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Errors have been found in the theoretical model as presented in 
Eqs. (1) through (6) on pages 11 through 13. Consequently, the data pre- 
sented in Figs. 4, 5, 10, and 11 and Tables 1 and 2, obtained using the 
model, must be considered suspect. 

An AEDC Technical Report containing the correct model and corrected 
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1.0 INTRODUCTION 

AEOC-TR-76-134 

The work  r e p o r t e d  h e r e i n  is p a r t  of a p r o g r a m  c u r r e n t l y  be ing  con -  
duc ted  to a s s e s s  the f e a s i b i l i t y  of e m p l o y i n g  op t ica l  t e c h n i q u e s  fo r  the  
m e a s u r e m e n t  of po l lu tan t  e m i s s i o n s  f r o m  je t  eng ine  e x h a u s t s .  The  
e x p e r i m e n t a l  p o r t i o n  of th is  work  was conduc t ed  at the  USAF A e r o p r o -  
pu l s i on  L a b o r a t o r y  ( A F A P L ) ,  W r i g h t - P a t t e r s o n  Ai r  F o r c e  B a s e ,  Ohio. 
The  work  r e p o r t e d  h e r e  is c o n c e r n e d  with  the  m e a s u r e m e n t  of n i t r i c  
oxide  (NO) c o n c e n t r a t i o n  us ing  a p r e v i o u s l y  d e v e l o p e d  u l t r a v i o l e t  (UV) 
r e s o n a n c e  a b s o r p t i o n  m e t h o d  (Refs .  1 and 2). O the r  i n v e s t i g a t i v e  e f f o r t s  
in th i s  p r o g r a m  a r e  d e s c r i b e d  in l~efs. 3, 4, and 5. 

An exhaus t  gas ,  s i m i l a r  to a t u r b i n e  eng ine  exhaus t ,  was  g e n e r a t e d  
by use  of a conven t i ona l  j e t  eng ine  c o m b u s t o r  bu rn ing  J P - 4  fue l .  The  
c o m b u s t i o n  gas  g e n e r a t e d  by th i s  f a c i l i t y  was s u b j e c t e d  to p r o b e -  
s a m p l i n g  a n a l y s i s  m e t h o d s  in a c c o r d  with  r e c o g n i z e d  p r a c t i c e s  (Ref. 6) 
and to op t i ca l  a b s o r p t i o n  m e t h o d s .  An i n f r a r e d  '(IR) gas  f i l t e r  c o r r e l a t i o n  
m e t h o d  was  e m p l o y e d  by o t h e r s  fo r  NO and c a r b o n  m o n o x i d e  (CO) con-  
cen t ra t ' i on  m e a s u r e m e n t s ,  and th is  work  is r e p o r t e d  s e p a r a t e l y  (Ref. 4). 
The  work  r e p o r t e d  h e r e  c o n c e r n s  only the m e a s u r e m e n t s  m a d e  u s i n g  the  
UV r e s o n a n c e  a b s o r p t i o n  m e t h o d  fo r  d e t e r m i n i n g  NO c o n c e n t r a t i o n  and 
the  m e a s u r e m e n t s  of NO c o n c e n t r a t i o n  m a d e  us ing  a c o n v e n t i o n a l  g a s -  
s a m p l i n g  p r o b e  and c h e m i l u m i n e s c e n t - t y p e  gas  a n a l y z e r .  

The  UV r e s o n a n c e  a b s o r p t i o n  m e t h o d ,  as  u sed  p r e v i o u s l y  (Refs .  1 
and 2), has  been  r e s t r i c t e d  to c a s e s  in wh ich  the  c o n c e n t r a t i o n ,  s t a t i c  
t e m p e r a t u r e ,  and s t a t i c  p r e s s u r e  a long  the  op t i ca l  pa th  w e r e  a s s u m e d  to 
be h o m o g e n e o u s .  F o r  the f i r s t  t i m e ,  a r a d i a l  i n v e r s i o n  of the d i s t r i -  
bu t ion  of m e a s u r e d  t r a n s m i s s i v i t y  as a func t ion  of the d i s t a n c e  f r o m  the 
s t r e a m  c e n t e r l i n e  ( h e r e a f t e r  r e f e r r e d  to as the p r o j e c t e d  t r a n s m i s s i v i t y  
d i s t r i b u t i o n ) ,  a long  with k n o w l e d g e  of the  r a d i a l  s t a t i c  t e m p e r a t u r e  d i s -  
t r i b u t i o n  ob ta ined  by a to t a l  t e m p e r a t u r e  p r o b e  and an a s s u m e d  c o n s t a n t  
s t a t i c  p r e s s u r e ,  p e r m i t t e d  d e t e r m i n a t i o n  of l o c a l  v a l u e s  of NO c o n c e n -  
t r a t i o n  so that  a r a d i a l  d i s t r i b u t i o n  of c o n c e n t r a t i o n  was ob ta ined .  The  
l o c a l  v a l u e s  of NO c o n c e n t r a t i o n  ob ta ined  by the op t ica l  m e t h o d  a r e  c o m -  
p a r e d  in the r e p o r t  to l o c a l  v a l u e s  m e a s u r e d  by p r o b e  s a m p l i n g  in con-  
j u n c t i o n  with a c h e m i l u m i n e s c e n t  a n a l y z e r .  

The combustor was operated at a constant fuel to air ratio of about 

0.0 13, but on occasion pyridine was added to the fuel to increase the 

nitric oxide concentration and thus provide a range of measurement con- 

ditions. The combustor exhaust flowed through an 18-ft length of 12-in. - 

diam duct before exhausting to atmosphere. Measurements were made 
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at t w o  a x i a l  s t a t i o n s  in  t h e  e o m b u s t o r  e x h a u s t  s t r e a m :  3 in.  d o w n s t r e a m  
of t h e  d u c t  e x i t ,  a n d  a b o u t  18 in.  d o w n s t r e a m .  T h e  l a t t e r  m e a s u r e m e n t  
s t a t i o n  w a s  c h o s e n  in  o r d e r  to  t e s t  t h e  o p t i c a l  m e t h o d s  in  a n o n h o m o g e n e -  
o u s  m e d i u m .  

2.0 EXPERIMENTAL APPARATUS 

2.1 COMBUSTION GAS GENERATOR 

T h e  c o m b u s t i o n  g a s  g e n e r a t o r  a p p a r a t u s  c o n s i s t s  of a h e a t e d  i n l e t  
a i r  s u p p l y  a n d  a f u e l  s y s t e m  f r o m  w h i c h  J P - 4  f u e l  i s  f ed  to  a T - 5 6  
t u r b i n e  e n g i n e  c o m b u s t o r ,  w h i c h  e x h a u s t s  t h r o u g h  a p l e n u m  s e c t i o n  and  
t h r o u g h  a n  e x h a u s t  d u c t  12 in .  in  d i a m e t e r  a n d  a p p r o x i m a t e l y  18 f t  l o n g  
to  a t m o s p h e r e .  T h e  c o m b u s t o r  w a s  o p e r a t e d  a t  an  i n l e t  a i r  t e m p e r a t u r e  
of 9 0 0 ° F  w i t h  a f u e l  to  a i r  r a t i o  of  0. 013 ,  and  t h e  a i r f l o w  r a t e  t h r o u g h  t h e  
c o m b u s t o r  w a s  4 . 5  l b / s e c  f o r  t h e s e  t e s t s .  A m b i e n t  a i r  i s  e n t r a i n e d  in  
t h e  p l e n u m  s e c t i o n  a n d  m i x e d  w i t h  t h e  c o m b u s t o r  e x h a u s t  a t  t h e  i n l e t  of  
t h e  1 2 - i n .  d u c t .  T h e  v e l o c i t y  of t h e  g a s  at  t h e  d u c t  e x i t  w a s  d e t e r m i n e d  
to  b e  a b o u t  200 f t / s e c .  T h e  o p t i c a l  and  p r o b e  g a s - s a m p l i n g  m e a s u r e -  
m e n t s  w e r e  m a d e  at  s t a t i o n s  3 and  18 in .  d o w n s t r e a m  of t h e  e x h a u s t  d u c t  
e x i t .  A s c h e m a t i c  d i a g r a m  of t h e  c o m b u s t o r  and  a s s o c i a t e d  e q u i p m e n t  is  
s h o w n  in  F i g .  1. A m o r e  d e t a i l e d  d e s c r i p t i o n  of  t h e  e x p e r i m e n t a l  s e t u p  
i s  c o n t a i n e d  in  R e f .  3. 

In  o n e  p h a s e  of t h e  p r o g r a m  p y r i d i n e  w a s  a d d e d  to  t h e  f u e l  in  o r d e r  
t o  i n c r e a s e  t h e  NO c o n t e n t  of t h e  e x h a u s t  g a s .  T h e  p y r i d i n e  w a s  a d d e d  to 
t h e  f u e l  by  o p e n i n g  a n e e d l e  v a l v e  to  t h e  p y r i d i n e  s u p p l y  b o t t l e  and  s e t t i n g  
a f l o w  r a t e  t o  g i v e  a c e r t a i n  a m o u n t  of i n c r e a s e  in  t h e  p r o b e - m e a s u r e d  
NO c o n c e n t r a t i o n .  A d d i t i o n  of  t h e  p y r i d i n e  d id  n o t  a l t e r  a n y  of  t h e  p e r -  
f o r m a n c e  p a r a m e t e r s  of t h e  c o m b u s t o r  by a s i g n i f i c a n t  a m o u n t  (Ref .  3). 

2.2 UV RESONANCE ABSORPTION SYSTEM 

T h e  in  s i t u  r e s o n a n c e  a b s o r p t i o n  s y s t e m ,  l o c a t e d  as  s h o w n  in F i g .  2, 
c o n s i s t e d  of a r e s o n a n c e  l a m p  s o u r c e  w i t h  t r a n s m i t t i n g  o p t i c s  and  a 0 . 5 - m  
s p e c t r o m e t e r  w i t h  r e c e i v i n g  o p t i c s  l o c a t e d  on  o p p o s i t e  s i d e s  of  t h e  e x h a u s t  
d u c t  o n  a r m s  of  a t r a v e r s e  m e c h a n i s m  w h i c h  c o u l d  be  t r a v e r s e d  v e r t i c a l l y  
and  p o s i t i o n e d  a x i a l l y .  T h e  s o u r c e  o p t i c a l  s y s t e m  p r o v i d e d  a 1 - c m - d i a m  
p a r a l l e l  b e a m  a c r o s s  t h e  e x h a u s t .  T h e  r a d i a t i o n  s o u r c e  w a s  a c a p i l l a r y ,  
h i g h  v o l t a g e  ( 3 , 0 0 0 - v  DC) d i s c h a r g e  t u b e  t h r o u g h  w h i c h  a 12 :3 :1  m i x t u r e  
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(by v o l u m e )  of A r : N 2 : O  2, r e s p e c t i v e l y ,  f l o w e d  at  a p r e s s u r e  of  6 t o r t .  
T h e  d i s c h a r g e  t u b e  w a s  w a t e r  c o o l e d  to  l o w e r  t h e  t e m p e r a t u r e  of t h e  g a s  
m i x t u r e ,  t h u s  e n s u r i n g  a n a r r o w  l i n e  r a d i a t i o n  s o u r c e .  

T h e  s p e c t r o m e t e r  ( r e c e i v e r )  u s e d  in  t h i s  e x p e r i m e n t  w a s  a 0 . 5 - m  
C z e r n y - T u r n e r  t y p e  m o u n t ,  g r a t i n g  i n s t r u m e n t  w i t h  a 2 , 3 6 0  g r o o v e / m m  

• g r a t i n g  b l a z e d  f o r  m a x i m u m  r e f l e c t i o n  at  3 , 0 0 0  ~ .  T h e  s p e c t r o m e t e r  w a s  
e q u i p p e d  w i t h  c u r v e d  s l i t s  w h i c h  w e r e  o p e n e d  to  200 ~. T h e  2 0 0 - #  s l i t  
w i d t h  r e s u l t e d  in  a 1 . 6 - : ~ s p e c t r a l  b a n d p a s s .  A n  R C A  1P28  p h o t o m u l t i p l i e r  
t u b e ,  s e l e c t e d  f o r  low n o i s e  and  h i g h  g a i n ,  w a s  u s e d  a s  a d e t e c t o r .  T h e  
p h o t o m u l t i p l i e r  t u b e  s i g n a l  w a s  a m p l i f i e d  by  a n  o p e r a t i o n a l  a m p l i f i e r ,  a n d  
t h e  s i g n a l  w a s  r e c o r d e d  a s  t h e  o r d i n a t e  on  an  x - y  p l o t t e r .  

T h e  c o n v e n t i o n a l  w a v e l e n g t h  d r i v e  of t h e  s p e c t r o m e t e r  w a s  r e p l a c e d  
by a S e l s y n  ® m o t o r  r e c e i v e r  w h i c h  c o u l d  be  d r i v e n  by t h e  S e l s y n  ® 
d r i v e r  l o c a t e d  r e m o t e l y  in  o r d e r  to  p r o v i d e  r e m o t e  c o n t r o l  of t h e  w a v e -  
l e h g t h .  A 1 0 - t u r n  p o t e n t i o m e t e r  w a s  g e a r e d  to  t h e  S e l s v n  ® r e c e i v e r  
s h a f t  a nd  p r o v i d e d  t h e  w a v e l e n g t h  s i g n a l  w h i c h  w a s  r e c o r d e d  a s  t h e  
a b s c i s s a  on  t h e  x - y  p l o t t e r .  

Plenum 

- / [ _ j  
Supply Combustor  c,o, er 

S P ectr°m eter I ---o- 1 r-Table 

Exhaust Duct Ell 

Track ~L 

Probe Source 

Heated Sample Line ,.- 
Figure 1. Diagram of combustor facility and instrumentation layout 

(AFAPL System at WPAFB, Ohio). 
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Lens, Fused Silica-~ 

PNt Tube, RCA IP28-~I 
Entrance S l i t - - ~ /  

Spectrometer 

--  Lens, Fused Silica 

- Tuning Fork Chopper 

F Discharge Tube 

~pectral Line Source 

Figure 2. 
Exhaust Duct 

Schematic of resonance absorption apparatus for in situ 
measurements of NO concentration in exhaust of jet 
engine combustor. 

2.3 PROBE-SAMPLING SYSTEM 

The p robe  and g a s - s a m p l i n g  s y s t e m  u s e d  fo r  th is  s tudy  w e r e  con-  
s t r u c t e d  in a c c o r d a n c e  with  r e c o m m e n d a t i o n s  by the  E n v i r o n m e n t a l  
P r o t e c t i o n  A g e n c y  (EPA) (Ref. 6). The  p r o b e  t ip  was a s e c t i o n  of 0. 18- 
in. -ID u n c o o l e d  s t a i n l e s s  s t e e l  tube;  the  t r a n s f e r  l i ne  was  an a p p r o x i -  
m a t e l y  50-f t  l e n g t h  of 0 . 2 5 - i n .  s t a i n l e s s  s t e e l  tubing  h e a t e d  by e l e c t r i c a l  
h e a t e r  t ape  to a t e m p e r a t u r e  of 300°F; and the  NO a n a l y z e r  was  a TEKO 
Model  10A c h e m i l u m i n e s c e n t - t y p e  i n s t r u m e n t .  A to ta l  t e m p e r a t u r e  
p robe ,  u t i l i z i ng  a Chrome l@-Alume l  ® t h e r m o c o u p l e  was a l so  m o u n t e d  
on the  p robe  s t r u t  and was u s e d  to ob ta in  to ta l  t e m p e r a t u r e  p r o f i l e s .  
S ince  the v e l o c i t y  is low (~ 200 f t / s e c ) ,  the  s t a t i c  t e m p e r a t u r e  in the  
e x h a u s t  s t r e a m  was  a s s u m e d  to be equa l  to the  m e a s u r e d  to ta l  t e m p e r -  

a t u r e .  

3.0 DESCRIPTION OF THE UV RESONANCE ABSORPTION METHOD 

3.1 THEORETICAL CONSIDERATIONS 

The details of the theory of the UV resonance absorption technique 
for the measurement of species concentrations have been treated else- 
where (Refs. 7 through 9). The theory depicts the relationship between 
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the t r a n s m i s s i v i t y  at s o m e  wave l eng th  and the  p r o p e r t i e s  ( s p e c i e s  
n u m b e r  dens i ty ,  s t a t i c  t e m p e r a t u r e ,  and s t a t i c  p r e s s u r e )  of the  gas  
in the  a b s o r b i n g  path. Fo r  a r a d i a t i o n  s o u r c e  e m i t t i n g  only r a d i a t i o n  
f r o m  the  "y-bands of NO, the t r a n s m i s s i v i t y ,  t, in a g iven  f r e q u e n c y  
i n t e r v a l ,  Av,  of a h o m o g e n e o u s  gas  of a g iven  pa tb length ,  ~, c o n t a i n -  
ing a n u m b e r  dens i ty ,  N, of m o l e c u l e s  is g iven  by 

f o  q ~n2 ( .  - vj  e +o0 , - 
~I°o exp '~- , -  ~-- exp ; i~k o f  ;a dv 
j uj o ~ L (, sVj)D • ,--~ a" + (co i -  y) J 

tAp ~o ~ ~ (u - v] 

J 

where: 

I O 

/ 2  ° . 

J 

= i n t e n s i t y  of the  j th  s o u r c e  l ine  at c e n t e r  
f r e q u e n c y ,  v~ 

v = F r e q u e n c y  v a r i a b l e ,  c m -  1 

(AsUj) D = Dopp le r  width at 1/2 I ° 
l ine ,  c m - 1  v°. J 

of the  j th  s our ce 

'o /~n2 K T s 
(Asuj) D = 2vj~/ 2 

\'Isc 

= B o l t z m a n n ' s  cons tan t ,  1 .38 x 10 -16 e r g / ° K  

(2) 

T = Gas temperature in the source lamp, °K 
S 

c = Velocity of light, 3. O0 x i0 I0 cm/sec 

M = Mass  of m o l e c u l e s  in the  sour~ce l a m p ,  g m  
S 
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k 7]° 
1 

= D o p p l e r  a b s o r p t i o n  c o e f f i c i e n t  of t h e  i t h  
a b s o r p t i o n  l i n e  at l i n e  c e n t e r  f r e q u e n c y ,  
c m -  1 

v°i 

£ = path l e n g t h ,  cm 

a t = l i n e - b r o a d e n i n g  p a r a m e t e r  d e f i n e d  b y  

a" = 1,200 (+ 200) p / T  a (3) 

p = s t a t i c  p r e s s u r e  in t he  a b s o r b i n g  m e d i u m ,  
a r m  

T a = s t a t i c  t e m p e r a t u r e  in the  a b s o r b i n g  m e d i u m ,  
o K 

y = d u m m y  v a r i a b l e  of  i n t e g r a t i o n  

a i  = D o p p l e r  f r e q u e n c y  f u n c t i o n  f o r  i th  l i n e ,  at  
f r e q u e n c y  v i, g i v e n  b y  

o 
V - -  W] 

(4) 

(A a Vi) D = D o p p l e r  w id th  a t  1 /2  kvo" of t he  i th  a b s o r p t i o n  l i n e  
1 

~ 2 ~n 2 K T 
( A a V ) D  = "rip o a 

Ma c2 
(5) 

T a = s t a t i c  t e m p e r a t u r e  of  the  a b s o r b i n g  g a s ,  OK 

M a = m a s s  of the  m o l e c u l e s  in t h e  a b s o r b i n g  g a s ,  g m  
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F o r  the  (0, 0) - r -bands  of NO, the D o p p l e r  a b s o r p t i o n  c o e f f i c i e n t  at l i ne  
c e n t e r  is r e l a t e d  to the n u m b e r  d e n s i t y  of a b s o r b i n g  m o l e c u l e s  as 
fo l lows :  

kv~ = 1.603 x 10 -14 SiN F, Ta exp (-1.438 Ta) (6) 

where 

-3 N = n u m b e r  d e n s i t y  of a b s o r b i n g  m o l e c u l e s ,  c m  

S i = r o t a t i o n a l  l i ne  s t r e n g t h  f a c t o r  ( H o n l - L o n d o n  fac tor}  

-1 F i = r o t a t i o n a l  e n e r g y  of the  g r o u n d  s t a t e ,  cm 

The  d e r i v a t i o n  of E q u a t i o n s  (1) t h r o u g h  (6) is g i v e n  in de t a i l  in Refs .  8 
and 9. 

E q u a t i o n s  (1) t h r o u g h  (6) con ta in  one op t i ca l  quan t i ty ,  the  t r a n s -  
m i s s i v i t y  t,  and t h r e e  gas  p r o p e r t i e s ,  N, T a, and p. The  r e m a i n d e r  
of the  t e r m s  a r e  p h y s i c a l  c o n s t a h t s  o r  known m o l e c u l a r  p r o p e r t i e s .  
The  p r e s s u r e  e n t e r s  only as  it a f f ec t s  the  l i n e - b r o a d e n i n g  p a r a m e t e r ,  
a ' .  If the p r e s s u r e  and t e m p e r a t u r e  a r e  known,  t h e n  N can  be ob ta ined  
f r o m  the  m e a s u r e m e n t  of the t r a n s m i s s i v i t y ,  t. Note  tha t  the  e q u a t i o n  
ho lds  only when  t e m p e r a t u r e ,  p r e s s u r e ,  and c o n c e n t r a t i o n  a r e  c o n s t a n t  
a long  the op t i ca l  path; h o w e v e r ,  if the  p r o p e r t i e s  of the  gas  a r e  nonho-  
m o g e n e o u s  but the  l o c a l  r a d i a l  v a l u e s  of N, T a, and p a r e  known,  t hen  
the t r a n s m i s s i v i t y  can  be c a l c u l a t e d  by s u m m i n g  a long  the  path  a s s u m i n g  
i n c r e m e n t s ,  ~ ,  of h o m o g e n e o u s  p r o p e r t i e s .  

The  i n v e r s e  p r o b l e m ,  d e t e r m i n a t i o n  of" N a long  the op t i ca l  path  
f r o m  m e a s u r e m e n t s  of t,  Ta ,  and p a long a pa th  hav ing  n o n u n i f o r m  gas  
p r o p e r t i e s ,  can  be s o l v e d  in s o m e  c a s e s .  One such  c a s e  is tha t  of 
c y l i n d r i c a l  s y m m e t r y  in which  c o n c e n t r i c  zones  of c o n s t a n t  p r o p e r t i e s  
can  be a s s u m e d  and a m e a s u r e m e n t  of t is  m a d e  t h r o u g h  c h o r d s  a long  
the  v e r t i c a l  d i r e c t i o n ,  thus  g iv ing  a p r o j e c t e d  t r a n s m i s s i v i t y  d i s t r i b u t i o n  
as a func t ion  of d i s t a n c e  f r o m  the s t r e a m  c e n t e r l i n e .  The  i n v e r s i o n  
procedure functions by starting with a transmissivity measurement in 
the outside zone, computing N from Eqs. 1 through 6, proceeding to 
the next zone and iterating on N of the inner zone until the measured t 
is determined, and so forth. In this way N as a function of the radial 
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d i s t a n c e  i s  d e t e r m i n e d .  M o r e  d e t a i l  on  t h e  i n v e r s i o n  p r o c e d u r e  i s  
g i v e n  in  S e c t i o n  3 . 3 .  

3.2 PROCEDURE FOR OBTAINING UNIFORM GAS PROPERTIES 
IN ABSORPTION PATH 

The procedure used to obtain the number of NO molecules along a 
given optical path is given as follows for the case of constant tempera- 
ture and pressure of the absorbing gas along the path. The apparatus 
shown in Fig. 2 is used to obtain a reference trace of the spectrum of 
t h e  (0, 0) ~ / -band  of  NO w i t h  no a b s o r b i n g  g a s  in  t h e  l i g h t  p a t h  ( tha t  i s ,  
w i t h  t h e  c o m b u s t o r  off) .  T h e n ,  w i t h  t h e  c o m b u s t o r  o p e r a t i n g ,  t h e  
s p e c t r u m  is  a g a i n  s c a n n e d .  A n  e x a m p l e  t r a c e  i s  s h o w n  in  F i g .  3 f o r  
t h e  s t a t i o n  3 in .  d o w n s t r e a m  of t h e  c o m b u s t i o n  g a s  g e n e r a t o r  e x i t .  It  
h a s  b e e n  f o u n d  c o n v e n i e n t  to  u s e  t h e  t r a n s m i s s i v i t y  at t h e  s e c o n d  b a n d -  
h e a d  of t h e  (0, 0) b a n d  a s  a m e a s u r e  of t h e  n u m b e r  of a b s o r b i n g  m o l e -  
c u l e s  in  t h e  p a t h  b e c a u s e  of e a s e  of m e a s u r e m e n t  of t h e  p e a k  t r a n s -  
m i s s i o n .  At  g a s  t e m p e r a t u r e s  l e s s  t h a n  a b o u t  1 , 0 0 0 ° K  t h e  t r a n s -  
m i s s i v i t y  a t  t h e  p e a k  of e i t h e r  t h e  (1, 1) o r  (2, 2) b a n d s ,  w h i c h  a l s o  a p p e a r  
i n  F i g .  3, s e r v e s  a s  an  i n d i c a t o r  of w h e t h e r  a t t e n u a t i o n  f r o m  s p u r i o u s  
s o u r c e s  ( w i n d o w  f o g g i n g ,  s o u r c e  i n t e n s i t y  c h a n g e ,  p a r t i c u l a t e  s c a t t e r i n g ,  
c o n t i n u u m  a b s o r p t i o n  f r o m  o t h e r  m o l e c u l e s ,  e t c .  ) o r  d r i f t  in  t h e  s o u r c e  
r a d i a t i o n  n e e d s  to  be  a c c o u n t e d  f o r  in  t h e  d e t e r m i n a t i o n  of t h e  t r a n s -  
m i s s i v i t y .  In  t h e  c a s e  of F i g .  3, no  a p p r e c i a b l e  d i f f e r e n c e  in  t h e  t r a n s -  
m i s s i o n  w i t h  t h e  c o m b u s t o r  on  o r  off  a t  t h e  (1, 1) o r  (2, 2) b a n d h e a d s  c a n  
be  d e t e c t e d ,  a n d  n o  c o r r e c t i o n s  to  t h e  (0, 0) s e c o n d  b a n d h e a d  t r a n s m i s -  
s i v i t y  n e e d  be  m a d e .  If t h e  r a t i o  of t h e  m e a s u r e d  s i g n a l  to  t h e  r e f e r e n c e  
s i g n a l  at  t h e  s e c o n d  b a n d h e a d  of t h e  (2, 2) b a n d  h a d  b e e n  o t h e r  t h a n  u n i t y ,  
t h e  r a t i o  at  t h e  (0, 0) b a n d h e a d  w o u l d  h a v e  b e e n  c o r r e c t e d  by d i v i d i n g  i t  
by  t h a t  at  t h e  (2, 2) b a n d h e a d  to  o b t a i n  t h e  t r a n s m i s s i v i t y .  

With the measured transmissivity, t, at a given combustor oper- 
ating condition, it remains to relate the transmissivity to the optical 
thickness (number density times path length for uniform absorbers, 
N~ - molecules/era 2) of the absorbing gas. This relation may ensue 
from a calibration at temperatures and pressures expected; or, once 
the theoretical relations (I) through (6) are substantiated by experiment, 
the number density can be obtained from the first principle calculation. 
For the NO molecule a substantial amount of work has been done at 
AEDC to establish the first principle model (Ref. 9) so that the trans- 
mitted band profile can be accurately calculated for a given spectral 
instrument using a digital computer. Thus, the procedure used to 
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r e l a t e  (0, O) s e c o n d  bandhead  t r a n s m i s s i v i t y  to n u m b e r  dens i t y  a long 
a u n i f o r m  path  is to input the t e m p e r a t u r e ,  the  p r e s s u r e ,  the  path 
l eng th ,  and s e v e r a l  va lue s  of e x p e c t e d  n u m b e r  dens i t y  into a c o m p u t e r  
p r o g r a m  for  so lv ing  Eqs .  (1) t h rough  (6), compute  the  s p e c t r a ,  and 
s i m u l a t e  the s p e c t r a l  m e a s u r e m e n t  funct ion.  Shown in Fig.  4 a r e  s i m u -  
l a t ed  (0, 0) band p r o f i l e s  for  a r a n g e  of n u m b e r  d e n s i t i e s  of NO at the  
path l e n g t h  and a v e r a g e  p r e s s u r e  and t e m p e r a t u r e  of the s t a t i on  3 in. 
d o w n s t r e a m  of the  c o m b u s t o r  exhaus t  exit .  The r e s u l t i n g  t r a n s m i s s i v i t y  
at the  wave l eng th  of the s econd  bandhead  is t abu la ted  in Fig.  4, and the  
a b s o r p t i v i t y ,  G (= 1 - t), is p lo t ted  as a func t ion  of the op t ica l  depth ,  
u o =N~,  in Fig.  5. 

For purposes of pollutant emission measurements, the number 
density can be converted to parts per million by volume (ppmv) by 
dividing the number density of NO by the average gas number density at 
the given temperature and pressure. Figure 5 can then serve as a 
calibration plot, where the absorptivity, c~, is plotted versus the optical 
depth (molecules/cm2), or concentration (ppmv) of NO. For example, 
the optical depth and cqncentration of NO corresponding to the data of 
Fig. 4 (G = 0. 116) is found from the calibration curve (Fig. 5) to be 53 
x 1015 m o l e c u l e s / c m  2 (~ = 35 .5  cm,  N = 1.49 x 1015 m o l e c u l e s / c m 3 ) ,  
and the  c o n c e n t r a t i o n  is found to be I70 ppmv.  
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Figure 3. Measured transmission spectra of NO (0,0) y-band at a 
station 3 in. downstream of combustor exhaust duct exit. 
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3.3 PROCEDURE FOR OBTAINING NONUNIFORM GAS PROPERTIES 
IN ABSORPTION PATH 

F o r  the c a s e  of c y l i n d r i c a l  s y m m e t r y  the i n v e r s i o n  p r o c e d u r e  
m e n t i o n e d  in Se c t i on  3. 1 can be app l i ed  when  the p r o j e c t e d  t r a n s m i s -  
s iv i ty  d i s t r i b u t i o n ,  t(y), has  been  m e a s u r e d  and Ta( r )  and p{r) a r e  
known,  as i l l u s t r a t e d  in Fig.  6. The  r a d i a l  to ta l  t e m p e r a t u r e  d i s t r i b u -  
t ion,  T( r ) ,  was  m e a s u r e d  us ing  the to ta l  t e m p e r a t u r e  p robe  with  the 
a s s u m p t i o n  tha t  in the  low v e l o c i t y  s t r e a m  (for e x a m p l e ,  200 f t / s e c )  the  
s t a t i c  t e m p e r a t u r e  was only s l i gh t ly  l e s s  than  the  to ta l  t e m p e r a t u r e .  
The  s t a t i c  p r e s s u r e  p r o f i l e ,  p(r ) ,  was c o n s i d e r e d  to be u n i f o r m  and 
equa l  to the  a m b i e n t  p r e s s u r e  ou t s ide  the  s t r e a m ,  aga in  b e c a u s e  of the  
low v e l o c i t y  of the gas  s t r e a m .  An i t e r a t i v e  c o m p u t e r  p r o g r a m  was 
w r i t t e n  to a c c o m p l i s h  the  i n v e r s i o n  of m e a s u r e d  t r a n s m i s s i v i t y  da ta  to 
the r a d i a l  d i s t r i b u t i o n  of c o n c e n t r a t i o n ,  which  p r o c e e d e d  as fo l lows :  

. The  c y l i n d r i c a l  gas  s t r e a m  was d iv ided  into M c o n c e n t r i c  
z o n e s ,  and a known t e m p e r a t u r e ,  T m ,  and known s t a t i c  
p r e s s u r e ,  Pm'  w e r e  c o n s i g n e d  to e a c h  zone ,  m (see  Fig.  6). 

. The  a v e r a g e  path l e n g t h  of e a c h  zone  fo r  a g i v e n  d i s t a n c e  
f r o m  the  s t r e a m  ax i s ,  y, was  c a l c u l a t e d  f r o m  g e o m e t r i c a l  
c o n s i d e r a t i o n s  and k n o w l e d g e  of the  op t i ca l  s o u r c e  b e a m  
s i z e .  It is i m p o r t a n t  to note  that  the path  l eng th  t h r o u g h  
each  zone  is a func t ion  of the r a d i a l  s t a t ion ,  m.  

. The n u m b e r  d e n s i t y  of NO fo r  the o u t e r  zone ,  m = 1, was 
calculated from the measured transmissivity and known 

T 1 and Pl by iterating on Eqs. (i) through (6} until the 
computed transmissivity equalled the measured transmis- 
sivity. The number density in the second zone, m -- 2, 
was then determined from the measured transmissivity, 
t 1, and the known El, P2' and T 2 in a similar manner. 

. In g e n e r a l ,  hav ing  found the  n u m b e r  d e n s i t i e s  in the  f i r s t  
m - 1  r i n g s ,  one can d e t e r m i n e  the n u m b e r  d e n s i t y  in the  
m t h  r i ng ,  and by th i s  p r o c e d u r e  the  e n t i r e  r a d i a l  d i s t r i -  
bu t ion  of n u m b e r  d e n s i t y  is ob ta ined .  D i v i s i o n  of the  
n u m b e r  d e n s i t y  by the l o c a l  d e n s i t y  as d e t e r m i n e d  by the  
e q u a t i o n  of s t a t e  and k n o w l e d g e  of T(r} and p(r) t hen  
p e r m i t s  d e t e r m i n a t i o n  of the l o c a l  c o n c e n t r a t i o n  { e x p r e s s e d  
as ppmv}. 

5. The  p r o c e d u r e  in s t ep  (4} is r e p e a t e d  unt i l  the  e n t i r e  r a d i a l  
d i s t r i b u t i o n  is ob ta ined .  
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Illustration of radial inversion problem for determination 
of local concentration from transmissivity measurements. 

3.4 METHODS OF COMPARISON OF OPTICAL ABSORPTION AND PROBE-SAMPLING 
MEASUREMENTS OF CONCENTRATION 

The  p r o b e  g a s - s a m p l i n g  m e t h o d  of m e a s u r e m e n t  g ives  a l o c a l  con -  
c e n t r a t i o n  m e a s u r e m e n t  of a s p e c i e ;  k n o w l e d g e  of the l o c a l  s t a t i c  t e m -  
p e r a t u r e  and p r e s s u r e  p e r m i t s  the  d e t e r m i n a t i o n  of a l o c a l  n u m b e r  
d e n s i t y  of the  s p e c i e  f r o m  the c o n c e n t r a t i o n  m e a s u r e m e n t .  Opt ica l  
m e a s u r e m e n t s ,  on the  o t h e r  hand,  a r e  m a d e  of the  t r a n s m i s s i v i t y  of 
the  op t ica l  b e a m  a long  a pa th  t h r o u g h  the  flow s t r e a m ;  the  t r a n s m i s -  
s iv i ty  m e a s u r e m e n t s  a r e  t hen  r e l a t e d  to the  op t i ca l  depth ,  u, de f ined  by 

L 
u = f Ndg 

o ( 7 )  

w h e r e  N is a v a r i a b l e  a long the path.  An a v e r a g e  n u m b e r  d e n s i t y ,  N, 
can be found by d iv id ing  u by the  path  l eng th ,  L. If an  a v e r a g e  t e m p e r -  
a t u r e ,  "Ta, and p r e s s u r e ,  p,  a long  the  pa th  a r e  known,  t hen  an a v e r a g e  
c o n c e n t r a t i o n  can be found by d iv id ing  N by the  a v e r a g e  to ta l  m o l e c u l a r  

19 



AEDC-TR-76-134 

d e n s i t y .  If s e v e r a l  m e a s u r e m e n t s  of t r a n s m i s s i v i t y  a r e  m a d e  t h r o u g h  
p a r a l l e l  c h o r d s  of a c y l i n d r i c a l l y  s y m m e t r i c  gas  s t r e a m  at v a r i o u s  
d i s t a n c e s ,  y, f r o m  the  ax i s ,  and the  r a d i a l  s t a t i c  t e m p e r a t u r e  and p r e s -  
s u r e  p r o f i l e s  a r e  known,  t hen  the  i n v e r s i o n  p r o c e d u r e  of Sec t ion  3 .3  
can be used  to obta in  l o c a l  v a l u e s  of the n u m b e r  d e n s i t y  of NO. In t u rn ,  
the l o c a l  d e n s i t y  can be d e t e r m i n e d  f r o m  the  known s t a t i c  t e m p e r a t u r e  
and p r e s s u r e ,  and the  l o c a l  c o n c e n t r a t i o n  can be found by d iv id ing  the 
l o c a l  va lue  of NO n u m b e r  d e n s i t y  by the  l o c a l  va lue  of the to ta l  m o l e c -  
u l a r  d e n s i t y  d e t e r m i n e d  by the equa t ion  of s t a t e .  

The  s t a t e m e n t s  in the above  p a r a g r a p h  w e r e  m e a n t  to show that  
t h e r e  is a s e r i o u s  p r o b l e m  in d e c i d i n g  on a b a s i s  fo r  c o m p a r i s o n  of the  
p r o b e - s a m p l i n g  and op t i ca l  a b s o r p t i o n  r e s u l t s .  Th i s  r e p o r t  u s e s  fou r  
m e t h o d s  of c o m p a r i s o n ,  which  can  be l i s t e d  as fo l lows :  

Method P r o b e  Sampl ing  Optical Absorption 

m 

1. A v e r a g e  C o n c e n t r a t i o n ,  C, 
d e t e r m i n e d  o v e r  op t i ca l  
path l eng th .  

A v e r a g e  c o n c e n t r a t i o n  
d e t e r m i n e d  f r o m  a v e r a g e  
s t a t i c  t e m p e r a t u r e  and 
p r e s s u r e ,  m e a s u r e d  
t r a n s m i s s i v i t y ,  and 
e x p e r i m e n t a l l y  d e t e r m i n e d  
path l eng th .  

. Op t i ca l  depth  c o m p u t e d  f r o m  

L 
u = f C~Nodt' 

O 

with N o d e t e r m i n e d  f r o m  
t e m p e r a t u r e  and p r e s s u r e  
m e a s u r e m e n t s  and C f r o m  
s a m p l i n g  p robe .  

Opt ica l  dep th  d e t e r m i n e d  
by m e a s u r e d  t r a n s m i s s i v -  
ity and known a v e r a g e  
v a l u e s  of s t a t i c  t e m p e r -  
a t u r e  and p r e s s u r e .  

. Transmissivity computed 
from measured N(r), T(r) 
and assumed constant static 
pressure, by summing zonal 
transmissivities over small 
increments along the optical 
path. 

Transmissivity measured. 
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L o c a l  c o n c e n t r a t i o n  
c o m p u t e d  f r o m  i n v e r s i o n  
of m e a s u r e d  t r a n s m i s s i v -  
i ty  u s i n g  k n o w n  T ( r )  and  
a s s u m e d  c o n s t a n t  s t a t i c  
p r e s s u r e .  

A l l  t h e s e  m e t h o d s  w e r e  U s e d  in  c o m p a r i n g  t h e  r e s u l t s  of t h e  t w o  m e a s -  
u r i n g  t e c h n i q u e s  u s e d  in t h i s  p r o g r a m .  T h e  l a s t  o n e ,  c o m p a r i s o n  of 
l o c a l  v a l u e s ,  i s  t o  be  p r e f e r r e d  b e c a u s e  i t  p r o v i d e s  t h e  m o s t  d i r e c t  
c o m p a r i s o n .  H o w e v e r ,  w h e n  a b s o r p t i o n  d a t a  a r e  a v a i l a b l e  t h r o u g h  
o n l y  o n e  p a t h  in  t h e  g a s  s t r e a m ,  one  of t h e  o t h e r  m e t h o d s  m u s t  be  u s e d .  

4.0 RESULTS 

4.1 SAMPLING PROBE DATA 

T h e  g a s - s a m p l i n g  p r o b e  and  t o t a l  t e m p e r a t u r e  p r o b e  w e r e  u s e d  on  
a l l  c o m b u s t o r  r u n s  e i t h e r  to  d e t e r m i n e  r a d i a l  p r o f i l e s  of t e m p e r a t u r e  
a n d  e m i s s i o n  s p e c i e s  c o n c e n t r a t i o n s ,  o r  to  o b t a i n  v a l u e s  at  t h e  c e n t e r -  
l i n e  of t h e  c o m b u s t i o n  g a s  g e n e r a t o r  e x i t .  T h e  c o m b u s t o r  w a s  o p e r a t e d  
a t  t h e  s a m e  c o n d i t i o n s  f o r  a l l  t h e  d a t a  p r e s e n t e d ,  and  b o t h  t h e  p r o b e  
measurements and the optical measurements attest to the repeatability 
of the combustor system exhaust gas properties (Ref. 3). In order to 
vary the nitric oxide concentration, pyridene was added to the fuel 
during some of the combustor runs; pyridene has the effect of increasing 
the NO concentration level in the exhaust gases. As stated previously, 
data were obtained for two types of radial profiles: a flat temperature 
and concentration profile at a station 3 in. from the combustion gas 
generator exit, and a bell-shaped profile caused by the mixing of the 
exhaust gas with ambient air at a station 18 in. (i. 5 exhaust duct diam- 
eters) from the gas generator exit. 

Radial distributions of concentration and temperature were obtained 
on several runs using the sampling and total temperature probes; repeat- 
able results were generally obtained. The data to be used for compari- 
son with the 'optical data are shown in Figs. 7 and 8 for the two types of 
profiles, flat and bell shaped. When pyridene was added to the fuel to 
increase the NO concentration, only centerline data were obtained. The 
average values of NO concentration and temperature obtained from Figs. 
7 and 8 and the eenterline values of concentration obtained when pyridene 
was added are given in Table I. Note that there was no change in exhaust 
gas temperature when pyridene was added to the fuel. 
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Figure 7. 
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Table 1. Summary of NO Concentration Data Obtained from Probe Sampling 
and the UV Absorption Method Using an Average Temperature 

Average 
Average NO Concentration NO Concentration 

Average NO Concentration UV Optical Method UV Optical Method 
Temperature, Sampling Method, Average Temperature, Inversion, 

Condition OK ppmv ppmv ppmv 

1~ 3 in. Downstream 847 109 170 178 

lb. 3 in. Downstream (Pyridenet 847 125 190 --- 

lc: 3 in. Downstream (Pyridene~ 847 143 240 --- 

ld: 3 in. Downstrean~ (Pyridene) 847 154 270 --- 

2: 18tn. Downstream 644 70 79 114 

4.2 UV RESONANCE ABSORPTION DATA (NO) 

The UV r e s o n a n c e  a b s o r p t i o n  s y s t e m  was  u s e d  to ob ta in  da ta  fo r  
a l l  the  cond i t ions  l i s t e d  in T a b l e  1. The  a b s o r p t i o n  da ta  t a k e n  at a f ixed  
point  on the  c e n t e r l i n e  a r e  p r e s e n t e d  in Fig.  4. The  s i ng l e  path  a b s o r p -  
t ion  da ta  at the s e c o n d  b a n d h e a d  w e r e  r e d u c e d  to n u m b e r  d e n s i t y  and con-  
c e n t r a t i o n  by us ing  t h e  a v e r a g e  t e m p e r a t u r e  ob ta ined  f r o m  the  to ta l  t e m -  
p e r a t u r e  p robe  m e a s u r e m e n t s  and a pa th  l eng th  d e t e r m i n e d  f r o m  the  con-  
c e n t r a t i o n  p r o f i l e s  ob ta ined  by the s a m p l i n g  p r o b e s ,  and by a s s u m i n g  a 
cons t an t  p r e s s u r e  equa l  to the b a r o m e t r i c  p r e s s u r e  fo r  the  p a r t i c u l a r  run .  
The  r e s u l t s  of the  s i ng l e  pa th  a b s o r p t i o n  da ta  on the  b a s i s  of NO c o n c e n -  
t r a t i o n  a r e  g i v e n  in T a b l e  1. Note tha t  the v a l u e s  of NO c o n c e n t r a t i o n  
ob ta ined  by the a b s o r p t i o n  m e t h o d  a v e r a g e  about  60 p e r c e n t  l a r g e r  than  
the  g a s - s a m p l i n g  p robe  r e s u l t s  at the  3 - in .  s t a t ion .  At the d o w n s t r e a m  
s t a t i on  (18 in. ) the a v e r a g e  c o n c e n t r a t i o n s  d e t e r m i n e d  by the  two m e t h o d s  
a r e  m u c h  c l o s e r ;  h o w e v e r ,  th is  r e s u l t  is d e c e i v i n g ,  and use  of an a v e r a g e  
t e m p e r a t u r e  is not s a t i s f a c t o r y  in the r e s o n a n c e  a b s o r p t i o n  t e c h n i q u e ,  as 
wi l l  be shown in the  fo l lowing  p a r a g r a p h s .  

Comparison of sampling probe and optical absorption measurements 
can also be made if both measurements are expressed in optical thickness, 
u, as defined in Eq. (7). The data of Figs. 7 and 8 were converted to u 
using point-by-point integration, Eq. (7), and the results are given in 
Table 2. Two columns of probe results are shown for comparison: 

column 2 (u F) was obtained by assuming a flat profile extending to the 
duct wall at the 3-in. station as shown in Fig. 7, and qolumn 3 (u I) is 
the result of integrating Eq. (7} for the curves of Figs. 7 and 8. For 
the cases where pyridine was added, the u I were determined by assuming 
the same relative concentration profile as when no pyridine was added 
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but with the maximum value as measured at the centerline. The single 
pass eenterline optical absorption data can also be expressed as u if an 
average temperature is used. The average temperature obtained from 
the thermocouple probe data, Fig. 7, were used to determine the values 
of optical thickness (u o) shown in column 4. Again it is noted that the 
measured optical value of u is considerably larger than would be pre- 
dicted from the probe data. 

Table 2. Comparison of Optical Measurements of NO Concentration with Probe 
Measu rements 

Ophcal Thickness, molecules/cm 2 x 1015 

Probe, Probe, Ophcal Method, 
Flat I ntecj rated Average Ophcal Method, 

Profile, Value, Temperature, I nversmn, 

Condition uF Ul u o u o 

la 3 in Downstream 30 5 32 8 53 57 8 

lb- 3 in Downstream (Pyndene) 3.5 0 38 2 59 . . . .  

k 3 in. Downstream (Pyrldene) 40 0 43 4 72 . . . .  

ld: 3 m Downstream (Pyndene) 43 2 46 2 83 . . . .  

2 ]Bin Downstream . . . .  40 I 54 65.3 

Transm~ss~vity, percent 

Calculated Measured 
Transmlssivity Transmlsslvlty 

from Probe, Opt,cal Method, 
tp t o 

93.5 88.4 

. . . .  87.5 

. . . .  8 5  

91.6 87 4 

A third method of comparison of the probe-sampling and optical 
method of measurement is to compute the transmissivity, t, using the 
probe data, N(r) and T(r), of Figs. 7 and 8, in Eqs. (i) through (6). 
This calculation requires use of the computer program to compute t 
values for small segments of the path and to sum all the incremental 
values along the optical path. Calculation of the transmissivity through 
the centerline of the combustion gas stream was performed for eases 
la and 2, shown in Table i, and the results are given in column 6 of 
Table 2. The measured transmissivity at the second bandhead for all 
the cases is given in column 7 of Table 2. The computed values of the 
eenterline transmissivity from the probe data are considerably greater 
than the measured values. This variation is consistent with the indica- 
tion of a larger value of the density of NO in the stream by the optical 
method than is indicated by the probe measurements. 

For cases la and 2 (see Table I), spatial scans of the absorption 
through chords of the exhaust gas stream with the spectrometer setting 
on the second bandhead peak were made to determine the projected 
transmissivity distribution, t(y). The transmissivity data are shown in 
Fig. 9 for the two axial stations, and the results of inverting the trans- 
missivity distribution to local values of the NO number density and the 
concentration are given in Figs. I0 and II. For comparison, the local 
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Figure 9 .  

v a l u e s  of NO c o n c e n t r a t i o n  o b t a i n e d  f r o m  the  s a m p l i n g  s y s t e m  a r e  a l s o  
s h o w n  in F i g s .  10 and 11. T h e  p r o b e  v a l u e s  of d e n s i t y  o r  c o n c e n t r a t i o n  
a r e  l e s s  t h a n  t h e  o p t i c a l l y  o b t a i n e d  v a l u e s  a l l  a l o n g  the  path;  t h e  f a c t o r  
r a n g e s  f r o m  about  1 .8  at  t he  c e n t e r  to  abou t  1 .5  n e a r  t h e  e d g e  of t h e  
s t r e a m .  T h e  a v e r a g e  v a l u e s  of c o n c e n t r a t i o n  o b t a i n e d  f r o m  F i g s .  10 
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Figure 10. Results of inverting the transmissivity profile of Fig. 9a 
to local values of NO density and concentration com- 
pared to probe-measured values at a station 3 in. down- 
stream of combustor exhaust duct exit. 

a n d  11 a r e  g i v e n  in  c o l u m n  5 of  T a b l e  1. N o t e  t h a t  at  c o n d i t i o n  2 t h e  
a v e r a g e  (114 p p m v )  f r o m  t h e  i n v e r s i o n  i s  m u c h  g r e a t e r  t h a n  t h e  a v e r a g e  
o b t a i n e d  f r o m  a s i n g l e  p a s s  m e a s u r e m e n t  u s i n g  an  a v e r a g e  t e m p e r a t u r e  
(79 p p m v ) .  T h e  p o i n t - b y - p o i n t  m e t h o d  of c o m p a r i s o n  is  b e l i e v e d  to  be  
t h e  m o s t  m e a n i n g f u l ,  bu t  i t  r e q u i r e s  c o n s i d e r a b l y  m o r e  e f f o r t  and  c a n  
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Figure 11. Results of inverting the transmissivity profile of Fig. 9b 
to local values of NO density and concentration compared 
to probe-measured values at a station 18 in. downstream 
of the combustor exhaust duct exit. 

be  d o n e  on ly  f o r  s y m m e t r i c  c a s e s .  A v a l u e  of u o w a s  a l s o  c a l c u l a t e d  
f r o m  t h e  i n v e r t e d  p r o f i l e s  of t h e  n u m b e r  d e n s i t y  of F i g s .  10 and  11 f o r  
t he  t w o  s t a t i o n s .  T h e s e  v a l u e s  a r e  a l s o  g i v e n  in T a b l e  2 in c o l u m n  5 
a s  u o. N o t e  h e r e  t h a t  t h e r e  is  a c o n s i d e r a b l e  d i f f e r e n c e  b e t w e e n  u o a s  
d e t e r m i n e d  b y  an a v e r a g e  t e m p e r a t u r e  and u o a s  d e t e r m i n e d  u s i n g  t h e  

. m o r e  c o r r e c t  i n v e r s i o n  d a t a .  
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5.0 DISCUSSION 

5.1 BASIS FOR COMPARING OPTICAL AND PROBE RESULTS 
FOR NO CONCENTRATION 

T r a n s m i s s i o n  of r e s o n a n c e  r a d i a t i o n  t h r o u g h  a m e d i u m  d e p e n d s  in 
a c o m p l i c a t e d  way on the  t e m p e r a t u r e  a long the  op t i ca l  path,  as 
e v i d e n c e d  in E q s .  (1) t h r o u g h  (6). The  d e p e n d e n c e  of t r a n s m i s s i v i t y  on 
p r e s s u r e  e n t e r s  only in the  d e t e r m i n a t i o n  of the b r o a d e n i n g  p a r a m e t e r  
a ' ,  and fo r  the t e m p e r a t u r e s  e n c o u n t e r e d  in c o m b u s t i o n  gas  s t r e a m s  
the e f f ec t s  of p r e s s u r e  on the t r a n s m i s s i v i t y  a r e  s m a l l .  F o r  th is  
r e a s o n ,  the  a s s i g n m e n t  of an " a v e r a g e  c o n c e n t r a t i o n "  (ppmv) o r  an 
" e q u i v a l e n t  op t i ca l  t h i c k n e s s "  ( m o l e c u l e s / c m 2 ) ,  b a s e d  on an a v e r a g e  
t e m p e r a t u r e ,  to a g iven  t r a n s m i s s i o n  m e a s u r e m e n t  in s i t u a t i o n s  with 
l a r g e  t e m p e r a t u r e  v a r i a t i o n s  a long the path  m a y  be m i s l e a d i n g .  The  
da t a  in T a b l e s  1 and 2 for  the  d o w n s t r e a m  s t a t ion ,  cond i t ion  2, a t t e s t  to 
th i s  s t a t e m e n t .  (Fo r  e x a m p l e ,  the c o n c e n t r a t i o n  d e t e r m i n e d  by use  of 
an a v e r a g e  t e m p e r a t u r e  in the r e s o n a n c e  a b s o r p t i o n  m e t h o d  g i v e n  in 
T a b l e  1 fo r  cond i t ion  2 is 79 ppmv,  which  c o m p a r e s  wel l  wi th  the p r o b e -  
m e a s u r e d  c o n c e n t r a t i o n ;  h o w e v e r ,  the a v e r a g e  c o n c e n t r a t i o n  ob ta ined  
f r o m  i n v e r s i o n  of the p r o j e c t e d  t r a n s m i s s i v i t y  d i s t r i b u t i o n ,  Fig .  11, is 
114 ppmv.  ) A s i m i l a r  s t a t e m e n t  can be m a d e  r e g a r d i n g  c o m p a r i s o n  on 
the b a s i s  of the op t i ca l  t h i c k n e s s .  ( F o r  e x a m p l e ,  in T a b l e  2, fo r  con-  
d i t ion  2, the  op t i ca l  t h i c k n e s s  b a s e d  upon an a v e r a g e  t e m p e r a t u r e  is 
54 x 1015 m o l e c u l e s / c m  2, w h e r e a s  fo r  the  i n t e g r a t i o n  a long  the path  
u s ing  the  i n v e r t e d  v a l u e s  of the  n u m b e r  d e n s i t y  the  va lue  is 65 .3  x 1015 
m o l e c u l e s / c m  2. ) Thus ,  fo r  an op t i ca l  m e t h o d  in wh ich  the  t r a n s m i s s i o n  
a long a n o n u n i f o r m  op t i ca l  path  is d e p e n d e n t  upon the  t e m p e r a t u r e ,  the 
b a s i s  for  c o m p a r i s o n  with p r o b e - s a m p l e d  r e s u l t s  shou ld  be on a po in t -  
b y - p o i n t  b a s i s  in o r d e r  to be m e a n i n g f u l .  

5.2 UNCERTAINTIES IN RESONANCE ABSORPTION MEASUREMENTS 
OF NO CONCENTRATION 

A r e l i a b l e  va lue  of u n c e r t a i n t y  can be p l a c e d  on the r e s o n a n c e  
a b s o r p t i o n  m e a s u r e m e n t  of NO n u m b e r  d e n s i t y  or  c o n c e n t r a t i o n  only in 
the  c a s e  of a h o m o g e n e o u s  path  of known s t a t i c  t e m p e r a t u r e  and s t a t i c  
p r e s s u r e .  The  only p a r a m e t e r  (o the r  t han  the  m e a s u r e m e n t  u n c e r t a i n t y  
in t) to wh ich  an u n c e r t a i n t y  can be a s c r i b e d  in th is  s tudy  is the b r o a d -  
ening  p a r a m e t e r ,  a ' .  In th is  c a s e  the  b i a s  u n c e r t a i n t y  in the  b r o a d e n i n g  
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parameter of ±15 percent introduces a maximum uncertainty in the 
measured concentration of about +i0 percent when the parameter (a'l is 
between 0.5 and 2, which covers the range in a' encountered in this 
study. This uncertainty overshadows instru_rnent and measurement 
uncertainties. 

The propagation of uncertainty through the radial inversion of the 
measured transmissivity distribution to a radial concentration distri- 
bution is a complex process and requires a variance, covariance 
analysis for proper treatment. This work has not been done for the 
inversion discussed here, but work of a similar nature which can be 
extended to the resonance absorption case appears in Ref. I0. 

T h e  r e p e a t a b i l i t y  f o r  e i gh t  d i f f e r e n t  c o m b u s t o r  r u n s  of the  t r a n s -  
m i s s i o n  t h r o u g h  the  ga s  s t r e a m  c e n t e r l i n e  at t he  3 - in .  s t a t i o n  m a d e  
on d i f f e r e n t  d a y s  d u r i n g  t h i s  p r o g r a m  is s h o w n  in T a b l e  3. R e f l e c t e d  
in T a b l e  3 a r e  bo th  the  c o m b u s t o r  f a c i l i t y  r e p e a t a b i l i t y  and  the  i n s t r u -  
m e n t  p r e c i s i o n ,  wh ich  canno t  be s e p a r a t e d .  T h e  r e p e a t a b i l i t y  is  c o n -  
s i d e r e d  v e r y  good  and wel l  wi th in  the  b i a s  u n c e r t a i n t y  l i m i t s  c a u s e d  by 
the  u n c e r t a i n t y  in the  b r o a d e n i n g  p a r a m e t e r ,  a ' .  

Table 3. Repeatability of Optical Transmission Data for 

T-56 Combustor Test 

Run No. 

1 

2 

3 

4 

5 

6 

7 

8 

Percent Transmission 

8 8 . 4  

8 8  5 

8 8  3 

8 8  7 

8 8  4 

8 8  4 

8 8  7 

8 8 . 4  
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6.0 SUMMARY OF RESULTS 

The  m o r e  r e l e v a n t  r e s u l t s  ob ta ined  in th i s  s tudy m a y  be l i s t e d  as 
fol low s : 

. 

. 

. 

. 

The  f e a s i b i l i t y  of m a k i n g  NO c o n c e n t r a t i o n  m e a s u r e m e n t s  in 
j e t  eng ine  c o m b u s t o r  e x h a u s t s  u s ing  an op t ica l  UV a b s o r p t i o n  
m e t h o d  was s a t i s f a c t o r i l y  d e m o n s t r a t e d .  

The  NO c o n c e n t r a t i o n ,  n u m b e r  dens i ty ,  or  op t ica l  t h i c k n e s s  
d e t e r m i n e d  f r o m  the UV r e s o n a n c e  a b s o r p t i o n  m e a s u r e m e n t s  
is  l a r g e r  by about 50 to 80 p e r c e n t  than  s i m i l a r  va lues  d e t e r -  
m i n e d  by p r o b e - s a m p l i n g  t e c h n i q u e s  fo r  a low v e l o c i t y  (~  200 
f t / s e c )  c o m b u s t i o n  gas  s t r e a m  at a fuel  to a i r  r a t i o  of about 
0 .01 .  Th i s  r e s u l t  is in s u b s t a n t i a l  a g r e e m e n t  with p r e v i o u s  
s t u d i e s .  

The  r a d i a l  d i s t r i b u t i o n  of NO n u m b e r  dens i t y ,  or  c o n c e n t r a t i o n ,  
was ob ta ined  s u c e s s f u l l y  f r o m  m e a s u r e d  d i s t r i b u t i o n s  of the  
i n t e g r a t e d  t r a n s m i s s i o n  t h rough  a c y l i n d r i c a l l y  s y m m e t r i c  gas  
s t r e a m .  The compu ta t i ona l  t e c h n i q u e  to a c c o m p l i s h  th i s  r a d i a l  
i n v e r s i o n  was d e v e l o p e d  dur ing  th i s  s tudy.  

C o m p a r i s o n  of op t ica l  and p robe  m e a s u r e m e n t s  m u s t  be m a d e  
fo r  e i t h e r  h o m o g e n e o u s  op t ica l  pa ths ,  or  point  by point ,  r a d i a l l y  
i n v e r t e d  l oca l  n u m b e r  d e n s i t i e s  when the  opt ica l  m e t h o d  d e p e n d s  
upon the  s t a t i c  t e m p e r a t u r e  and p r e s s u r e ,  in o r d e r  fo r  the  c o m -  
p a r i s o n  to be m e a n i n g f u l .  

REFERENCES 

. M c G r e g o r ,  W. K . ,  Se ibe r ,  B. L . ,  and Few,  J. D. " C o n c e n t r a t i o n  
of OH and NO in Y J 9 3 - G E - 3  Eng ine  Exhaus t  M e a s u r e d  In Situ 
by N a r r o w - L i n e  UV Abso rp t ion .  " P r o c e e d i n g s  of the  Second 
C o n f e r e n c e  on the  C l i m a t i c  Impac t  A s s e s s m e n t  P r o g r a m ,  

. 

C a m b r i d g e ,  M a s s c h u s e t t s ,  N o v e m b e r  1972. 

Few, J. D . ,  B r y s o n ,  R. J . ,  M c G r e g o r ,  W. K . ,  and Davis ,  M. G. 
" E v a l u a t i o n  of P r o b e  Sampl ing  V e r s u s  an In Situ Opt ica l  
T e c h n i q u e  for  N i t r i c  Oxide C o n c e n t r a t i o n  M e a s u r e m e n t  in 
C o m b u s t i o n  Gas S t r e a m s .  " P r e s e n t e d  at the  I n t e r n a t i o n a l  
C o n f e r e n c e  on E n v i r o n m e n t a l  Sens ing  and A s s e s s m e n t ,  Las  
Vegas ,  Nevada,  S e p t e m b e r  1975. 

30 



A E D C - T R - 7 6 - 1 3 4  

. 

. 

. 

. 

. 

. 

. 

i0. 

Roquemore, W. M. and Birkeland, J. W. "The Evaluation of 
Optical In Situ Methods for Measuring Jet Engine Pollutants. " 
Aeropropulsion Laboratory, Wright-Patterson Air Force 
Base, Ohio. Presented at the AIAA 14th Aerospace Sciences 
Meeting in Washihgton, D. C., January 1976. 

Gryvnak, D. A. and Burch, D. E. "Monitoring of Pollutant Gases 
in Aircraft Exhausts by Gas Filter Correlation Methods. " 
Presented at the AIAA 14th Aerospace Sciences Meeting in 
Washington, D. C., January 1976. 

Ooulard, R. and Chen, F. "An Evaluation of Pollutant Optical 
Measurement Systems for Jet Engine Exhaust Flows. " 
Presented at the AIAA 14th Aerospace Sciences Meeting 
in Washington, D. C., January 1976. 

SAE Aerospace Recommended Practice 1256, "Procedure for the 
Continuous Sampling and Measurement of Gaseous Emissions 
from Aircraft Turbine Engines. " Society of Automotive 
Engineers, New York, October i, 1971. 

McGregor, W. K., Few, J.D., and Litton, C. D. "Resonance 
Line Absorption Method for Determination of Nitric Oxide 
Concentration." AEDC-TR-73-182 (AD771642), December 
1973. 

D avis, M. G., McGregor, W. K., and Few, J. D. "Spectral 
Simulation of Resonance Band Transmission Profiles for 
Species Concentration Measurements: NO "y-Bands as an 
Example." AEDC-TR-74-124 (ADA004105), January 1975. 

Davis, M. G. ,  M c G r e g o r ,  W. K . ,  Few,  J .  D . ,  and G l a s s m a n ,  
H . N .  "The  T r a n s m i s s i o n  of Dopple r  B r o a d e n e d  R e s o -  
nance  R a d i a t i o n  T h r o u g h  A b s o r b i n g  Media  with Combined  
Dopple r  and P r e s s u r e  B r o a d e n i n g  (NO v - B a n d s  as an 
E x a m p l e } . "  A E D C - T R - 7 6 - 1 2  (ADA021061), F e b r u a r y  1976. 

Shelby, R. T. "Abel Inversion Error Propagation Analysis. " 
M.S. Thesis, The University of Tennessee, June 1976. 

31 


