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PREFACE 

The work r e p o r t e d  he re in  was  conducted by the Arnold  E n g i n e e r -  
ing Deve lopment  Cen te r  (AEDC), A i r  F o r c e  Sys t ems  Command  (AFSC),  
under  P r o g r a m  E lemen t  65807F. The r e s u l t s  of the r e s e a r c h  w e r e  
obtained by ARO, I n c . ,  AEDC Division (a Sverd rup  Corpora t ion  
Company) ,  opera t ing  c o n t r a c t o r  for  the AEDC,  AFSC,  Arnold  A i r  
F o r c e  Station,  T e n n e s s e e ,  under  ARO P r o j e c t  Number  R32S-06A. 
The au tho r s  of this  r e p o r t  a r e  B. Krakow,  E. L.  Kiech,  and H. A. 
McAdoo, ARO, Inc. Dr .  H e r m a n  E. Scott is the A i r  F o r c e  p ro j ec t  
m a n a g e r .  The m a n u s c r i p t  (AI:~O Contro l  No. A R O - E T F - T R - 7 6 - 8 6 )  
was  submi t ted  for  publ icat ion on August  6, 1976. 
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1.0 INTRODUCTION 

A t e c h n i q u e  fo r  in s i tu a n a l y s i s  of cai~bon m o n o x i d e  (CO) in c o m -  
bus t ion  gas  s y s t e m s  is n e e d e d  at AEDC. I n f r a r e d  a n a l y s i s  is p e c u l i a r -  
ly wel l  su i t ed  to the  CO m o l e c u l e  s i n c e  it has  a f a i r l y  s t r o n g  funda-  
m e n t a l  band c o n s i s t i n g  of wel l  s p a c e d  v i b r a t i o n - r o t a t i o n  l i n e s  in the  
s p e c t r a l  r a n g e  f r o m  2 ,000  to 2 ,200 w a v e n u m b e r s  (Ref. 1). F o r  r e -  
duct ion  of i n f r a r e d  data,  it is d e s i r a b l e  to have  m e a s u r e m e n t s  of 
i s o l a t e d  CO l i ne s .  

The  f u n d a m e n t a l  i n f r a r e d  CO band is f l anked  by c a r b o n  d iox ide  
(CO 2) and w a t e r  v a p o r  (H20) bands .  The  w a v e l e n g t h  r a n g e s  of the  
CO2 and H20 bands  expand at high t e m p e r a t u r e s ,  i n c r e a s i n g  the  
t e n d e n c y  of t h e s e  bands  to o v e r l a p  and i n t e r f e r e  with CO l i n e s .  Since 
the c o n c e n t r a t i o n s  of CO 2 and H20  a r e  u sua l l y  much  l a r g e r  than CO 
in c o m b u s t i o n  g a s e s ,  even  the w e a k e r  l i n e s  of t h e s e  m o l e c u l e s  can 
have  su bs t an t i a l  i n t ens i t y  r e l a t i v e  to CO l i ne s .  Some  CO l i n e s  can  
a lso  o v e r l a p  each  o the r .  In p r i n c i p l e ,  the  o v e r l a p p i n g  of t h e s e  l i n e s  
does  not p r e c l u d e  t h e i r  u s e  in CO a n a l y s i s ,  but it m a k e s  c a l c u l a t i o n s  
m o r e  diff icul t .  

In o r d e r  to f ind and spec i fy  i s o l a t e d  CO l i n e s  that  would  be  use fu l  
fo r  c o m b u s t i o n  gas  d i a g n o s t i c s ,  CO s p e c t r a  have  been  s tud ied  in both 
e m i s s i o n  and a b s o r p t i o n  in a v a r i e t y  of s a m p l e s .  The  e x p e r i m e n t s  a r e  
d e s c r i b e d  in Sect ion 2, the r e s u l t i n g  s p e c t r a  a r e  p r e s e n t e d  in Sec t ion  3, 
and i s o l a t e d  l i n e s  fo r  u se  in c o m b u s t i o n  gas  d i a g n o s t i c s  a r e  s p e c i f i e d  
in Sec t ion  4 of th is  r e p o r t .  

2.0 EXPERIMENTAL APPARATUS 

High r e s o l u t i o n  m e a s u r e m e n t s  of CO s p e c t r a  of s e v e r a l  s a m p l e s  
of i n t e r e s t  have  been  m a d e  with an EOCOM high  r e s o l u t i o n  F o u r i e r  
t r a n s f o r m  s p e c t r o m e t e r  (FTS) m o d e l  7101, which  is a M i c h e l s o n  
i n t e r f e r o m e t e r  (Ref. 2) with a p p r o p r i a t e  p o s i t i o n - m o n i t o r i n g  and 
d a t a - r e c o r d i n g  equ ipmen t .  Th is  i n t e r f e r o m e t e r  was  u s e d  in a 
f r e q u e n c y  r a n g e  f r o m  1,800 to 3, 700 w a v e n u m b e r s  with an ind ium 
a n t i m o n i d e  (InSb) d e t e c t o r  and a c a l c i u m  f l u o r i d e  (CaF 2) b e a m -  
s p l i t t e r .  The  m a x i m u m  r e s o l u t i o n  is 0 .07  cm -1.  The s p e c t r a l  
m e a s u r e m e n t s  i nc luded  both l a b o r a t o r y  and t e s t  ce l l  s o u r c e s .  In 
both c a s e s ,  s a m p l e s  of s u b s t a n t i a l l y  d i f f e r e n t  t e m p e r a t u r e s  w e r e  
o b s e r v e d .  
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2.1 LABORATORY SETUP 

In t h e  l a b o r a t o r y ,  an F / 6  b e a m  of  r a d i a t i o n  e m i t t e d  o r  t r a n s -  
m i t t e d  by  s m a l l  s a m p l e s  w a s  c o l l e c t e d  by  an 8 - i n .  c a s s e g r a i n  
t e l e s c o p e  w h i c h  t r a n s m i t t e d  it to t he  i n t e r f e r o m e t e r  a s  a 2 - i n .  
c o l l i m a t e d  b e a m .  T h e  1 - m m  i n t e r f e r o m e t e r  d e t e c t o r  w a s  f o c u s e d  
to a 2 . 6 - m m  spot  by  t h e  8 - i n .  t e l e s c o p e .  F o r  t r a n s m i t t a n c e  m e a s -  
u r e m e n t s ,  a G l o b a r  ® w a s  f o c u s e d  on t h i s  spo t  in a m a t c h i n g  F / 6  
b e a m  by  a 6 - i n .  c a s s e g r a i n  t e l e s c o p e .  

Flames or absorption cells were placed at the telescope focus 
for studies in emission or absorption, respectively. Figure 1 
pictures the laboratory setup with a lO-cm absorption cell in the 
optical beam of the interferometer-spectrometer. 

CollsOle 

Figure 1. Photograph of laboratory apparatus used to obtain high resolu- 
tion measurements of CO emission and absorption spectra. 
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2.2 TEST CELL MEASUREMENTS SETUP 

High r e s o l u t i o n  s p e c t r a  of r o c k e t  p l u m e s  w e r e  o b t a i n e d  in two 
t e s t  c e l l s  (T-3  and R - 2 H ) ' a t  AEDC (Ref.  3). 

In m e a s u r e m e n t s  in the  T-3  t e s t  ce l l ,  the  i n t e r f e r o m e t e r -  
s p e c t r o m e t e r  was  one of e ight  op t i ca l  i n s t r u m e n t s  which  w e r e  
a l i gned  so that  t h e i r  f i e l d s  of v iew p a s s e d  t h rough  a point  on the  
c e n t e r l i n e  of the  t e s t  c e l l  (Fig.  2). Bo th  500- and 1 ,000-1bf  l iqu id  
p r o p e l l a n t  r o c k e t  e n g i n e s  bu rn ing  n i t r o g e n  t e t r o x i d e / m o n o m e t h y l h y -  
d r a z i n e  (N204 /MMH)  w e r e  u s e d  in th i s  t e s t .  V a r i o u s  o x y g e n - t o - f u e l  
( O / F )  r a t i o s  and n o z z l e  c o n f i g u r a t i o n s  w e r e  u s e d  du r ing  the  t e s t s  at  
s i m u l a t e d  a l t i t u d e s  g r e a t e r  than 100,000 ft.  The  i n t e r f e r o m e t e r  
v i e w e d  the  p l u m e  at  an e l e v a t i o n  ang le  of 24 deg  t h r o u g h  a c a l c i u m  
f l u o r i d e  window in the  t e s t  ce l l  wal l .  The  i n s t r u m e n t  had  a 0 . 1 5 - d e g  
f i e l d  of v iew and a 3 - in .  - d i a m  a p e r t u r e  at the  ce l l  c e n t e r l i n e .  The  
b a c k g r o u n d  was  a l iqu id  n i t r o g e n - c o o l e d  b l ack  pane l .  

To Control Room (Approximately 350 ft) 

T3 lEST 

Engine Radial Traverse 
(+12-in. ) E n v e l o p /  
(Axial Traverse) / 3 6 i n . ~  

I nfrared 
Source 

Dump Tube 

f Radiometer ' I merTeromezer 
Spectrometer 

Infrared Grati n9 
Spectrometer 

Fixed 
Emission-Absorption 

Variable 
Emission-Absorption 

LN 2- Cooled 
Background 
Panel 

Laser Laser Raman ~ \  
Measurement System 

Total Pressure and Exhaust Gas Composition Probe 

Figure 2. Arrangement for high resolution spectral radiation 
measurements from rocket plume in Test Cell T-3. 
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In t h e  R - 2 H  t e s t  c e l l ,  t h e  i n t e r f e r o m e t e r - s p e c t r o m e t e r  w a s  o n e  
of  s e v e n  o p t i c a l  i n s t r u m e n t s  w h i c h  w e r e  a l i g n e d  so  t h a t  t h e i r  f i e l d s  
of  v i e w  p a s s e d  t h r o u g h  t h e  c e n t e r l i n e  of  t h e  t e s t  c e l l  ( F i g .  3). T h e  
e n g i n e  u s e d  in t h i s  t e s t  w a s  a 5-1bf  t h r u s t  r o c k e t  b u r n i n g  N 2 0 4 / M M H  
a t  v a r i o u s  O / F  r a t i o s .  T h e  i n t e r f e r o m e t e r  v i e w e d  t h e  p l u m e  on  a 
h o r i z o n t a l  l i n e  o f  s i g h t  t h r o u g h  a c a l c i u m  f l u o r i d e  w i n d o w  in  t h e  
t e s t  c e l l  w a l l .  T h e  i n s t r u m e n t  h a d  a 0 . 1 5 - d e g  f i e l d  of  v i e w  a n d  a 
2 . 2 - i n .  a p e r t u r e  at  t h e  c e l l  c e n t e r l i n e .  A l i q u i d  n i t r o g e n - c o o l e d  
b l a c k  p a n e l  w a s  i n s e r t e d  in t h e  c e l l  n e a r  t h e  w a l l  o p p o s i t e  t h e  i n t e r -  
f e r o m e t e r  w i n d o w  to  m i n i m i z e  b a c k g r o u n d  i n t e r f e r e n c e  w h e n  t h e  
i n t e r f e r o m e t e r  w a s  u s e d .  T h i s  p a n e l  b l o c k e d  t h e  l i n e  o f  s i g h t  of  t h e  
U V - v i s i b l e  s p e c t r o m e t e r  ( F i g .  3), w h i c h  w a s  no t  u s e d  a t  t h e  s a m e  
t i m e  a s  t h e  i n t e r f e r o m e t e r .  P a r a m e t e r s  o f  b o t h  m o d e l  r o c k e t  
e n g i n e s  u s e d  a r e  s h o w n  in  T a b l e  I .  

i I ,.,_, Spectrometer, Camera ^ Radiometer 

UV-Visible 
Spectrometer ! ~ 1 1 1  0 11111nterferometerspectrometer 

2.7-g 
3, IO0-A " ~  "~Radiometer Radiometer 

Figure 3. Arrangement for high resolution spectral radiation 
measurements from rocket plume in Test Cell R-2H. 
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Table 1. 

Parameter 

Thrust 

Chamber Pressure 

Propellants 

Nozzle Geometry 

Nozzle Area Ratio 

Nozzle Exit Diameter 

Oxygen to Fuel Ratio (O/F) 

Rocket Engi.e Parameters 

T e s t  Cel l  T e s t  Ce l l  
T-3  R-2H 

1,000 lb 5 lb 

500 p s i a  50 p s i a  

N 2 0 4 / M M H  N 2 0 4 / M M H  

Conica l  Con ica l  

25 40 

6 in. 1.55 in. 

1.82 i .  59 

3.0 RESULTS 

CO s p e c t r a  in the  IR f u n d a m e n t a l  v i b r a t i o n - r o t a t i o n  band have  
been  o b t a i n e d  with al l  the d i f f e r en t  e x p e r i m e n t a l  cond i t i ons  d e s c r i b e d .  
They  have  been  d i s p l a y e d  and the  s p e c t r a l  l i n e s  iden t i f i ed .  F o r  each  
b r a n c h  of any band,  at l e a s t  one  l i ne  is s p e c i f i e d  on each  s p e c t r u m  to 
be p r e s e n t e d  fo r  o r i e n t a t i o n  p u r p o s e s .  

3.1 LABORATORY STUDIES 

3.1.1 High Tempera~re Emission Spectrum 

A 0.2  c m - 1  r e s o l u t i o n  e m i s s i o n  s p e c t r u m  of a B e r n z o m a t i c  ® t o r c h  
is shown f r o m  1 ,800 to 3 ,700  c m - 1  in F ig .  4. The  s p e c t r u m  is 
d o m i n a t e d  by the  v e r y  s t r o n g  CO 2 v 3 f u n d a m e n t a l  band  tha t  s w a m p s  
al l  o t h e r  r a d i a t i o n  f r o m  2 ,200  to 2, 400 crn -1 and has  c o n s i d e r a b l e  in- 
t e n s i t y  b e t w e e n  2, 100 and 2, 200 crn-1 .  The  CO 2 r a d i a t i v e  s t r u c t u r e  at 
f r e q u e n c i e s  s m a l l e r  than 2 ,200  c m - 1  is p r i m a r i l y  a t t r i b u t a b l e  to hot 
l i n e s  (v 'v"  = 2-1;  3-2;  e tc .  ) found at e l e v a t e d  t e m p e r a t u r e s  c h a r a c t e r -  
i s t i c  of c o m b u s t i o n  g a s e s .  (The t e m p e r a t u r e  at the c e n t e r  of a B e r n z o -  
m a t i c  t o r c h  f l a m e  is a p p r o x i m a t e l y  1,500°K. ) Howeve r ,  m u c h  CO 
s t r u c t u r e  can be  s e e n  r i d i n g  on the  CO 2 c o n t i n u u m  in the  2, 100 to 
2 ,200  c m - 1  r eg ion ,  and CO l i n e s  a r e  the p r i m a r y  s p e c t r a l  f e a t u r e s  
b e t w e e n  2 ,000  and 2, 100 c m - 1 .  Th i s  s u r v e y  s p e c t r u m  i m m e d i a t e l y  
s u g g e s t s  that  the  R b r a n c h  of the  CO f u n d a m e n t a l  band,  which  l i e s  

9 
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c l o s e s t  to the  CO 2 v3 band is s t r o n g l y  o v e r l a p p e d  by the  hot  CO 2 
s p e c t r u m ,  but that  the P b r a n c h  s u f f e r s  l i t t l e  CO2 i n t e r f e r e n c e .  The  
c l e a r  l i n e s  a r e  m o s t  d e s i r a b l e  fo r  u se  in a n a l y s i s ,  but the  l i n e s  r i d -  
ing on the c o n t i n u u m  can be use fu l  w h e r e  the  c o n t i n u u m  is  not  too 
s t r o n g .  Th i s  is  s e e n  m o r e  c l e a r l y  in F ig .  5, which  is  an e x p a n s i o n  
of the 2 ,000  to 2 ,200  c m - 1  r e g i o n  of the  B e r n z o m a t i c  t o r c h  s p e c t r u m  
wi th  CO and H 2 0  e m i s s i o n  l i n e s  iden t i f i ed .  The l o w e r  f r e q u e n c y  
l i n e s  in the CO P b r a n c h  s u f f e r  p r o g r e s s i v e l y  m o r e  f r e q u e n t  i n t e r -  
f e r e n c e  f r o m  H 2 0  l i n e s  of the  H 2 0  v2 band c e n t e r e d  at 1 ,595  c m - 1 .  

3.1.2 Moderate Temperature Absorption Cell Spectrum 

F i g u r e  6 shows  an a b s o r p t i o n  s p e c t r u m  of a 1 0 - t o r r ,  r o o m  t e m -  
p e r a t u r e  s a m p l e  of CO c o n t a i n e d  in a 1 0 - c m - l o n g ,  g l a s s  a b s o r p t i o n  
ce l l  with c a l c i u m  f l u o r i d e  windows at e i t h e r  end.  The r e s o l u t i o n  in 
the  s p e c t r u m  is 0 .07 c m - 1 .  The  s tab i l i ty ,  low n o i s e  l eve l ,  and high 
r e s o l u t i o n  d e r i v e d  f r o m  th is  o p e r a t i n g  p r o c e d u r e  m a k e  weak  l i n e s  
m o r e  obv ious  than in the f l a m e  s p e c t r u m .  In th is  s p e c t r u m ,  l i n e s  
of the n a t u r a l l y  o c c u r r i n g  CO i s o t o p e s  C13016 and C12018  a r e  a l so  
c l e a r l y  d i s c e r n i b l e .  Th i s  s p e c t r u m  r e v e a l s  t h o s e  C12016 l i n e s  
which  a r e  o v e r l a p p e d  by i so top ic  CO l i n e s  and which a r e  t h e r e f o r e  
not the m o s t  d e s i r a b l e  fo r  u s e  in i n f r a r e d  a n a l y s e s .  

3.2 TEST CELL STUDIES 

3.2.1 High Temperature Rocket Plume 

Figure 7 is a spectrum of the I, 000-1bf thrust liquid propellant 
(N204/MMH) rocket plume taken during a firing in test cell T-3. 
The particular engine configuration in this case was the one listed 
in Table I. The O/F ratio was I. 8, and the test cell was operated 
at a simulated altitude of 110, 000 ft. The resolution in the spec- 
trum of Fig. 7 is 0.3 cm-l. A bandpass filter was used to isolate 
the 2, 000 to 2, 150 cm -l region. This filter minimizes noise and 
interference due to the CO2 v3 band and the H20 v2 band, giving 
a clearer picture of the most useful spectral range for study of CO. 
Rocket performance properties for this measurement were calcu- 
lated using the NASA rocket performance program (Ref. 4) and are 
shown in Table 2. This data suggests the nature of the sample 
involved. Calculations made with the Lockheed method of char- 
acteristics plume expansion computer program (Ref. 5) indicate 
that the plume temperature along the centerline decreased by about 

11 
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130°K in t h e  f i r s t  t h r e e  i n c h e s  f r o m  t h e  e x i t  p l a n e .  T h e  e n t i r e  s e g -  
m e n t  o f  t he  c e l l  c e n t e r l i n e  w i t h i n  t h e  f i e l d  of  v i e w  o f  t h e  i n t e r f e r o m -  
e t e r  w o u l d  t h e n  be  a b o v e  1 , 0 0 0 ° K .  T h e  s p e c t r u m  s h o w s  two  r e g u l a r  
s e r i e s  of  l i n e s  r e p r e s e n t i n g  t h e  1 -0  a n d  2-1  CO b a n d s ,  i n t e r s p e r s e d  
w i t h  s c a t t e r e d  w a t e r  v a p o r  l i n e s .  

12 
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Table 2. Theoretical Rocket Performance Assuming Equilibrium Composition 
During Expansion of a 1,000-1bf Thrust Rocket in Test Cell T-3 

O / F  = N 2 0 4 / M M H  = i .  82 

E q u i v a l e n c e  R a t i o  -- i .  3716 

C e l l  P r e s s u r e  = 5 . 3  t o r r  ( l l 0 , 0 0 0  ft) 

C h a m b e r  P r e s s u r e  = 500 p s i a  

Ex i t  S t a t i c  P r e s s u r e ,  a t m  

Ex i t  S t a t i c  T e m p e r a t u r e ,  °K 

D e n s i t y ,  g m / c c  

M a c h  N u m b e r  

N o z z l e  E x p a n s i o n  R a t i o  (AE/AT) 

Exit Plane Conditions 

0 . 1 1 8 9  

1 , 2 3 3  

2 . 5 8 1 3  x 10 -5  

4 . 0 0 2 5  

2 5 . 0  

C o m p o s i t i o n  M o l e  F r a c t i o n  

CO 0 . 0 6 8 9 1  

CO 2 0 . 1 0 0 2 6  

H 2 0 . 1 6 0 2 6  

H 2 0  0 . 3 4 7 2 4  

N 2 0 . 3 2 3 3 3  

3.2.2 Moderate Temperature Rocket Plume 

A 0 . 3  c m - 1  r e s o l u t i o n  e m i s s i o n  s p e c t r u m  of t h e  5-1bf  t h r u s t  
l i q u i d  p r o p e l l a n t  ( N 2 0 4 / M M H )  r o c k e t  p l u m e  in t h e  R - 2 H  t e s t  c e l l  is  
s h o w n  f r o m  2 , 0 0 0  to 2 , 4 5 0  c m - 1  in F i g .  8. F o r  t h i s  c a s e  a 5-1bf  
t h r u s t ,  40 to 1 n o z z l e  e x p a n s i o n  r a t i o .  I .  6 O / F  r a t i o  e n g i n e  c o n -  
f i g u r a t i o n  w a s  u s e d ,  and  the  t e s t  c e l l  w a s  o p e r a t e d  at  a s i m u l a t e d  
a l t i t u d e  of 2 2 5 , 0 0 0  f t .  

T h e  p l u m e  t e m p e r a t u r e  in t h i s  c a s e  w a s  l o w e r  t h a n  e i t h e r  t h e  
i ,  000-1bf  r o c k e t  p l u m e  o r  t h e  B e r n z o m a t i c  t o r c h ,  w h i c h  w e r e  d i s -  
c u s s e d  p r e v i o u s l y .  T h e  CO 2 v 3 b a n d  in  t h i s  c a s e  is  c o n f i n e d  to  w e l l  
r e s o l v e d  g r o u p s  of l i n e s  b e t w e e n  a b o u t  2 , 2 5 0  a n d  2 , 4 0 0  c m  -1 a n d  
d o e s  no t  o v e r l a p  t h e  CO e m i s s i o n .  In  t h e  CO f u n d a m e n t a l ,  n o  h o t  
l i n e s  a r e  o b v i o u s ,  a n d  t h e  i n t e n s i t i e s  of  l i n e s  p r e s e n t  a r e  o n l y  a f e w  
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Figure 8. Emission spectrum of rocket plume in R-2H Test Cell 
(2 ,000 to 2 ,450  cm -1 , 0.3 cm -1 resolution). 

p e r c e n t  of t h e i r  c o u n t e r p a r t s  in the  s p e c t r u m  fo r  the  1 , 0 0 0 - 1 b f  t h r u s t  
r o c k e t  p l u m e  in T e s t  Ce l l  T - 3 .  The  i n t e n s i t y  d i f f e r e n c e  was  due in 
p a r t  to the  f ac t  tha t  the  r a t i o  of f ie ld  of v i ew  to p l u m e  s i ze  w a s  m u c h  
l a r g e r  f o r  the  5-1bf r o c k e t  p l u m e  than  f o r  the 1 ,000-1bf  p l u m e .  
C a l c u l a t i o n s  (Ref .  5) i n d i c a t e  a p l u m e  t e m p e r a t u r e  d rop  a long  the  
c e n t e r l i n e  of about  240°K wi th in  the  f i e ld  of v i ew of the  i n t e r f e r o m e t e r .  
An e x p a n d e d  plot  of th i s  CO s p e c t r u m  is shown in F ig .  9, in wh ich  
the  l i n e s  a r e  iden t i f i ed .  P r o p e r t i e s  of the  5-1bf t h r u s t  r o c k e t ,  c a l c u -  
l a t e d  u s i n g  Ref .  4, a r e  shown in T a b l e  3. 

3.3 L I N E S  FOR C O M B U S T I O N  G A S  D I A G N O S T I C S  

S e v e r a l  i s o l a t e d  CO l i n e s  s u i t a b l e  f o r  u s e  in c o m b u s t i o n  gas  
d i a g n o s t i c s  w e r e  found by o b s e r v i n g  the  p r e v i o u s l y  i n t r o d u c e d  s p e c -  
t r a .  S ince  the n u m b e r  and l o c a t i o n  of the i s o l a t e d  l i n e s  depend  to 
s o m e  ex ten t  on the  t e m p e r a t u r e  of the s o u r c e ,  t h r e e  l i s t s  w e r e  
p r e p a r e d  c o r r e s p o n d i n g  to h igh  and m o d e r a t e  t e m p e r a t u r e  s a m p l e s  
and  l i n e s  c o m m o n  to both s a m p l e s .  The  l i s t s  a r e  l i m i t e d  to l i n e s  
which  fe l l  wi th in  the  s p e c t r a l  r a n g e  s t u d i e d  f o r  e a c h  type  of s a m p l e .  
T a b l e  4 l i s t s  l i n e s  tha t  a r e  s u i t a b l e  f o r  u s e  wi th  m o d e r a t e  t e m p e r a -  
t u r e  s a m p l e s ,  and T a b l e  5 g ives  s i m i l a r  i n f o r m a t i o n  f o r  h igh  
t e m p e r a t u r e  s a m p l e s  ( > I, 000"K). T a b l e  6 c o n t a i n s  l i n e s  c o m m o n  
to both T a b l e s  4 and 5. 
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Table 3. Theoretical Rocket Performance Assuming Equilibrium Composition 
During Expansion of a 5-1bf Rocket in Test Cell R-2H 

O / F  --- N 2 0 4 / M M H  = 1 . 5 9  

E q u i v a l e n c e  R a t i o  = 1 .57  

C e l l  P r e s s u r e  = 0 . 0 7  t o r r  ( 2 2 5 , 0 0 0  ft)  

C h a m b e r  P r e s s u r e  = 50 p s i a  

Ex i t  S t a t i c  P r e s s u r e ,  a t m  

Ex i t  S t a t i c  T e m p e r a t u r e ,  OK 

D e n s i t y ,  g m / c c  

M a c h  N u m b e r  

N o z z l e  E x p a n s i o n  R a t i o  (AE/AT) 

Co m p o  s it ion 

CO 

CO2 

H 2 

H 2 0  

N 2 

Exit Plane Conditions 

O. 0061 

952 

I.  62 x 10 -6 

4 . 4 5  

2 5 . 0  

M o l e  Fraction 

O. 06 

0. I I  

O. 25 

0 . 2 6  

0 . 3 1  
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Table 4. Isolated CO Lines in Moderate Temperature Samples 

Note:  

L i n e  

R22 

R21 

R20 

R19 

R18 

R17 

R15 

RI4  

R12 

R8 

R6 

R2 

R1 

P6 

P8  

P I I  

1:'12 

P21 

P22 

Band Wave Number, 1/cm 

( i  -o) 2, 22 I .  75 

2 , 2 1 8 . 7 5  

2 , 2 1 5 . 7 0  

2, 212.63  

2 , 2 0 9 . 5 1  

2 , 2 0 6 . 3 5  

2, 199.93 

2, 196.66 

2, 190.02 

2, 176.28  

2, 169 .20  

2, 154.60  

2, 150.86  

2, 119 .68  

2, 111 .54  

2, O99. O8 

2 , 0 9 4 . 8 6  

2 , 0 5 5 . 4 0  

2,050.85 

T h e s e  da ta  w e r e  d e r i v e d  f r o m  R-2H t e s t  r e s u l t s  and r o o m  
t e m p e r a t u r e  a b s o r p t i o n  c e l l  m e a s u r e m e n t s .  
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Table 5. Isolated CO Lines in High Temperature Samples 

Note:  

Line 

R22 

R21 

R20 

RI9 

RI8 

RI4 

R2 

P8 

R21 

R20 

RI7 

R6 

P1 

P2 

P6 

PI5 

Band Wave N u m b e r ,  1 ] c m  

(1 -o) 

(2-1) 

2, 221.75 

2 , 2 1 8 . 7 5  

2 , 2 1 5 . 7 0  

2. 212.63 

2, 209.51 

2, 196.68 

2, 154.60 

2, 111.54 

2, 191.49 

2, 188.49 

2, 179.24 

2, 142.47 

2 , 1 1 2 . 9 8  

2, 109.14 

2, O93.41 

2, 056.05 

These data were derived from Bernzomatic torch and 
T-3 test results. 

23 



A E D C - T R - 7 7 - 1 1  

Table 6. 

Line 

R22 

R21 

R20 

R19 

R18 

R14 

R2 

P8 

CO Lines Isolated in Both Moderate and High 
Temperature Samples 

Band Wave  N u m b e r ,  1 / c m  

(I-0) 2 , 2 2 1 . 7 5  

2,218 .75  

2 , 2 1 5 . 7 0  

2, 212.63 

2 , 2 0 9 . 5 1  

2, 196.66 

2, 154.60 

2, 111.54 

4.0 SUMMARY 

S e v e r a l  h igh r e s o l u t i o n  s p e c t r a  of s a m p l e s  con ta in ing  CO w e r e  
ob ta ined  in o r d e r  to d e t e r m i n e  i s o l a t e d  CO l i n e s  which would be 
use fu l  in c o m b u s t i o n  gas  d i a g n o s t i c s .  The  s a m p l e s  invo lved  d i f f e r -  
ent  t e m p e r a t u r e s  and c o n t a i n e d  o t h e r  c o n s t i t u e n t s  {CO 2 and H20,  
fo r  e x a m p l e )  u s u a l l y  p r e s e n t  in typ ica l  c o m b u s t i o n  g a s e s .  Spec t r a  
w e r e  ob ta ined  u n d e r  both l a b o r a t o r y  and t e s t  ce l l  cond i t ions .  
S e v e r a l  CO l i n e s  w e r e  iden t i f i ed  which  w e r e  wel l  enough i s o l a t e d  
f r o m  o t h e r  CO, CO 2, and H20  l i n e s  to be u se fu l  in a c o m b u s t i o n  
gas  d i a g n o s t i c s  p r o g r a m .  
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