n g  the  p e r f o r m -  
ance  of o p e n - c y c l e  MHD d e v i c e s .  The  p r o g r a m  is  d e s i g n e d  to p r o v i d e  
c o r r e l a t i o n  be tween  t h e o r e t i c a l  and e x p e r i m e n t a l  p e r f o r m a n c e  of s e v e r a l  
t y p e s  of MHD g e n e r a t o r s  in o r d e r  to e s t a b l i s h  b a s i c  g e n e r a t o r  d e s i g n  
c r i t e r i a .  The  s cope  of the  e x p e r i m e n t a l  e f for t  i n c l u d e s  a p a r a m e t r i c  
s tudy  to o p t i m i z e  the p e r f o r m a n c e  of 45- ,  60- ,  and 7 5 - d e g - s l a n t ,  Hal l ,  
and F a r a d a y  g e n e r a t o r  c h a n n e l s  o p e r a t i n g  at v a r i o u s  gas  d y n a m i c  con-  
d i t ions ,  e l e c t r i c a l  l oads ,  and m a g n e t i c  f i e lds .  The  waUs  of e a c h  of the  
c h a n n e l s  a r e  s e g m e n t e d  to r e d u c e  the ef fec t  of the  Hal l  f ie ld .  

The  t e s t  p r o g r a m  r e p o r t e d  h e r e i n  was  conduc ted  in P r o p u l s i o n  R e -  
s e a r c h  A r e a  ( R - 2 C - 4 )  of the  Rocke t  T e s t  F a c i l i t y  ( R T F ) .  The  R T F  
p e r s o n n e l  w e r e  r e s p o n s i b l e  for  d e s i g n  and f a b r i c a t i o n  of the  c o m b u s t o r  
and a s s o c i a t e d  p r o p e l l a n t ,  i n s t r u m e n t a t i o n ,  and e x h a u s t  s y s t e m s .  The  
channe l ,  magne t ,  d i f f u s e r ,  load  banks ,  and e l e c t r i c  m e t e r s  w e r e  sup -  
p l i ed  by UTSI. 

T h i s  r e p o r t  p r e s e n t s  the data  ob ta ined  f r o m  the Hal l ,  s e g m e n t e d  
wa l l  MHD g e n e r a t o r  phase  of t e s t i n g .  A d e s c r i p t i o n  of the  c o m b u s t o r ,  
channe l ,  magne t ,  and a s s o c i a t e d  s y s t e m s  is  g iven ,  and the  m e t h o d s  
u s e d  to obta in  the  r e q u i r e d  m e a s u r e m e n t s  a r e  p r e s e n t e d .  R e s u l t s  of 
e a r l i e r  t e s t  p r o g r a m s  which  u t i l i z e d  Hal l ,  4 5 - d e g - s l a n t ,  and 6 0 - d e g -  
s l a n t  MHD g e n e r a t o r  c h a n n e l s  a r e  p r e s e n t e d  in Refs .  1 t h r o u g h  3. 
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SECTION II 

APPARATUS 

2.1 TEST ARTICLE 

The t e s t  a r t i c l e  c o n s i s t e d  of a c o m b u s t o r ,  a Hal l  MHD g e n e r a t o r  
c h a n n e l  and d i f fuse r ,  a magne t ,  and s u p p o r t i n g  s y s t e m s .  T h e s e  c o m -  
ponen t s  a r e  d e s c r i b e d  in de t a i l  in the  s e c t i o n s  to fo l low.  

2.1.1 MHD Generator 

The channe l  (F ig .  1, Appendix  I) is n o m i n a l l y  48 in.  long wi th  out-  
s ide  d i m e n s i o n s  of 3.75 in.  wide  by 8 in. h igh.  The  i n s i d e  d i m e n s i o n s  
a r e  2 in. wide  by 4 in. h igh  at the in le t  wi th  the  s ide  wa l l s  p a r a l l e l  and 
the  top and bo t t om wa l l s  d i v e r g i n g  to 6 in. h igh at the  exit .  The  36- in .  
ac t ive  p o r t i o n  of the  c h a n n e l  ( c o n f o r m i n g  to the  36- by 6- in .  m a g n e t i c  
f i e ld  c r o s s  s ec t ion )  is a s s e m b l e d  f r o m  s e v e r a l  i nd iv idua l l y  i n s u l a t e d  
wal l  s e g m e n t s ,  e ach  s e g m e n t  ac t ing  as an e l e c t r o d e .  The  r e m a i n i n g  
12 in. of c h a n n e l  l eng th  ( n o m i n a l l y  6 in. at each  end) is m a d e  of c o p p e r  
b locks  ( t r a n s i t i o n  e l e m e n t s )  i n s u l a t e d  f r o m  e a c h  o t h e r  to r e d u c e  eddy  
c u r r e n t s .  Each  e l e m e n t  and b lock  is  a t t a c h e d  to the  ad j acen t  e l e m e n t s  
and b locks  by c e r a m i c - i n s u l a t e d ,  s t a i n l e s s  s t e e l  s c r e w s .  

The  c h a n n e l  s e g m e n t s  (F ig .  2) a r e  0. 582- in .  - t h i c k  c o p p e r  s l abs  
e l e c t r i c a l l y  i n s u l a t e d  f r o m  each  o t h e r  by 0. 0 1 8 - i n . - t h i c k  m i c a  pape r ,  
and a r r a n g e d  p e r p e n d i c u l a r  to the axis  of the  channe l .  The s e g m e n t s  
a r e  sp l i t  at the  m i d d l e  to f o r m  top and b o t t o m  e l e m e n t s ,  a l so  i n s u l a t e d  
f r o m  e a c h  o t h e r .  The  60 s e g m e n t s ,  wi th  insu la t ion ,  c o m p r i s e  the  36- in .  
a c t i ve  l eng th  of the  channe l .  

The  d i f f u s e r  is m a d e  f r o m  0 . 5 - i n .  s t a i n l e s s  s t e e l ,  2 by 6 in. in 
c r o s s  s e c t i o n  and 24.5  in. in l eng th .  The  d i f f u s e r  adapts  to the  f o r w a r d  
bu lkhead  of the  s p r a y  c h a m b e r  wi th  a r u b b e r  s l i p  jo in t  s e a l  and ex t ends  
8 in. into the s p r a y  c h a m b e r .  

2.1.2 Magnet 

The  m a g n e t i c  f ie ld  is p r o v i d e d  by a 20, 0 0 0 - g a u s s  e l e c t r o m a g n e t  
(F ig .  3) and is d i r e c t e d  n o r m a l  to the v e r t i c a l  p lane  con ta in ing  the axis  
of the channe l .  The  d i s t a n c e  b e t w e e n  the  m a g n e t  po le  f aces  is 3 .96 in. ; 
e a c h  face  is 6 in. h igh by 36 in. long.  
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The  m a g n e t  is of "C"  f r a m e  c o n s t r u c t i o n  wi th  e ight  s t r i p - w o u n d  
c o i l s ;  s ix  co i l s  have  48 t u r n s  each ,  and two co i l s  have  55 t u r n s  each .  
E a c h  coi l  is d e s i g n e d  to conduct  600 a m p  for  a to ta l  of 238, 800 a m p e r e  
t u r n s .  The  m a g n e t i c  f ie ld  s t r e n g t h  is  p r e s e n t e d  in F ig .  4 as a func t ion  
of c u r r e n t .  W a t e r  coo l ing  co i l s  a r e  i n s t a l l e d  ad j acen t  to, but i n s u l a t e d  
f r o m ,  the  e l e c t r i c a l  co i l s .  Coo l ing  w a t e r  is  s u p p l i e d  at a r a t e  of f r o m  
50 to 60 g a l / m i n  at a n o m i n a l  in le t  p r e s s u r e  of 70 ps ig .  In c a s e  of 
a c c i d e n t a l  p o w e r  f a i lu re ,  the  e n e r g y  s t o r e d  in the  m a g n e t i c  f ie ld  is  d i s -  
s i p a t e d  t h r o u g h  a 0. 040- in .  s p a r k  gap l o c a t e d  in the  e l e c t r i c a l  t e r m i n a l  
box (F ig .  3a). 

E l e c t r i c  p o w e r  to the  m a g n e t  is  supp l i ed  by f i f t een  400-amp, 
40-v ,  dc p o w e r  supp l i e s  c o n n e c t e d  in f ive p a r a l l e l  a r r a y s  of t h r e e  e a c h  
in s e r i e s  (F ig .  5). 

2.1.3 Load Bank 

The e l e c t r i c  p o w e r  g e n e r a t e d  by the  MHD c h a n n e l  is d i s s i p a t e d  as  
hea t  t h r o u g h  four  a i r - c o o l e d  load  banks ,  each  c o n t a i n i n g  two h u n d r e d  and 
f i f ty - two  1 . 4 - o h m  h e a t e r  e l e m e n t  r e s i s t o r s  (F ig .  6). E a c h  load  bank is  
capab le  of d i s s i p a t i n g  100 kw. The ind iv idua l  r e s i s t o r s  a r e  c o n n e c t e d  to 
f o r m  the  d e s i r e d  p a r a l l e l  and s e r i e s  a r r a n g e m e n t s  for  i m p e d a n c e  m a t c h -  
ing to the  channe l  e l e c t r i c a l  output .  

2.1,4 Combustor 

I o n i z e d  gas  to the  MHD g e n e r a t o r  is  p r o v i d e d  by a g a s e o u s  oxygen  
( G O 2 ) / R P - 1  c o m b u s t o r  (F ig .  7) o p e r a t i n g  at a c h a m b e r  p r e s s u r e  of 
46 ps i a  and at a n o m i n a l  o x i d i z e r - t o - f u e l  r a t i o  of 2 .8 .  A s e e d i n g  agent  
c o n s i s t i n g  of a s a t u r a t e d  so lu t i on  of p o t a s s i u m  h y d r o x i d e  (KOH) in 
M I L - A - 6 0 9 1  e thyl  a l coho l  ( 2 1 - p e r c e n t  KOH by weight)  is i n j e c t e d  into 
the  R P - 1  u p s t r e a m  of the  c o m b u s t o r  to i n c r e a s e  the  exhaus t  gas  e l e c -  
t r i c a l  conduc t iv i ty .  

The  p r o p e l l a n t s  a r e  i n j e c t e d  into the  c h a m b e r  t h r o u g h  a 0 . 9 - i n .  - 
th ick ,  s t a i n l e s s  s t e e l  i n j e c t o r  (F ig .  8). The  R P - 1 / s e e d  so lu t i on  is  in-  
j e c t e d  t h r o u g h  0 . 0 4 - i n .  - d i a m  o r i f i c e s  l o c a t e d  on r a d i i  of 0 .63  in.  ( four  
o r i f i c e s )  and 2 .75  in. (e igh t  o r i f i c e s )  on the  i n j e c t o r  face .  The  R P - 1  is  
i n j e c t e d  ax ia l ly  t h r o u g h  the  i n n e r  r i n g  o r i f i c e s  and i n w a r d  at an ang le  
of 30 deg to the  c o m b u s t o r  c e n t e r l i n e  t h r o u g h  the  o u t e r  r i n g  o r i f i c e s .  
The  GO2 is  i n j e c t e d  t h r o u g h  fifty 0 . 2 2 - i n .  - d i a m  o r i f i c e s  l o c a t e d  on 
t h r e e  c o n c e n t r i c  r i n g s  b e t w e e n  the  i n n e r  and o u t e r  R P - 1 / s e e d  s p r a y  
r i n g s .  C o m b u s t o r  c h a m b e r  p r e s s u r e  is m e a s u r e d  t h r o u g h  an o r i f i c e  in 
the  i n j e c t o r  face .  
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T h e  7 . 0 - i n .  - d i a m  by 1 4 . 0 - i n .  - long,  w a t e r - c o o l e d  c o m b u s t i o n  
c h a m b e r  was  f a b r i c a t e d  f r o m  347 s t a i n l e s s  s t e e l .  The  c h a m b e r  c o o l i n g -  
w a t e r  flow r a t e  was  n o m i n a l l y  30 I b m / s e c ,  wh ich  p r o v i d e d  a w a t e r  
v e l o c i t y  t h r o u g h  the coo l i ng  p a s s a g e  of 17 f t / s e c  wi th  a w a t e r  t e m p e r a -  
t u r e  r i s e  d u r i n g  f i r i n g  of a p p r o x i m a t e l y  7°F. 

A w a t e r - c o o l e d ,  s t a i n l e s s  s t e e l  e x h a u s t  n o z z l e  ( F i g .  9) is bo l t ed  to 
the  d o w n s t r e a m  end of the  c o m b u s t i o n  c h a m b e r .  The  c i r c u l a r - t o -  
r e c t a n g u l a r  c r o s s - s e c t i o n a l  t r a n s i t i o n  is a c c o m p l i s h e d  in the  c o n v e r g i n g  
s u b s o n i c  n o z z l e  s e c t i o n  u p s t r e a m  of the  t h r o a t .  The  c o n t o u r e d  s u p e r s o n i c  
s e c t i o n  d i v e r g e s  f r o m  2.0 by 3.1 in.  at the  t h r o a t  to 2 .0  by 4 .0  in. at the  
exi t ,  p r o v i d i n g  an a r e a  r a t i o  of 1 .37  and a n o m i n a l  exi t  M a c h  n u m b e r  of 
1 .6 .  The  n o z z l e  c o o l i n g - w a t e r  f low r a t e  is 3 5 1 b m / s e c ,  w h i c h  p r o v i d e s  a 
w a t e r  v e l o c i t y  at  the t h r o a t  of 33 f t / s e c  wi th  a w a t e r  t e m p e r a t u r e  r i s e  
d u r i n g  f i r i n g  of a p p r o x i m a t e l y  5°F.  

E n g i n e  ign i t ion  is p r o v i d e d  by a h y d r o g e n - a i r  i g n i t e r  a s s e m b l y  
( F i g .  10). The  h y d r o g e n - a i r  m i x t u r e  is i gn i t ed  by a s p a r k  p lug and 
e x h a u s t e d  into the c h a m b e r  t h r o u g h  the  c e n t e r  po r t  of the  i n j e c t o r .  T h e  
to t a l  flow r a t e  of the  i g n i t e r  r e a c t a n t s  is  a p p r o x i m a t e l y  0 .11  l b m / s e c ,  
and the  a i r - t o - f u e l  r a t i o  is n o m i n a l l y  16. 

2.2 INSTALLATION 

The  c o m b u s t o r ,  m a g n e t ,  c h a n n e l ,  and d i f f u s e r  w e r e  i n s t a l l e d  in 
P r o p u l s i o n  R e s e a r c h  A r e a  ( R - 2 C - 4 ) .  A p h o t o g r a p h  and a s c h e m a t i c  of 
the  i n s t a l l a t i o n  a r e  shown in F ig .  11. The  c o m b u s t o r  was  m o u n t e d  on a 
s u p p o r t  s t and  and c o n n e c t e d  to the f ac i l i t y  p r o p e l l a n t  and coo lan t  s y s -  
t e m s .  The  m a g n e t  was  i n s t a l l e d  on the m a g n e t  s u p p o r t  s t and ,  wi th  the  
c h a n n e l  on a s u p p o r t  s t a n d  b e t w e e n  the  m a g n e t  pole  f a c e s .  The  f o r w a r d  
f l ange  of the  c h a n n e l  was  a l i g n e d  with,  and b o l t e d  to, the c o m b u s t o r  
n o z z l e  f l ange .  The  c h a n n e l  d i f f u s e r  e x t e n d e d  t h r o u g h  the  f o r w a r d  b u l k -  
h e a d  of a s p r a y  c h a m b e r  tha t  c o n t a i n s  one a i r  s p r a y  r i ng  and f o u r  w a t e r  
s p r a y  r i n g s .  A 1 2 - i n . - d i a m  exhaus t  duct  was  b o l t e d  to the  d o w n s t r e a m  
end  of the s p r a y  c h a m b e r  to d i r e c t  the  c o o l e d  e x h a u s t  g a s e s  into the  fa -  
c i l i t y  exhaus t  duc t ing  to be  d i s c h a r g e d  into the  a t m o s p h e r e .  

The  s p r a y  c h a m b e r  {Fig.  12) is a 36- in .  - d i a m ,  1 0 - f t - l o n g  c y l i n d e r  
m a d e  of 1 / 4 - i n .  m i l d  s t e e l .  The  a i r  s p r a y  r i ng  was  l o c a t e d  j u s t  f o r w a r d  
of the  d i f f u s e r  exi t  p lane  (F ig .  l l b )  and  p r o v i d e d  a n o n c o n d u c t i n g  s h r o u d  
a r o u n d  the  i o n i z e d  exhaus t  g a s e s  to p r e v e n t  e l e c t r i c a l  c o n d u c t i o n  to the  
s p r a y  c h a m b e r  w a l l s  unt i l  the  e x h a u s t  g a s e s  a r e  c o o l e d  be low the  i o n i z a -  
t i on  t e m p e r a t u r e .  The  f o u r  w a t e r  s p r a y  r i n g s  c o o l e d  the  e x h a u s t  to a low 
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t e m p e r a t u r e  b e f o r e  it e n t e r e d  the exhaus t  duct  and was  e x h a u s t e d  to the  
a t m o s p h e r e .  The s p r a y  c h a m b e r  was  i n s u l a t e d  a g a i n s t  2000-v  p o t e n t i a l  
f r o m  g round ,  and  the supply  l i ne s  and d r a i n  l ine  w e r e  m a d e  of co t ton  
b r a i d  r u b b e r  h o s e .  The  r e s i s t a n c e  to g r o u n d  t h r o u g h  the l i ne s  was  about  
1000 ohms  with  the  6 - in .  d r a i n  l ine  full  of coo l ing  w a t e r .  

2.2.1 Electrical 

An e l e c t r i c  c i r c u i t  u s e d  f o r  the Hal l  c h a n n e l  is shown  in F ig .  13. 
The  e l e c t r i c a l  m e a s u r e m e n t s  m a d e  w e r e :  (1) vo l t age  a c r o s s  the  load  
r e s i s t o r s ,  (2) c u r r e n t  f r o m  c h a n n e l  e l e c t r o d e s  to the  load bank,  and  
(3) c u r r e n t  f r o m  the  c h a n n e l  e l e m e n t  t o p - t o - b o t t o m .  

The  shunt  pane l  (F ig .  14) is an  e l e c t r i c a l  i n t e r f a c e  b e t w e e n  the  
c h a n n e l  and the  load  bank,  con t a in ing  low r e s i s t a n c e  ( 0 . 0 0 0 5 - o h m )  shun t s ,  
a c r o s s  wh ich  c u r r e n t  b e t w e e n  c h a n n e l  e l e m e n t s  and b e t w e e n  the  c h a n n e l  
and load  bank is m e a s u r e d .  Vol tage  taps  and fuses  to p r o t e c t  the  m e t e r  
c i r c u i t s  and load  bank c i r c u i t s  w e r e  a l s o  p r o v i d e d  in the  shun t  p a n e l .  

2.2.2 Propellant System 

A s c h e m a t i c  of the  p r o p e l l a n t  s y s t e m  is shown  in F ig .  15. The  GO 2 
was  s u p p l i e d  f r o m  a 5 5 , 0 0 0 - s c f  t r a i l e r  c h a r g e d  at  p r e s s u r e s  r a n g i n g  to 
800 p s i a .  The  p r e s s u r e  was  r e d u c e d  and m a i n t a i n e d  at  a va lue  to p r o -  
v ide  the  d e s i r e d  f low r a t e  by an a u t o m a t i c  p r e s s u r e  c o n t r o l  s y s t e m .  

The  l%P-I f low was  s u p p l i e d  by, and c o n t r o l l e d  f r o m ,  a 7 5 - g a l  
s t a i n l e s s  s t e e l  t ank  p r e s s u r i z e d  wi th  d r y  n i t r o g e n .  The  p r e s s u r e - f e d  
a l c o h o l - K O H  s e e d i n g  agent  was  i n j e c t e d  into the  R P - I  l ine  u p s t r e a m  
of the  eng ine  i n j e c t o r .  All  p r o p e l l a n t  s y s t e m s  i n c o r p o r a t e d  p r o v i s i o n s  
f o r  p u r g i n g  the l i ne s  wi th  d r y  n i t r o g e n .  

2.3 INSTRUMENTATION 

I n s t r u m e n t a t i o n  was  d iv ided  into two d i s t i n c t  g r o u p s  - eng ine  and  
s p r a y  c h a m b e r  i n s t r u m e n t a t i o n  ( h e r e i n  d e s i g n a t e d  s u p p o r t  e q u i p m e n t  
i n s t r u m e n t a t i o n )  and c h a n n e l  and m a g n e t  i n s t r u m e n t a t i o n .  I n s t r u m e n t  
r a n g e s ,  r e c o r d i n g  m e t h o d s ,  and s y s t e m  a c c u r a c i e s  for  a l l  m e a s u r e d  
p a r a m e t e r s  a r e  p r e s e n t e d  in T a b l e  I (Appendix  II).  

2.3.1 Support Equipment Instrumentation 

I n s t r u m e n t a t i o n  was  p r o v i d e d  to m e a s u r e  c o m b u s t o r  c h a m b e r  p r e s -  
s u r e ,  i n j e c t o r  p r e s s u r e s ,  p r o p e l l a n t  and s e e d  flow r a t e s ,  p r o p e l l a n t  
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t ank  p r e s s u r e s ,  c o m b u s t i o n  c h a m b e r  and n o z z l e  coo l ing  w a t e r  t e m p e r a -  
t u r e  r i s e ,  and s p r a y  c h a m b e r  p r e s s u r e .  

Bonded  s t r a i n - g a g e - t y p e  t r a n d u c e r s  w e r e  u s e d  to m e a s u r e  p r e s -  
s u r e s .  C o p p e r - c o n s t a n t a n  t h e r m o c o u p l e  p r o b e s  w e r e  u s e d  to m e a s u r e  
c o o l i n g - w a t e r  in le t  and d i s c h a r g e  t e m p e r a t u r e s ,  and i r o n - c o n s t a n t a n  
p r o b e s  w e r e  u s e d  to m e a s u r e  p r o p e l l a n t  t e m p e r a t u r e s .  F u e l  and  s e e d  
f low r a t e s  w e r e  m e a s u r e d  wi th  t u r b i n e - t y p e  f l o w m e t e r s .  The  GO2 
f low r a t e  was  d e t e r m i n e d  by a c r i t i c a l  f low v e n t u r i  l o c a t e d  d o w n s t r e a m  
of the p r e s s u r e  c o n t r o l  s y s t e m .  

The  output  s i gna l  of e a c h  m e a s u r i n g  d e v i c e  was  r e c o r d e d  on in -  
d e p e n d e n t  i n s t r u m e n t a t i o n  c h a n n e l s .  P r i m a r y  c o m b u s t o r  da t a  w e r e  
ob ta ined  f r o m  two c o m b u s t i o n  c h a m b e r  p r e s s u r e  c h a n n e l s  (one  50- and 
one 100-ps ia ) ,  one oxygen  v e n t u r i  u p s t r e a m  p r e s s u r e  c h a n n e l ,  two in -  
j e c t o r  p r e s s u r e  c h a n n e l s  ( o x i d i z e r  and fuel) ,  two fue l  f low c h a n n e l s ,  and 
two s e e d  f low c h a n n e l s .  The  p r i m a r y  da ta  w e r e  r e c o r d e d  as  fo l lows :  
E a c h  p r e s s u r e  output  s i g n a l  was  t r a n s m i t t e d  to a m i l l i v o l t - ' t o - f r e q u e n c y  
c o n v e r t e r .  A m a g n e t i c  t ape  s y s t e m ,  r e c o r d i n g  the f r e q u e n c y  f o r m ,  
s t o r e d  the s i g n a l  f r o m  the c o n v e r t e r  f o r  r e d u c t i o n  at a l a t e r  t i m e  by an 
e l e c t r o n i c  d ig i t a l  c o m p u t e r .  The  c o m p u t e r  p r o v i d e d  a t a b u l a t i o n  of 
a v e r a g e  a b s o l u t e  v a l u e s  f o r  e a c h  0 . 2 - s e c  t i m e  i n c r e m e n t .  The  fue l  and 
s e e d  f low s i g n a l s  w e r e  t r a n s m i t t e d  t h r o u g h  w a v e  s h a p i n g  c o n v e r t e r s  to 
the  m a g n e t i c  tape  s y s t e m s .  A p h o t o g r a p h i c a l l y  r e c o r d i n g ,  g a l v a n o m e t e r -  
type  o s c i l l o g r a p h  r e c o r d i n g  at  a p a p e r  s p e e d  of 10 i n . / s e c  p r o v i d e d  an 
i n d e p e n d e n t  backup  of a l l  p r i m a r y  i n s t r u m e n t a t i o n  c h a n n e l s .  The  s e c -  
o n d a r y  da ta  w e r e  r e c o r d e d  on m a g n e t i c  t ape  f r o m  a m u l t i - i n p u t ,  h igh -  
s p e e d ,  a n a l o g - t o - d i g i t a l  c o n v e r t e r  at a s c a n  r a t e  f o r  e a c h  c h a n n e l  of 
75 t i m e s / s e c .  P l a y b a c k  of t h e s e  t apes  on the  IBM 360 and  R a y t h e o n  
520 c o m p u t e r s  p r o v i d e d  a t abu l a t i on  of a v e r a g e  a b s o l u t e  v a l u e s  f o r  
e a c h  0 . 2 - s e c  t i m e  i n c r e m e n t .  

2.3.2 Channel and Magnet Instrumentation 

Generated voltages and currents and magnet input voltage and cur- 
rent were displayed on an array of meters located on a rack-mounted 
meter panel (Fig. 16) and insulated for 2000-v potential to ground: The 
data from these meters were recorded photographically by a 70-ram 
camera that was timer actuated to provide photographs at approximately 
l-sec intervals during a power generation firing. These photographs 
were time correlated with engine burn time by "camera pulses" recorded 
on the oscillograph. 
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SECTION III 
PROCEDURE 

The a s s e m b l e d  Hal l  channe l  was r ece ived  at AEDC on 
F e b r u a r y  7, 1967. The channe l  was ins ta l l ed ,  and power  g e n e r a t i n g  
runs  we re  made fo r  a v a r i e t y  of e l e c t r i c a l  loads .  

The sequence  of events  fo r  each f i r i ng  was accompl i shed  auto-  
m a t i c a l l y  by use  of e l e c t r i c  t i m e r s  and r e l a y s .  F o r  a t yp i ca l  f i r ing ,  
the sequence  is as  fol lows:  

to 

t o +  1 

to + 1.5 

t 0 + 4  

t 0 + 5  

F i r e  button ac tua ted  manua l l y  

Ign i t e r  a i r  valve  open; s p a r k  plug begins  to f i re  

Ign i t e r  hydrogen  valve open 

P r o p e l l a n t  va lves  e l e c t r i c a l l y  ene rg i zed  

Engine  igni t ion;  i gn i t e r  s p a r k  plug and p rope l l an t  va lves  
d e - e n e r g i z e d  

t 0 +  5.5  

t o +  12 

t O -f- 14 

Seed r e a c h e s  chambe r ;  power  gene ra t i on  c o m m e n c e s  

Seed valve  d e - e n e r g i z e d  

P r o p e l l a n t  va lves  d e - e n e r g i z e d ;  n i t rogen  purge  th rough  
p rope l l an t  l ines  in i t ia ted .  

The purges  were  d i r ec t ed  through the engine,  channel ,  d i f fuser ,  and 
the f ac i l i ty  exhaus t  and, in addi t ion to c l e a r i n g  the p rope l l an t  l ines ,  
he lped to cool the channel  fo r  the fol lowing f i r ing .  The purge was 
cont inued unti l  the f i r i ng  panel  was r e se t .  

SECTION IV 
RESULTS AND DISCUSSION 

A Hal l  MHD e l e c t r i c  power  g e n e r a t o r  channe l  was t e s t ed  to de-  
t e r m i n e  the effect  on g e n e r a t o r  p e r f o r m a n c e  of v a r i a t i o n s  in e x t e r n a l  
r e s i s t a n c e  loading.  The products  of combus t ion  f r o m  a G O 2 / R P - 1  
c o m b u s t o r  seeded  with a s a t u r a t e d  solu t ion  of p o t a s s i u m  hydrox ide  
in e thyl  a lcohol  we re  suppl ied to the g e n e r a t o r  in le t  at a Mach n u m b e r  
of 1.6 and at a nomina l  to ta l  p r e s s u r e  of 46 ps ia .  
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The m e a s u r e d  va lues  of c o m b u s t o r  c h a m b e r  p r e s s u r e  and p r o -  
pe l l an t  f low r a t e s ,  g e n e r a t o r  r e s i s t a n c e  loading,  and g e n e r a t e d  e l e c -  
t r i c  c u r r e n t s  and v o l t a g e s  a r e  p r e s e n t e d  in th is  r e p o r t .  The  c o n d i t i o n s  
at wh ich  p e r f o r m a n c e  data  w e r e  ob ta ined  a r e  s u m m a r i z e d  in Tab le  II. 
Data f r o m  59 f i r i n g s  a r e  inc luded .  A l so  p r e s e n t e d  a r e  the  c o m b u s t o r  
o p e r a t i n g  c h a r a c t e r i s t i c s  and the r e s u l t s  of h i g h - s p e e d  e l e c t r o d e  pho-  
t o g r a p h y .  

4.1 COMBUSTOR OPERATING CHARACTERISTICS 

The ana log  va lue s  of c h a m b e r  p r e s s u r e ,  p r o p e l l a n t  f low r a t e s ,  
and i n j e c t o r  p r e s s u r e s  du r ing  a t yp i ca l  eng ine  ign i t ion  a r e  shown in 
Fig .  17. A l s o  shown is the  c a m e r a  pu l se  t r a c e  tha t  r e l a t e s  the  t i m e  
when  g e n e r a t o r  e l e c t r i c a l  da ta  w e r e  p h o t o g r a p h i c a l l y  r e c o r d e d  wi th  c o m -  
b u s t o r  o p e r a t i o n a l  even t s .  The  t i m e s  r e q u i r e d  for  the  R P - 1  and the  s e e d  
to r e a c h  the  c h a m b e r  a f t e r  p r o p e l l a n t  va lve  ac tua t ion  w e r e  0 .7  and 
1.5 sec ,  r e s p e c t i v e l y ,  at the  n o m i n a l  c o m b u s t o r  o p e r a t i n g  condi t ion .  
The  s e e d  flow lag  t i m e  (1 .5  sec )  was  i n t e n t i o n a l l y  long  to p r e v e n t  a d m i t -  
t a n c e  of s e e d  into the  MHD channe l  p r i o r  to i n c r e a s e  of c h a n n e l  wal l  
t e m p e r a t u r e ,  t h e r e b y  p r e v e n t i n g  e l e c t r i c a l l y  conduc t ing  s e e d  r e s i d u e  
f r o m  c o n d e n s i n g  on the  cold  wal l s  of the  channe l .  

C h a m b e r  p r e s s u r e  and RP-1 ,  oxygen,  and s e e d  flow r a t e s  a r e  p r e -  
s e n t e d  in F ig .  18 fo r  a t yp i ca l  f i r i ng .  Seed  f low was  s t opped  a p p r o x i -  
m a t e l y  2 sec  p r i o r  to eng ine  shu tdown  to e n s u r e  r e m o v a l  of a l l  s e e d  
r e s i d u e  f r o m  the  c h a n n e l  wa l l s .  

The  a v e r a g e  v a l u e s  of c h a m b e r  p r e s s u r e  and oxygen,  R P - 1 ,  and 
s e e d  flow ra t e  du r ing  the 1 - s e c  p e r i o d  p r i o r  to s e e d  flow shutoff  (At 2 
in F ig .  18) a r e  p r e s e n t e d  in Table  III. T i m e  t l  in Fig.  18 and in 
Tab le  III r e p r e s e n t s  the  t i m e  f r o m  a c t i v a t i o n  of the f i r i n g  c i r c u i t  to 
the  i n i t i a t i on  of c h a m b e r  p r e s s u r e  i n c r e a s e .  Since  the  t i m e  b a s e  f o r  
a l l  data  t a b u l a t e d  in th is  r e p o r t  is r e f e r e n c e d  f r o m  f i r i n g  c i r c u i t  e n e r -  
g iza t ion ,  t 1 can be u s e d  fo r  c o r r e l a t i n g  e v e n t s  f r o m  c o m b u s t o r  ign i t ion .  

The  c o m b u s t o r  o p e r a t e d  at a n o m i n a l  c h a m b e r  p r e s s u r e  of 46 ps ia ,  
t o t a l  p r o p e l l a n t  flow r a t e  of 1.75 I b / s e c ,  and an o x y g e n - t o - f u e l  r a t i o  
of 2 .8 .  C h a r a c t e r i s t i c  ve loc i t y  was  n o m i n a l l y  5200 f t / s e c  b a s e d  on 
c h a m b e r  p r e s s u r e  at the  i n j e c t o r  face .  The  c o m b u s t i o n  e f f i c i ency ,  
b a s e d  on the  t h e o r e t i c a l  p e r f o r m a n c e  of k e r o s e n e  and oxygen  p r o p e l -  
l an t s  (Ref.  4), is e s t i m a t e d  to be 93 p e r c e n t ,  wh ich  p r o v i d e d  a c o m -  
b u s t i o n  c h a m b e r  gas  t e m p e r a t u r e  of a p p r o x i m a t e l y  5000°F.  

8 
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4.2 GENERATOR PERFORMANCE DATA 

The  m e a s u r e d  va lue s  of ind iv idua l  channe l  r e s i s t a n c e  loads  a r e  p r e -  
s e n t e d  in Tab le  IV. P o w e r  was p r i m a r i l y  e x t r a c t e d  t h r o u g h  one l a r g e  
c e n t e r  r e s i s t o r  (Re).  G e n e r a t e d  p o w e r  as a func t ion  of load r e s i s t a n c e  
is p r e s e n t e d  in Fig .  19. 

Typ i ca l  c h a n n e l  e l e c t r i c  c u r r e n t s  and vo l t ages  m e a s u r e d  d u r i n g  
the  1 - s e c  p e r i o d  p r i o r  to s e e d  f low shutoff  a r e  p r e s e n t e d  in Tab le  V. 
Channe l  to ta l  c u r r e n t ,  to ta l  vo l tage ,  and c o m b u s t o r  c h a m b e r  p r e s s u r e  
v a l u e s  d u r i n g  a t yp i ca l  g e n e r a t i n g  run  a r e  shown  in Fig .  20. Sign con -  
v e n t i o n s  u s e d  w e r e :  (1) c u r r e n t  f r o m  c h a n n e l - t o - l o a d  bank  deno t ed  
p o s i t i v e ,  (2) c u r r e n t  f r o m  top of channe l  e l e m e n t  to bo t t om of c h a n n e l  
e l e m e n t  deno ted  pos i t i ve ,  and (3) i n c r e a s i n g  e l e c t r i c a l  p o t e n t i a l  above  
u p s t r e a m  channe l  p o t e n t i a l  deno ted  pos i t i ve .  

4.3 HIGH-SPEED ELECTRODE PHOTOGRAPHY 

An o b j e c t i v e  of th is  e x p e r i m e n t  was  to obta in  pho tog raph i c  docu-  
m e n t a t i o n  of e l e c t r i c  a r c i n g  b e t w e e n  the  p l a s m a  and the  e l e c t r o d e  s u r -  
f a c e .  E l e c t r o d e  5I of the  Hal l  c h a n n e l  was  c o n s t r u c t e d  to p e r m i t  photo-  
g r a p h i c  a c c e s s  to the  b o t t o m  e l e c t r o d e  s u r f a c e  t h r o u g h  a 1 . 5 - i n . - d i a m ,  
1 2 - i n . - l o n g  tube (equ ipped  wi th  a 0 . 2 5 - i n . - t h i c k  q u a r t z  window) m o u n t e d  
on the  c h a n n e l  top (F ig .  1). A c o o l i n g - w a t e r  p a s s a g e  was p r o v i d e d  i n t e r n a l  
to  the  d o w n s t r e a m  edge  of the  p h o t o g r a p h i c  a c c e s s  por t  to p r e v e n t  e x c e s -  
s i v e  h e a t i n g  and e r o s i o n  in th i s  a r e a  f r o m  the  i m p i n g e m e n t  of the  hot  
p l a s m a .  Raw w a t e r  was  con t inuous ly  s u p p l i e d  du r ing  the  f i r i n g  t h r o u g h  
a n o n c o n d u c t i n g  l ine  at a n o m i n a l  p r e s s u r e  of 100 ps ia .  A 16 - ram m o t i o n -  
p i c t u r e  c a m e r a ,  i n s t a l l e d  as shown in Fig .  21, was  u t i l i z ed .  

V a r i o u s  c a m e r a  s p e e d s ,  f i lm  e x p o s u r e s ,  and op t i ca l  f i l t e r s  w e r e  
u t i l i z e d  whi le  s u c c e s s f u l l y  p h o t o g r a p h i n g  e l e c t r o d e  a r c i n g  on the  c a t h o d e  
s u r f a c e  (with the  m a g n e t  p o l a r i t y  r e v e r s e d ) .  A s e r i e s  of p h o t o g r a p h s  
showing  an a r c  " spo t "  c r o s s i n g  the  ca thode  s u r f a c e  is  shown in Fig .  22. 
The  p h o t o g r a p h i c  se tup  used  in ob ta in ing  t h e s e  t e s t  r e s u l t s  was  as  
fo l lows :  c a m e r a  speed ,  5500 f r a m e s / s e c ;  op t i ca l  se t t ing ,  f / 5 . 6 ;  one  
n e u t r a l  d e n s i t y  f i l t e r ;  and t h r e e  No. 57 W r a t t e n  f i l t e r s .  

No e l e c t r o d e  a r c i n g  was o b s e r v e d  on the  anode  s u r f a c e  (with the  
m a g n e t  p o l a r i t y  n o r m a l ) .  



A E DC-TR-67-250 

4.4 CHANNEL STRUCTURAL DURABILITY 

The d e t e r m i n i n g  f a c t o r  g o v e r n i n g  the  n u m b e r  of t e s t  f i r i n g s  ac -  
c o m p l i s h e d  was  the  c h a n n e l  e l e c t r i c a l  i n s u l a t i o n  d u r a b i l i t y .  No p i t -  
t i ng  o r  m e t a l  e r o s i o n  in the  i n t e r n a l  f low p a s s a g e  was  o b s e r v e d .  

T e s t i n g  was  d i s c o n t i n u e d  a f t e r  71 f i r i n g s  with  a to ta l  b u r n  d u r a t i o n  
of 532 sec  b e c a u s e  i n t e n s e  a r c i n g  was  o b s e r v e d  b e t w e e n  the  d o w n s t r e a m  
c h a n n e l  t r a n s i t i o n  e l e m e n t  and the  c h a n n e l  s u p p o r t  s tand .  P o s t - f i r e  in-  
s p e c t i o n  a l so  r e v e a l e d  p a r t i a l  b lowout  of the  m i c a  p a p e r  i n s u l a t i o n  f r o m  
b e t w e e n  s o m e  c h a n n e l  s e g m e n t s .  P o s t - f i r e  p h o t o g r a p h s  of the  Hal l  
c h a n n e l  a r e  shown in F ig .  23. 

I0 
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Fig. 8 Photograph of Injector 
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Fig. 11 Installation of MHD Generator Assembly in Propulsion Research Area (R-2C-4) 
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Fig.'12 Photograph of Spray Chamber 
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Fig. 16 Photograph of Meter Panel 
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Fig. 22 Photographs Showing Electrode Arc "Spot" 
Crossing Cathode Surface 
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c. Detailed View Showing Mica Paper Insulation Damage 

Fig. 23 Concluded 
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T A B L E  I 
INSTRUMENTATION 

m 
u 
f~ 
:4 

& 

0 

O~ 

P a r a m e t e r  

Chamber  P r e s s u r e  

Ventur i  U p s t r e a m  P r e s s u r e  

RP-  1 Flow Rate 

Seed Flow Rate 

Oxygen Flow Rate 

In j ec to r  P r e s s u r e s  

Channel P r e s s u r e  

RP-I Tank Pressure 

Seed Tank Pressure 

Channel Voltage 

Magnet Voltage 

Channel  C u r r e n t  

Magnet C u r r e n t  

T ime  

E s t i m a t e  of * 
' M e a s u r e m e n t  Uncer ta in ty  at 

Opera t ing  Level .  pe rcen t  

±0.75 

±1 

± 0 . 5  

±0.5 

± 2  

±i 

±I 

±1 

±1 

±1 

±I 

±1 

±1 

Measuring Device 

Bonded Strain-Gage-Type 
Transducer 

it 

Turblne-Type F1owmeter 
It 

Venturi 

Bonded Strain-Gage-Type 
Transducer 

11 

v! 

wl 

Voltmeter 

Iv 

A m m e t e r  
I I  

Synchronous  T iming  
G e n e r a t o r  

Range of 
Measu r ing  Device 

0-50 psia 
0-I00 psia 

0-300 psia 

0-I, 0 lb/sec 

0-0.16 Ib/sec 

0-200 psia 
0-25 psia 

0-30 psia 
0-50 psia 

0-50 psia 

0-500 ps i a  

0-500 ps ia  

-20-100v 

0-120v 

-20-100a 

0-2000a 

- - .  

Recording Method 

M i l l i v o R - t o - F r e q u e n c y  C o n v e r t e r  onto 
Magnet ic  Tape  

m! 

I t  

i i  

i i  

v! 

Low Leve l  Mult iplexed Analog- to-Dig i ta l  
C o n v e r t e r  onto Magnetic Tape  

I I  

0v 

t !  

T i m e r  Actuated C a m e r a  onto 70-ram F i l m  
v l  

t !  

g |  

Pho tograph ica l ly  Record ing  G a l v a n o m e t e r -  
Type  Osc i l l og raph  

*Uncer ta in t i e s  at an e s t i m a t e d  t w o - s t a n d a r d - d e v i a t i o n  level .  
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TABLE II 
SUMMARY OF OPERATING CONDITIONS 

Run 
N u m b e r *  

59 .2  

M a g n e t  

F i e l d  S t r e n g t h ,  
k i l o g a u s s  

20 

P o l a r i t y  

N o r m a l  

N o m i n a l  
C h a m b e r  
P r e s s u r e ,  

p s i a  

46 

M e a s u r e d  L o a d  B a n k  
R e s i s t a n c e ,  o h m s  

R c e n t e r  R t o t a l  

9 . 8 2  1 1 . 2  

N o m i n a l  
P e r c e n t  KOH 

of T o t a l  
F l o w  R a t e  

1 . 3  

5 9 . 3  

59, 4 

5 9 . 5  

5 9 . 6  

6 0 . 1  

6 1 . 2  

6 1 . 3  

6 1 . 4  

6 1 . 5  

6 1 . 7  

6 2 . 1  

6 2 . 2  

6 2 . 3  

6 2 . 4  

6 2 . 5  

6 3 . 1  

6 3 . 2  

63.3  

63 .4  

63 .5  

63 .6  

64. 1 

6 4 . 2  

6 4 . 3  

65 .6  

66. 1 

66 .2  

66 .3  

6 6 . 4  

I R e v e r s e d  

N o r m a l  

1 5 . 4  1 6 . 8  

6 . 9 3  8 . 3 5  

5, 03 6, 45 

5. O3 6 . 4 5  

2 . 9 9  4 . 4 1  

2 . 9 9  4 . 4 1  

1 04 2 . 4 6  

1 . 0 4  2 . 4 6  

0 1 . 4 2  

0 I .  42 

6.93 6 .93  

1 l 
5 .06  5 .06  

3 .07  3 .07  

47 
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TABLE II (Concluded) 

Run 
Number*  

Magnet 

Field Strength, 
Kilogauss 

Nominal 
Chamber  
P r e s s u r e ,  

ps ia  

Measured  Load Bank 
Resis tance ,  ohms 

Reenter  Rtotal Po la r i ty  

66.6 20 Normal  46 3.07 3.07 1.3 

66.6 [ 1.05 1.05 I 

Nominal  
Percent  KOH 

of Total 
Flow Rate 

66.7 1.05 1.05 

66.8 0 0 

66.9 0 0 

66.10 8.87 8.87 
66. I1 8.87 8.87 
67. 1 10.8 10.8 

67.3 

67.5 12.8 12.8 

67.7 

67.8 14.7 14.7 

67.9 14.7 14.7 

67. 10 24.9 24.9 

68. 1 4.87 4.87 

68.2 1 [ 
68.3 

68.4 19.8 19.8 

68.5 Normal  1 l 

68.6 Reversed  

69.1 Normal  0 0 

69.3 l 

69.4 5.03 5.03 

69.5 Normal  9.73 9.73 

69.6 Reversed  

69.7 [ 

69.8 

9.73 9.73 

5.03 5.03 
o o 

*Number  to left of decimal  denotes run sequence.  
Number  af ter  dec imal  denotes o rde r  of f i r ings  in each sequence.  
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TABLE III 
SUMMARY OF COMBUSTOR PERFORMANCE 

Run 
Number 

59.2 

59.3 

59.4 

59.8 

59.6 

60. I 

61.2 

61.3 

61.4 

61.5 

61.7 

62.1 

62.2 

62.3 

62.4 

62.5 

63.1 

63.2 

63.3 

63.4 

63.5 

63.6 

64.1 

64.2 

64.3 

65.6 

66.1 

66.2 

66.3 

66.4 

66.5 

Average Combustor  Conditions at t 2 

~ = ~ = = = = = ~ ~ ~ ~ . , ~ P c h , 4 5 . 9 P s i a  W02,1. 2701b/see WRP_O. 1,3541b/sec 

4sl t12 to59 46.1 I. 267 0. 356 

46.0 I. 264 0. 361 

46. I I. 260 0. 365 

46.5 I. 255 

44.8 J 1.268 

Wseed, lb / sec  

0.112 

0.112 " 

0.113 

0.111 

0.112 

0.338 t 0.112 

0.339 0.111 

46.0 I 1.268 f 0.361 

44.7 I 1.267 t 0.347 
45.3 1.263 0.355 

45.4 1.267 0.351 

46.3 1.274 0.365 

46.3 1.268 0.353 

46.1 1.273 0.362 

46.2 1.273 0.364 

46.2 1.276 0.363 

46.7 1.268 0.368 

46.7 1.264 0.369 

46.8 1.263 0.353 

46.6 1.256 

46.6 1.259 

0.113 

46.6 I 1.265 
46.5 1.277 

0. 111 

0.112 

0.113 

0.113 

0.110 

0. I14 

112 

0.114 

0.114 

0 . 1 1 5  

0.114 

0.365 1 0.115 
0.350 0.116 

0.347 0.116 

0.364 0.114 

4o, j ,2,4 j o3o  t o1,  
46.3 I. 276 0.363 0. 114 

46.0 [ 1.270 [ 0.375 

46.3 ] 1. 275 [ Void 

4so ivo i voi 46.3 1. 275 O. 358 

46.2 1. 272 O. 365 

46.2 1. 267 1 O. 360 

0. 115 

0. 114 

Void 

0. 115 

0. 114 

0. 113 

49 



TABLE III (Concluded) 

t l *  t 2 ,**  Run 
N u m b e r  

6 6 . 6  

6 6 . 7  

6 6 . 8  

6 6 . 9  

6 6 . 1 0  

6 6 . 1 1  

6 7 . 1  

6 7 . 2  

6 7 . 3  

6 7 . 5  

6 7 . 7  

6 7 . 8  

6 7 . 9  

6 7 . 1 0  

68.1  

68.2  

68.3  

6 8 . 4  

6 8 . 5  

6 8 . 6  

6 9 . 1  

6 9 . 2  

6 9 . 3  

6 9 . 4  

6 9 . 5  

6 9 . 6  

6 9 . 7  

6 9 . 8  

sec 

A v e r a g e  C o m b u s t o r  C o n d ~ i o n s  at  t 2 

P c h '  p s i a  W o 2 , 1 b / s e c  WRp_ 1, l b / s e c  Wseed ,  l b / s e c  

4 6 . 4  1 . 2 7 3  0 . 3 6 4  0 , 1 1 3  

4 6 . 3  1 .267  0 , 3 6 5  0 . 1 1 3  

4 6 . 2  1 .275  0 . 3 6 1  0 . 1 1 4  

4 6 . 2  1 . 2 6 7  0 . 3 6 4  0 , 1 1 3  

4 6 . 2  1 . 2 7 2  0 . 3 6 1  0 . 1 1 5  

4 6 . 2  1 .266  0.361 0 .113 

4 6 . 5  1 .281  0 . 3 6 6  0 . 1 1 3  

4 6 . 4  1 . 2 7 4  0 . 3 6 2  0 . 1 1 3  

4 6 . 6  1 . 2 8 0  0 . 3 6 4  0 . 1 1 3  

4 6 . 7  1 . 2 8 4  0 . 3 6 6  0 . 1 1 3  

4 6 . 5  1 .283  0 . 3 5 6  0. i i i  

4 6 . 3  1 . 2 7 4  0.356 0 .113  

46 .4  1.279 0 .355 0 .113  

46 .5  1.285 0 ,356 0 .113 

46 .2  1.268 0 .361 0 .116  

5.1  1 1 . 3  

gec 

1 1 . 5  

1 1 . 3  

1 0 . 4  

1 1 . 3  

4 6 . 4  

9 . 7  

l 
1 1 . 3  

I .  270 0. 364 

0. 366 

0. 367 

0. 365 

0. 370 

0. 364 

0. 359 

0. 357 

0. 335 

0. 356 

4 6 . 6  I .  271 

4 6 . 5  I .  269 

4 6 . 3  i .  270 

4 6 . 4  I .  273 

4 6 . 5  I .  277 

4 6 . 2  I .  276 

4 6 . 2  I .  275 

4 6 . 2  1. 272 

4 6 . 2  1. 276 

0. 114 

0. 115 

0. 114 

0. 116 

0. 116 

0. 115 

0. 116 

0. 116 

0. 113 

0. 116 

A E DC-T R-67-250 

46. O 1. 274 0. 356 O. 116 

4 6 . 3  1. 279 0. 360 0. 115 

4 6 . 1  1. 275 0. 359 0. 116 

* I n i t i a t i o n  of c h a m b e r  p r e s s u r e  i n c r e a s e  
* * M i d p o i n t  of  1 - s e c  t i m e  i n t e r v a l  (At 2) p r i o r  to  s e e d  f low s h u t o f f  

50 
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TABLE I V  

SUMMARY OF MEASURED LOAD BANK RESISTANCES 

Run 
N u m b e r  f 

R1 

5 9 . 2  0. 177 

59. 3 

5 9 . 4  

5 9 . 5  

5 9 . 6  

60. 1 

6 1 . 2  

6 1 . 3  

6 1 . 4  

6 1 . 5  

6 1 . 7  

6 2 . 1  

6 2 . 2  

6 2 . 3  

6 2 . 4  

6 2 . 5  

6 3 . 1  

6 3 . 2  

6 3 . 3  

6 3 . 4  

6 3 . 5  

6 3 . 6  

6 4 . 1  - - -  
I 

6 4 . 2  - - -  
i 

6 4 . 3  - - -  
l 

6 5 . 6  - - -  

6 6 .  1 - - -  

6 6 . 2  - - -  
= 

6 6 . 3  - - -  

M e a s u r e d  R e s i s t a n c e ,  o h m s  

R2 R3 R4 R c ~ R 3 4  R35  R36  

0 . 2 0 0  0 . 2 0 0  0 . 2 3 5  9 . 8 2  0 . 1 7 0  0 . 1 5 0  0 . 0 9 5  
i I i i i 

, I , I , , I 

15 4 

6 . 9 3  

5 . 0 3  

5 . 0 3  

2 . 9 9  

2 . 9 9  

1 . 0 4  

1 . 0 4  

0 

0 

6 . 9 3  

1 
5 . 0 6  

| I 

I I 

I I 

I I 

I I 

J i 

5 1  
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TABLE IV (Concluded) 

Run 
N u m b e r  

R1 R2 

6 6 . 4  - - -  

6 6 . 5  . . . . . .  

6 6 . 6  - - -  

6 6 . 7  

6 6 . 8  

6 6 . 9  

66 .  I0  

66.  I I  

6 7 . 1  

6 7 . 2  

6 7 . 3  

6 7 . 5  

6 7 . 7  

6 7 . 8  

6 7 . 9  

67 .  I0  

6 8 . 1  

68.2 

68.3 

6 8 . 4  

6 8 . 5  

6 8 . 6  

6 9 . 1  

6 9 . 2  

6 9 . 3  

6 9 . 4  

6 9 . 5  

6 9 . 6  

6 9 . 7  

69.8 

M e a s u r e d  R e s i s t a n c e ,  

R 3  R 4  R c 

. . . . . .  3.07 

. . . . . .  3 . 0 7  

--- --.- I. 05 

. . . . . .  1 . 0 5  

. . . . . .  0 

. . . . . .  0 

. . . . . .  8 . 8 7  

. . . . . .  8 . 8 7  

. . . . . .  1 0 . 8  

- - - - - -  

1 2 . 8  

1 2 . 8  

1 4 . 7  

1 4 . 7  

2 4 . 9  

4 . 8 7  

1 9 . 8  

0 

0 

0 

5 . 0 3  

9 . 7 3  

9 . 7 3  

5 . 0 3  

o h m s  

R 3 4  R 3 5  R 3 6  

5 2  
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O~ 

5 9 . 2  20 1200 

5 9 . 3  

5 9 . 4  

5 9 . 5  

5 9 . 6  

6 0 . 1  

6 1 . 2  

6 1 . 3  

6 1 . 4  

6 1 . 5  

6 1 . 7  

6 2 . 1  

6 2 . 2  

6 2 . 3  

6 2 . 4  

6 2 . 6  

63. 1 

6 3 . 2  

6 3 . 3  

6 3 . 4  

6 3 . 5  

6 3 . 6  

6 4 . 1  

6 4 . 2  

6 4 . 3  

6 3 . 6  

6 6 . 1  

6 6 . 2  

6 6 . 3  

66.4 

TABLE V 
SUMMARY OF CHANNEL ELECTRICAL MEASUREMENTS 

a. Channel-to-Load Bank 

C u r r e n t ,  C h a n n e l - T o - L o a d  Bank ,  a m p  

1 3 . 9  32 - - -  11 4 4 2 8 5 

1 4 . 5  36 - - -  11 6 4 3 9 6 

1 4 3  35 - - -  l O  6 4 4 10 6 

1 3 . 9  33 - - -  I 0  4 4 4 8 6 

14. 3 33 - - -  IO 6 4 3 8 6 

1 2 . 3  24 - - -  6 4 2 3 5 3 

12, 3 20 - - -  6 3 I 4 6 I 

1 2 . 5  26 - - -  9 4 3 4 6 4 

1 2 . 3  23 - - -  8 3 3 2 6 4 

I I .  9 36 - - -  10 4 5 4 10 8 

12. 7 3?  - - -  11 4 4 6 I0  8 

1 2 . 3  36 - - -  12 3 2 3 11 11 

12. i 40  - - -  12 4 4 4 I0  10 

1 2 . 3  40 - - -  12 6 4 4 10 10 

1 2 . 5  44 - - -  13 4 4 4 15 I I  

1 2 . 3  44  - - -  14 3 4 5 14 12 

1 2 . 7  47 - - -  15 4 4 4 17 14 

12. I 49 - - -  16 5 4 5 18 15 

1 2 . 1  60  - - -  16 6 6 6 22 16 

1 2 . 3  61 - - -  17 5 6 7 24 18 

12. I 64 - - -  17 6 6 7 26 18 

1 2 . 5  68  - - -  20 3 7 8 26 20 

1 1 . 6  - - -  36 15 10 10 . . . . . . . . .  

1 1 . 5  - - -  38 14 10 IO . . . . . . . . . .  

1 1 . 5  - - -  36 14 12 10 . . . . . . . . . .  

8 . 9  - - -  36 9 9 15 . . . . . . . . . .  

1 1 . 3  - - -  36  11 10 15 . . . . . . . . . .  

1 1 . 3  - - -  39 15 10 10 . . . . . . . . . .  

1 1 . 5  - - -  42 16 13 12 . . . . . . . . . .  

1 1 , 3  - - -  44  18 11 12 . . . . . . . . . .  

6 7 13 

5 10 12 

4 9 14 

i 4 7 14 

6 7 14 

2 10 7 

2 10 6 

3 6 12 

3 4 10 

6 7 14 

6 10 11 

3 7 12 

5 8 14 

6 7 14 

7 8 16 

? 8 14 

8 9 14 

10 10 15 

12 11 18 

12 10 19 

15 11 21 

13 12 31 

6 10 20 

8 10 16 

8 9 19 

4 6 25 

6 6 22 

lO  10 18 

10 11 21 

12 11 20  

) .  

111 

; 0  

, , j  

0 



0 1  

b~ 

6 6 . 5  2 0  

6 6 . 6  

6 6 . 7  

6 6 . 8  

6 6 . 9  

6 6 ,  lO 

6 6 .  11 

6 7 .  I 

6 7 . 2  

6 7 . 3  

6 7 , 6  

6 7 . 7  

6 7 . 8  

6 7 . 9  

6 7 . 1 0  

68, 1 

6 8 . 2  

6 8 . 3  

6 8 . 4  

6 8 . 5  

6 8 . 6  

6 9 . 1  

6 9 . 2  

6 9 . 3  

6 9 . 4  

6 9 . 5  

6 9 . 6  

6 9 . 7  

6 9 . 6  1 

e, 

1 2 0 0  11 ,  3 

1 1 . 5  

I 1 . 2  

1 0 . 4  

I 1 , 3  

9 . 7  

9 . 7  

1 1 . 3  

, I 

T A B L E  V 

a. Concluded 

o_.  

. _ .  

o . .  

__o 

_ . .  

_ . .  

o ._  

,Jr) . 

~ o  
o 

46 

67 

6o 

61 

67 

28 

29 

22 

24 

25 

22 

24 

20 

22 

13 

31 

36 

38 

16 

16 

8 

64 

60 

64 

36 

21 

24 

36 

68 

21 

2 6  

2 9  

37  

4 3  

11 

12 

5 

8 

8 

8 

9 

7 

8 

4 

7 

12  

12  

1 

O 

- 6  

2 4  

2 7  

32  

12  

6 

4 

14  

2 8  

C u r r e n t ,  C h a n n e l - T o - L o a d  B a n f f ,  a m p  

oa 

11 

14  

14  

2 3  

2 2  

7 

6 

8 

8 

1 0  

8 

8 

7 

9 

6 

8 

10  

12  

6 

7 

3 

10  

13  

12  

8 

7 

4 

6 

9 

~ w ~ ~ 

12  . . . . . . . . .  12  1 2  2 2  

16 . . . . . . . . .  14  1 4  2 8  

14  . . . . . . . . .  1 4  16 3 0  

0 . . . . . . . . .  1 4  15 31  

O . . . . . . . . . .  16  16  3 3  

10  . . . . . . . . .  7 8 13  

8 . . . . . . . . . .  7 8 1 4  

8 . . . . . . . . . .  6 4 12  

6 . . . . . . . . . .  7 6 11 

8 . . . . . . . . . .  6 6 12 

6 . . . . . . . . . .  7 7 9 

6 . . . . . . . . . .  6 7 11 

6 . . . . . . . . . .  5 6 I 0  

5 . . . . . . . . . .  6 7 I 0  

2 . . . . . . . . . .  3 5 5 

12  . . . . . . . . . .  6 6 18  

12 . . . . . . . . . .  8 8 19 

12 . . . . . . . . . .  9 10 18 

8 . . . . . . . . . .  1 4 1 0  

6 . . . . . . . . . .  0 4 9 

12 . . . . . . . . . .  6 4 0 

18 . . . . . . . . . .  2 0  8 2 4  

17  . . . . . . . . . .  22 13 22 

16 . . . . . . . . . .  20 14 28 

l l  . . . . . . . . . .  9 8 16 

8 . . . . . . . . . .  4 6 12  

14 . . . . . . . . . .  10  6 7 

14  . . . . . . . . . .  9 12  14  

18  . . . . . . . . . .  14  16  2 6  

) ,  

r11 
[ 3  
t ' )  

; 0  

, , j  

~ n  
O 



0"1 

TABLE V 
b. Element Top-to-Element Bottom 

~ C u r r e n t .  E l e m e n t  T o p - T o - E l e m e n t  B o t t o m .  a m p  
m 

59.  2 1 3 . 9  1T 14 12 12 12 10 8 11 lO 10 11 14 12 4 16 13 13 13 12 13 13 14 11 11 14 10 

59.  3 1 4 . 5  18 13 12 11 13 10 8 9 10 10 lO 14 12 4 16 12 14 13 12 13 14 14 12 12 14 10 

5 9 . 4  1 4 . 3  14 11 I0  I 0  I0  8 6 8 6 8 

5 9 . 5  1 3 . 9  18 14 12 12 14 I I  8 I 0  I 0  11 

69.  6 14. 3 16 14 10 12 13 10 8 9 

6 0 . 1  1 2 . 3  12 10 8 8 11 8 T 6 

6 1 . 2  1 2 . 3  I 0  6 6 6 6 5 6 5 

61. 3 12 .5  15 10 10 8 10 10 6 9 

6 1 . 4  1 2 . 3  12 6 T! '7 8 '7 6 T 

61 .6  11 .9  16 8 10 6 12 8 6 '7 

61. T 12. T 16 8 10 8 I I  6 6 T 

9 1 1  10 5 13 I 0  12 11 10 12 12 13 12 10 14 10 

11 15 12 4 16 14 15 12 13 13 13 14 12 11 14 1 1  

9 11 l l  14 12 5 16 14 15 12 13 13 13 13 12 11 14 11 

9 T 8 13 11 6 14 9 13 11 9 13 11 12 12 10 13 6 

7 6 6 6 8 6 10 7 9 6 6 11 10 10 10 9 11 8 

9 8 9 13 12 6 14 I0  13 I I  11 14 12 12 12 10 14 10 

8 6 8 10 10 6 11 10 10 10 10 12 11 11 11 10 13 9 

8 9 9 10 10 6 12 10 11 10 10 12 11 11 10 10 12 10 

8 8 8 10 10 6 12 10 12 10 10 12 11 12 11 10 12 10 

6 2 . 1  1 2 . 3  - 6  - 6  - 7  - 6  - 4  - 6  - 6  - 4  - 9  - 8  - i 0  - I I  - 8  - 1 4  - 1 2  - 1 4  - 1 1  - I 0  - 9  - 1 3  - I 0  - 1 1  - 1 3  - 9  - I I  - 1 2  

6 2 . 2  1 2 . 1  -T  - 6  - 6  - 6  - 4  - 6  - 8  -T  - 1 0  - 9  -11  - 1 2  - I I  - 1 4  - 1 4  - 1 4  - 1 2  - 1 0  - I 0  - 1 4  - 1 2  =12 - 1 3  - I 0  - 1 2  - 1 2  

6 2 . 3  1 2 . 3  - 8  - 6  - 6  - 6  - 4  - 8  - 9  - 8  - 1 1 .  - 9  - 1 1  - 1 2  - 1 1  - 1 6  - 1 4  - 1 4  - 1 2  - 1 2  - 1 1  - 1 3  - 1 9  - 1 1  - 1 2  - 1 0  - 1 2  - 1 2  

6 2 . 4  1 2 . 5  - I 0  - 6  - 7  - 6  - 4  - 7  -T  - 6  - 1 1  - 8  - i 0  - 1 2  - 1 1  - 1 4  - 1 4  - 1 4  - 1 2  - 1 2  - 1 2  - 1 2  - 1 2  - 1 2  - 1 2  - 1 0  - 1 2  -12  

6 2 . 5  1 2 . 3  - 6  -6~ - 6  - 5  - 4  -T  - 6  - 6  - 1 0  - 6  - 1 0  - 1 2  - 1 0  - 1 4  - 1 3  - 1 4  - 1 2  - 1 0  - 1 0  - 1 2  - 1 3  - 1 2  - 1 3  - I 0  - 1 2  -11  

6 3 . 1  1 2 . 7  - 4  - 6  - 6  - 4  - 3  - 5  - 6  -T  -7  - T  - 7  ! - 1 2  - 6  - 1 4  - 1 4  - 1 2  -9  - 9  - 1 0  - 1 2  - 1 0  - 1 1  - 1 1  - 9  - 1 1  - I 0  

6 3 . 2  12. 1 - 6  i - 6  - 8  - 4  - 3  -T  - 8  i - 9  - i 0  - 8  - 9  - 1 2  =11 - 1 6  - 1 4  - 1 1  - 1 1  - 1 1  - 1 2  - 1 3  - 1 0  - 1 2  - 1 2  - i 0  - 1 2  - 1 0  

6 3 . 3  12.1  -T -7  -T - 4  -2  , - 4  -6  -T -8  - 8  -8  -12  - 1 0  -12  -13  -10  - I 0  - 10  -11  -12  - 1 0  -12  -11  - 1 0  -12  -10  

6 3 . 4  1 2 . 3  - 8  - 8  - 7  - 4  - 2  I - 6  - 8  - 9  - I 0  - 8  - 9  - 1 2  - I I  - 1 4  - 1 4  -1O - 1 2  - 1 1  - 1 3  - 1 3  - I 0  - 1 2  - 1 2  - 1 0  - 1 3  - I 0  

6 3 . 5  1 2 . 1  - 6  - 8  - 8  - 4  - I  - 4  - 6  - 6  - 8  - T  -T  - I 0  - 8  - I 0  - 1 2  - 9  - 1 0  - I 0  - 1 0  - I 0  - 1 0  - I 0  - 1 0  - 9  - 1 1  - 9  

6 3 . 6  1 2 . 5  ~?  - 8  -T  - 4  - 2  - 6  -T  - 9  -9  - 8  - 8  - 1 2  - 1 0  - 1 2  - 1 4  - 1 0  - I 0  - 1 0  - 1 0  - 1 2  - I 0  - 1 2  =12 - I 0  - 1 2  - 9  

6 4 . 1  I I .  5 20  13 12 6 I0  8 T 9 1O 6 T 13 12 T 13 10 13 11 11 14 12 13 12 1O 13 8 

64.  2 I I .  5 21 14 12 7 8 10 3 9 10 10 I I  14 13 10 13 12 13 12 13 14 12 12 12 I0  13 I 0  

6 4 . 3  1 1 . 5  21 14 13 6 10 I 0  I0  I I  1O 12 I I  15 14 T 15 14 14 12 12 14 12 12 13 11 14 10 

6 6 . 6  6 . 9  14 I I  14 6 8 8 6 g 9 6 Q 10 I I  5 14 10 13 I0  10 11 12 11 12 10 14 6 

6 6 . 1  I I .  3 1T 13 12 4 6 8 6 6 8 5 6 I I  12 4 14 8 12 I 0  6 12 I 0  12 10 1O 13 9 

6 6 . 2  1 1 . 3  22  14  12 0 8 9 6 I 0  I 0  9 8 13 13 10 12 10 12 10 10 13 11 12 12 12 12 8 

) ,  

m 

:4 

o 
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TABLE V 
b. Continued 
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A E D C - T R - 6 7 - 2 5 0  

TABLE V 
b. Continued 

0 

m 

59 .2  13 .9  12 10 

59 .3  14 .5  12 9 

5 9 . 4  14 .3  12 9 

59 .5  13.9  12 11 

59 .6  14 .3  12 11 

60.1  12 .3  11 10 

61 .2  12 .3  10 10 

61 .3  12.5  11 11 

8 1 . 4  12.3  10 10 

61 .5  11.9  10 10 

61 .7  12 .7  10 19 

62.1  12 .3  -5  -8  

62 .2  12. 1 -8  -9 

62 .3  1 2 . 3  -8  -10  

62 .4  12 .5  -9  -10  

62 .5  12 .3  -10  -9  

63.1  12.7 -8 -9  

63 .2  12.1 -9  - i 0  

63 .3  12.1 -10 -10  

83 .4  12 .3  -10  o10 

63 .5  12.1 -9 -10  

63 .6  12.5  -10 -10  

84 .1  11.5  13 10 

64 .2  l l .  5 13 10 

64 .3  11 .5  14 12 

6 5 . 6  8 .9  12 10 

66.1  11 .3  10 8 

66 .2  11.3  10 10 

C u r r e n t ,  E l e m e n t  T o p - T o - E l e m e n t  Bo t tom,  a m p  

13 - 8 10 6 10 4 4 

13 8 I0  7 I0 4 4 

13 7 8 6 I0  4 4 

14 9 10 7 10 5 4 

14 10 10 8 10 6 4 

14 7 9 5 9 4 3 

11 6 7 4 8 4 3 

14 8 9 7 10 6 4 

12 8 8 6 9 5 4 

12 8 8 6 8 4 3 

12 8 8 6 8 " 3 3 

-10 -8  -10  -9  -8  -14  -9  

-13 -9  -10  -10  -8  -14 -10  

-14  -10 -11 -10  -8  -15  -11 

-14  - I 0  - I 0  -8  - 8  -14  -12  

-14  - I 0  - I 0  -8  -8  -14  -12 

-12 -9  -8  -7 -7 -16 -10  

-14  -10  -9  - 8  -8  -18  -12  

-13 -8  -9  -8  -8  -18  -14  

-14  -9  -10  -8  -8  -20  -14  

-12 -8  -8  -6  -6 -18  -14  

-12 -9  -9 -7  -7  -22  -15  

15 6 9 6 I0  4 2 

14 8 10 7 9 6 2 

16 9 10 8 10 7 3 

12 7 9 5 9 6 3 

14 5 8 5 8 5 1 

14 7 8 7 8 6 0 

,Z ,¢~  

4 

4 

4 

4 

4 

2 

2 

4 

3 

3 

0 

- I I  

-12 

- I I  

-12 

-12  

- I I  

-12  

'-13 

-13 

-13  

-14  

2 

2 

3 

3 

2 

0 

0 
¢.0 

~ c o  

3 

3 

3 

4 

3 

2 

2 

2 

2 

2 

5 

-12  

-17  

-17  

-18  

-17 

-14  

-17 

-20  

-21 

-22  

-22  

0 

3 

3 

0 

-2  

1 

57 



A E D C - T R - 6 7 - 2 5 0  

o I r~ 
m 

= ~ i , , | 

66.3  I 11.3  , 10 I 10 I 14 

66 .4  
I I 

66.5  
I I 

6 6 . 6  
] I 

8 6 . 7  
I I 

6 6 . 8  
I I 

6 6 . 9  
L I 

6 6 . 1 0  
I I 

66.  11 
I I 

6 7 . 1  ~ 1 1 . 5  I 11 I 8 I 12 

67 .2  11.3 
I I 

67.3  
I I 

6 7 . 5  

6 7 . 7  I ~ 11 10 

67 .8  
I I 

67.9  
I I 

6 7 . 1 0  1 0 . 4  
I ' 

68. i 11.3 
I I 

68.2  
I I 

68.3  
I I 

6 8 . 4  
I I 

68.5  
I I 

6 8 . 6  
I I 

69.  1 
I I 

, 10 8 12 69 .2  i [ L i 

69.3  9 . 7  
I I 

6 9 . 4  9, 7 
I I 

6 9 . 5  i I I . 3  

69.6  i I 

69.7  i i - 10  1 

6 9 , 8  . . - 8  i - 8  . - 1 0  

T A B L E  V 
b. Concluded 

C u r r e n t ,  E l e m e n t  T o p - T o - E l e m e n t  B o t t o m ,  a m p  

I I f I f I I I I 

8 8 7 8 6 1 1 1 
I I l I I I I I I 

10 10 12 / 7 8 6 , 8 6 0 2 O 
I ( I I I ~ I I I I 

lO I lO 13 8 8 7 8 6 0 1 1 
I I I I I 1 I ' I I 

10 10 12 7 8 6 8 I 4 0 0 0 
I I I I I I f I I I 

10 10 12 8 8 6 8 5 0 0 0 
I I I I I I I I I ! 

9 9 12 6 7 6 7 4 0 0 : 0 
I I I I i t I I r I 

10 10 12 8 8 6 8 4 O 0 0 
I I I I I I I I I I 

10 10 0 0 ! 8 8 9 7 2 2 2 
1 b i i I I ~ I I I 

12 10 14 8 10 8 10 8 2 2 i 2 
I I I I I I I I I i 

6 8 8 8 6 2 2 2 
] I I J I I i I 

11 10 14 7 10 8 9 7 2 / 2 2 
I I I I I 1 I t i I 

11 11 14 8 10 8 9 7 3 3 2 
I I i I I I I I L I 

11 12 14 8 10 8 10 8 . 2 3 4 
I I I I I ~ I I I I 

14 8 9 8 9 7 3 3 2 
I I I J ~ I I I I I 

11 14 8 9 8 l 9 8 4 3 2 l O  I I , I I I t , t 

12 11 14 9 9 8 10 8 4 3 2 
I I I i I i I I I I 

11 10 16 8 10 8 10 8 4 3 5 
I I I I I I I f I I 

12 8 16 6 8 6 10 6 2 2 1 
I - I I I I I I I I I 

i i  9 14 8 8 8 9 7 2 2 - 4  
I I I I I I I I I I 

12 10 14 9 9 8 9 7 2 2 2 
I I I I i I I I I I 

12 I I  16 8 lO 8 I I  8 5 4 2 
I I ~ I I ~ I I I 1 

12 I 0  16 8 10 9 I0  9 8 : 4 3 
I I I I I I I I i I 

- 8  - 8  I - 1 2  - 8  - 1 0  - 7  - 8  - 6  -9  - 6  - 2  
I ~ I P I I I ~ I I 

6 11 5 6 5 6 5 L -6 1 -2  
9 t  I I I I i I ~ i t 

8 5 5 8 6 -9 0 O 
I I l I i I t I 

9 12 5 6 5 6 4 O 0 0 
10 , i i i , i , i i i 

I 0  9 12 7 8 8 8 8 2 2 2 
l i ~ I i ~ I I I 

11 9 13 6 6 6 8 6 2 2 1 
t ; i t i i l i i i 

- 9  - 8  - 1 1  - 8  - I O  -7  - 6  - 6  - 1 3  - 8  - 7  
i I I I I I I I I 

- I I  : - 8  - I 0  - 8  - 6  - 8  - I 0  - 1 2  - 1 4  
" 8 i  i 1 i l i i i 

- 8  - 9  -7 - 6  - 1 3  - 1 6  - 1 6  > - 2 0  

5 8  



A E D C - T  R - 6 7 - 2 5 0  

T A B L E  V 

c .  L o a d  B a n k  V o l t a g e s  

= 

5 9 . 2  

5 9 . 3  

5 9 . 4  

5 9 . 5  

5 9 . 6  

6 0 . 1  

6 1 . 2  

6 1 . 3  

6 1 . 4  

6 1 . 5  

6 1 . 7  

6 2 . 1  

6 2 . 2  

6 2 . 3  

6 2 . 4  

6 2 . 5  

6 3 . 1  

6 3 . 2  

6 3 . 3  

6 3 . 4  

6 3 . 5  

6 3 . 6  

6 4 . 1  

6 4 . 2  

6 4 . 3  

6 5 . 6  

6 6 . 1  

6 6 . 2  

0 

1 3 . 9  

1 4 . 5  

1 4 . 3  

1 3 . 9  

1 4 . 3  

. 1 2 . 3  

1 2 . 3  

1 2 . 5  

1 2 . 3  

1 1 . 9  

1 2 . 7  

1 2 . 3  

1 2 . 1  

1 2 . 3  

1 2 . 5  

1 2 . 3  

1 2 . 7  

1 2 . 1  

1 2 . 1  

1 2 . 3  

1 2 . 1  

1 2 . 5  

1 1 . 5  

1 1 . 5  

1 1 . 5  

8 . 9  

1 1 . 3  

1 1 . 3  

L o a d  B a n k  V o l t a g e ,  v 

R 1  R 2  R 3  R 4  

t t t 

~ ®  2 2  2 2  2 2  

f 

o 4 4 6 
I 

0 4 4 6 

0 3 4 6 

0 4 4 6 

0 4 4 6 
J 

0 2 2 4 

0 2 2 4 

0 3 3 4 

0 2 2 4 

0 3 4 6 

0 3 4 6 

0 3 4 6 

0 4 4 6 

0 4 4 6 

0 4 4 6 

0 4 4 7 

0 4 4 7 

0 4 5 7 

0 5 6 8 

0 5 6 8 

0 5 6 9 
l 

O 6 6 1 0  
I 

I 

! 

I 

I 

I 

R c e n t e r  i R 3 4  

I I 

3 2 0  - - -  5 
I I 

3 5 0  - - -  5 
I I 

3 4 0  = - - -  5 
I ! 

330  - - - .  5 
I I 

330  - - - 5 
I I 

350 --- 4 
I I 

310 --- 4 
I I 

3 9 0  - -  - 4 
I I 

3 5 0  - - -  4 
I I 

2 6 0  - - -  5 
I I 

2 7 0  - - -  5 
I 1 

2 6 0  - - -  4 
I I 

2 8 0  - - -  5 
! | 

2 8 0  - - -  6 
I I 

2 3 0  . . . .  6 
= ! 

2 3 0  - - -  6 
i 

1 5 0  - -  - 6 
j t 

1 6 0  - - -  6 

' i 
7 0  - - -  8 

7 0  'I ___ i 8 
I I ] 

0 - - -  8 
I I I 

0 - - -  8 
I I ] 

- - -  2 5 5  . . . .  
" 1  ] ] 

- - -  2 7 0  
= i t 

--- 2 6 0  --- 

I i i 
- - -  I 180  - - -  

I , , 
- - -  1 8 0  - - -  

! I 

--- 200 --- 

R 3 5  R 3 6  

~ ID a )  G,1 

I 

3 1 
I 

4 1 
I 

4 0 
I 

4 1 
! 

4 ' 0 

319 
3 ! 0 

i 
2 ; 0 

I 

2 0 
I 

3 0 
1 

4 0 
I 

3 0 
I 

3 0 
I 

3 1 
I 

4 1 
I 

4 1 
I 

4 1 
I 

4 i 
! 

4 2 
I 

4 2 
I 

4 2 
! 

5 1 
I 

I 

! 

I 

I 

I 
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AEDC-T  R-67-250 

TABLE V 

c. Concluded 

~ J  
R 1  

6 6 . 3  

6 6 . 4  

6 6 . 5  

6 6 . 6  

6 6 . 7  

6 6 . 8  

6 6 . 9  

6 6 . 1 0  

6 6 . 1 1  

6 7 . 1  

6 7 . 2  

6 7 . 3  

67.5 

67.7 

6 7 . 8  

6 7 . 9  

6 7 .  1 0  

6 8 . 1  

6 8 . 2  

6 8 . 3  

6 8 . 4  

68.5 

6 8 . 6  

6 9 . 1  

6 9 . 2  

6 9 . 3  

6 9 . 4  

6 9 . 5  

6 9 . 6  

6 9 . 7  

6 9 .  6 

1 1 . 3  

1 1 . 5  

1 1 . 3  

1 0 . 4  

1 1 . 3  

9 . 7  

9 . 7  

1 1 . 3  

L o a d  B a n k  V o l t a g e ,  v 

R 2  R 3  R 4  R c e n t e r  R 3 4  R 3 5  R 3 6  

I i i i 

. . . . . . . . . . . .  2 2 0  - - - 

. . . . . .  1 3 0  - - -  

1 
. . . . . . . . . . . .  1 4 0  . . . . . . . . .  

- - -  !, - . . . . . . . .  6 0  - - -  , . . . . . .  

. . . . . . . . . . . .  6 5  . . . . . . . . .  

I 
. . . . . . . . . . . .  0 . . . . . . . . .  

. . . . . . . . . . . .  0 - - -  I . . . . . .  

. . . . . . . . . . . .  250 --- r . . . . . .  

i 
. . . . . . . . . . . .  2 6 5  . . . . . . . . .  

. . . . . . . . . . . .  2 4 0  . . . . . . . . .  

. . . . . . . . . . . .  2 6 5  . . . . . . . . .  

. . . . . . . . . . . .  2 8 0  . . . . . . . . .  

. . . . . . . . . . . .  2 8 5  . . . . . . . . .  

. . . . . . . . . . . .  320 . . . . . . . . .  

. . . . . . . . . . . .  3 0 0  . . . . . . . . .  

. . . . . . . . . . . .  3 3 0  . . . . . . . . .  

. . . . . . . . . . . .  3 2 0  . . . . . . . . .  

. . . . . . . . . . . .  160 . . . . . . . . .  

. . . . . . . . . . . .  180  . . . . . . . . .  
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