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= ABSTRACT

The application of spontaneous Raman , CARS and LDV techn iq ues to

a wide spectrum of flow fields confirms the basis hypothesis ,

that these laser based diagnostic techniques have a very wide

range of applicability and can be instrumental in providing ex-

per imental data In friendly as well as hostile environm ents

unobtainable by conventional means. The data can be obtained non—

intrusively and remotel y.

I. INTRODUCTION

As is well known , the final performance of a system , can

seldo m exceed the performance of its component building blocks.

It is therefore essential for the sake of performance of the com-

plete system to optimize the design and performance of the indi-

vidual building blocks of the given system. While this is a gen-

er a l l y acce pt ed p rac tice , it is particularly true in the design

and ultimate performance characteristics of propulsion and combus-

tion systems .

While many computer codes have been developed dealing with com-

bustion and propulsion devices , it must be remembered that most

theoretical models are Idealized and their reliability can only be

verified by proper measurements.

In some cases the para meters neces sary to eval ua te a given

model must be determined experimentally. If this is impossible

these par ameters are generally assumed. Furthermore , comparison of

computed and measured over—all performance of a given device is an

insensitive test for the correctness of the model (Ref. 1) and does

no t permit the self—identification of the specific reasons for the

discrepancies that may exist. Many f a c tors may adverse ly  a f f e c t t

he 1
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performance of devices based on combustion and flow properties.

A mon g these the bo unda ry  l aye r s , turbulence , insufficient mixing,

inadequate combustion , fluctuation due to combustor instabilities

etc. may cause undesired and sometimes unexpected results , which

may be detrimental in terms of the over—all system performance.

It is therefore not only desirable but almost imperative to have

adeq uate measurement capabilities not only at each building block

of the system but also on the complete system. To be effective

these measurement capabilities must have sufficient spacial and

temporal  reso lu tion , must be specific , and most importantly must

be nonintrusive. These can only be achieved by means of optical

d iagnostics. The development of the latter , f or f l ow  f ields under

adverse environmental conditions as encountered in a number of

propulsion devices , has been the aim of continuing investigations

for a number of years in the Aerodynam ics Laboratories of the Poly-

technic Institute of New York , and many o ther l abora tor ies , and

have been supported by Project SQUID . As a consequence of these

effor ts the laser based diagnostic techniques consisting of spon-

taneous Raman scattering, coherent anti—Stokes Raman scattering,

la ser Do pple r velocime try etc~. have been developed. Some of these

techniques provide the experimentalist with capabilities , wh ich

were only a short time ago considered impossible. Among the measure-

ments possible using the previous ly mentioned laser techniques , are . . 
.

the remote simultaneous and instantaneous measurement of specie con-

centration and temperature at a point in the flowfiled , the veloc ity

at that point , and the derived variables such as turbulence intensity ,

concentration and temperature fluctuation, as well as correlation and

crosac orrelation parameters.

2 
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I
In this report a summary of some of the developments in our

laboratory in terms of the measurables and some typical data ob—

• tam able using the available equipment is presented.

II. THEORETICAL BACK GROUND

The theoretical back gro und of the Ra m a n sca tt er ing techn iq ues

as well as the laser Doppler velocimeter techniques is presented

ade quately in Refs. 8—15. It is therefore sufficient here to recall

the basic governing equations concerning specie concentration and

temperature measurements by means of the Raman effect and velocity

measurements by means of the LDV techniques. Thus, the con cen tra tion

of a given specie in a mixture may be obtained from the intensity of

the vibrational Stokes or or anti—Stokes line of the scattered laser

energy by the specie of interest:

4 hcv — l
A 

— CNI (v ±v) [l—exp(- —j~-jJ (1)

To obtain the temperature one may use the ratio of the Stokes to

anti—Stokes intensity for a given specie , which at equilibrium taking

account of the Boltzman factor results in:

T = [ln -- 4 in (
V
O

V
) ] l (2)  

=

On e may also obtain the temperature from the ratios of intensities of

rotational lines , or from the hot bands of the resolved Q—branch of

the vibrational lines. These and other methods of temperature

measurement using the Raman effect are discussed in the cited refer— • -

ences. In any case , it is clea r f r o m equa tions 1 and 2 tha t the

conce ntration and temperature of a specie in a flowfield is measur—

able  non in tr usiv ely ,  and when a h igh power shor t dura tion laser p u lse

is used , instantaneously and simultaneously.

As f a r  as the LDV Is concerned , Ref. 15 it is well known that
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the theoretical basis for this technique is the Doppler effect.

Assum ing that all the conditions for proper operation of the LDV

are met , including the proper number and size of the scattering

• par ticles in the scattering volume , the velocity measurement is

reduced to a frequency measurement. For a dual scatter Doppler

system the frequency becomes:

2VsinO/2

~d — A (3)

The veloc ity signals obtained from frequency signals processed ap-

propriately can be stored in the form of a histogram in the memory

of an on—line computer and later processed to yield desired informa-

tion. Thus with the usual definition of the velocity in a turbulent

flow as consisting of the mean and fluctuating component u — U + u ,

the mean velocity in a 1 dimensional L.D.V. may be obtained from

k
u = i E f1u1 

(4 )
i-I l4,

• whe re n — Z f~ Is the total number of observations , and f
1 is

i—i

the number of samples of the total number of observations having

the velocity u1.

From the mean velocity and the stored individual velocities the

standard dev iation may be obtained which is nothing less than the

turbulent intensity . Thus

n k
• 1~~~~ 

fiui 
— ( E  f jui) 1 —

I I—] . 1—1 Ia 
n(n-1) J — U (5)

As indicated previously, the concen tra tion o f sp ecies and the ir

temperature can be obtained instantaneously (—lO—l5nsec) and simul—

taneously using the hi gh power short time duration laser pulse tech—

4
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nique by means of the Raman effect. The question arises if it is

poss ible from the instantaneous Raman data to deduce some informa-

t ion concerning the concentration (density) and temperature fluctua-

t ion in a flow field? To answer that question onm need only con-

sider the data reduction scheme of the LDV . The me~tn velocity is

obtained from a histogram of individual v• locities according to

equation 4. Proceeding che same wa~ wi th the concentration and

temperature data which may be defined in an analogous manner as

C = C + C and T — T + T ’, it is possible to obtain the mean concen-

tration and temperature. Continuing the same way as with the

velocity fluctuation or turbulent intensity, it is possible to

utilize equation 5 again and obtain the concentration and tempera-

ture fluctuation in the given flow.

It has been shown (Hilst , et al , Gupta and Wakelyn , Dona ldson

and Varma) that in chemically reacting f l o w s  “the effects of concen-

tration fluctuations can be significant to the point of dominating

the chemical reaction rates ” . It is pointed out that for a strongly

skewed distribution of Ca and C
8 

in a two specie reaction case ,

wher e the concentration fluctuations become dominant the third order

correlations of these distributions must be included in the general-

ized chemical kinetic model. In the case of a turbulent chemically

reacting flow , where the reaction rates are fast and the scale of

turbu l ence is lar ge , the reac tion model  b ased on mean val ue chem istry

may be subs tan tially in error. It is therefore necessary in chemi—

cally ac tive turbulent flows to include second and higher order cor—

rela tions involving the concentration fluctuations. These , as def ined

by H i ls t e t al , are :

5
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w h e r e  n~ is the  f r e q u e n c y  of occ u r r e n c e  of the join t va lues  of

Cai~ 
C~~~, N — ~ n1 
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a 
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S ince  the  s p o n t a n e o u s  Raman e f f e c t  used  as i n d i c a t e d  p r e vi o u s l y  is

c a p a b l e  of p r o v i d i n g  t h e  c on c e n t r a t i o n s  and t e m p e r a t u r e s  of a num-

ber of s p e c i e s  in a m i x t ur e  s i m u l t a n e o u s l y ,  a s i m p l e  p r o c e s s i n g

p r o c e d u r e  a c c o r d i n g  to eq .  6 , 7 and 8 w o u l d  p r o v i d e  the  de s i r e d

p a r a m e t e r s .

• W i t h  a l l  of t h e  bas ic  d a t a  s to r e d  in the  d a t a  a c q u i s i t i o n

m e m o r y  s y s t e m , i t  is q u i t e  s imp le  to c o n s t r u c t  a number of correla-

t i ons  of i n t e r e s t , f o r  example , a c o r r e l a t i o n  be tween  the  veloc it y

and concentration , velocity and temperature or temperature and con-

centration etc.

In situations where the spontaneous Raman signal is low , be it

due to low concentration of the specie of interest or low primary

power  ava ilabl e or a l l owab le  to b e appl ied , and the subseq uent low

signal to noise ratio , a nonlinear Raman process , the so ca l led

Cohe rent anti—Stokes Raman scattering process may be utilized.

The coher ent anti-Stokes Raman scattering (CARS) (Begley , et

al , Regu ier , et al , Moya , et al) process may be quantitatively des—

cr ib ed a s a process  by wh ich a ph ot on V
1 

interacts with a tunable

photon V 2 
(Stokes photon of the given specie of interest) through -

~~~~

the th ird order non—linear susceptability to generate a polariza—

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _  _ _
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t i o n  c o m p o n e n t  of t h e  a n t i — S t o k e s  f r e q u e n c y  V
3 

— 2v 1—v 2 .

Quant itatively the anti—Stokes scattered power can be shown

to  be r e p r e s e n t e d  b y :

~ AS - 

~~
:
~~~~~~

3

~~
:oh)

~~~
x

2P
L
2
P
s

The c o h e r e n c e  l e n g t h  & coh d e f i n e d  as 71/Ak w h e r e  Ak 2k 1— k 2 —k 3

may be w r i t t e n  as

2itc an a ~— ., (2  ~~
— + V T ~~~ ( 10)

co&i avib r

and  the  Raman  s u s c e p t a b i l i t y  X may be e x p r e s s e d  as

= 

hWLW
3rR 

(11)

It is c l e a r  f r o m  e q u a t i o n  9 t h a t  u n l i k e  t he  r e l a t i o n  of Eq. 1, t h e

s c a t t e r e d  r a d i a t i o n  is n o t  o n l y  n o n l i n e a r l y  r e l a t e d  to t h e  spec ie

c o n c e n t r a t i o n  b u t  a l so  n o n l i n e a r l y  r e l a t e d  to  t h e  i n c i d e n t  rad ia-

t i o n .  F u r t h e r m o r e , t h o s e  are  n o t  t he  o n l y  n e g a t i v e  f e a t u r e s  of

the CARS process in comparison with the spontaneous Raman process.

• To m e n t i o n  o n l y  two , the  CARS p r o c e s s  is n o t  s i n g l e  ended  l ike  t h a t

of t he  s p o n t a n e o u s  Raman , w h e r e  the  t r a n s m i t t e r  and r e c e i v e r  may

use  t h e  same o p t i c s  or may be l o c a t e d  in p r o x i m i t y  to  each  o t h e r .

The s p o n t a n e o u s  Raman  t e c h n i q u e s  p e r m i t s  t h e  m e a s u r e m e n t  of many

spec ies  w h i c h  may be p r e s e n t  in a g iven  s y s t e m  simultaneously us ing

a single primary lager. This is not possible with the CARS diagnos—

tic method. These negative features of CARS are offset by the much

higher equivalent scattering cross section. In some cases as much

as nine orders of magnitude higher than the spontaneous Raman effect.

This feature alone makes in some instances the difference between

i ii 7

~
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performing a difficult measurement or not performing it at all.

In a later section an example of such a measurement will be shown .

III. E X P E R I M E N T A L  A P P A R A T U S

The e x p e r i m e n t a l  a p p a r a t u s  u t i l i z e d  in t h i s  w o r k  is shown

d i a g r a m a ti c a l ly  in F i g .  1, 2 and in F i g .  3. A complete description

of the  apparatus of Fig. 1 and 2 is g iven in Refs . 1,11. The individu-

al c o m p o n e n t s  are  i n d i c a t e d  on t h e  s c h e m a t i c  diagrams.

The apparatus of Fig. 3 p r e s e n t  a s c h e m a t i c  d i a g r a m  of an ex-

periment where the temperature and concentration of an ionized specie

behind a re f lec ted sho ck in a shock t ube  a re  m e a s u r e d .  As is c l ea r

f r o m  the  f igu r e , a Ruby laser  pu l se  is i n c i d e n t  a t  the  r e f l e c t e d

shock  in t he  shock t u b e , and t he  S t o k e s  and a n t i — S t o k e s  r a d i a t i o n

of an i o n i z e d  spec ie  is m e a s u r e d  a t  900 to  t he  i n c i d e n t  r a d i a t i o n .
• ‘ H e r e  a 1 j o u l e  Ruby laser as shown in F i g .  2 is u t i l i z e d  in combina-

t i o n  w i t h  p r o p e r  s y n c h r o n i z a t i o n  and m e a s u r i n g  p h o t o — m u l t i p l i e r  t u b e s .

The d a t a  a re  f e d  to the  d a t a  a c q u i s i t i o n  s y s t e m , w h e r e  i t  is pro-

cessed , reduced and presented in the  a p p ro p r i a t e  f o r m .

IV. EXPERIMENTAL RESULTS

With the apparatus described , a series of t e s t s  have been  con—

ducted. The purpose of these tests was the demonstration of the ap-

plicability of the integrated Raman—LDV system and the presentation

of some turbulence related data obtainable from the pulsed Raman

system , as well as the ability to obtain some correlation data. Thus

F i g .  4 p r e s e n t s  n o r m a l i z e d  a x i a l  v e l o c i t y  p r o f i l e s  and t u r b u l e n c e

i n t e n s i t i e s  of a s ing le j e t .  F i g .  5 shows t he  n o r m a l i z e d  c o n c e n t r a —

t i o n  p r o f i l e s  of a s i n g l e  j e t .  F ig .  6 presen ts normalized velocity

• 
~~ o f i l e s  In a c o a x i a l  t u r b u l e n t  d i f f u s i o n  j e t  and f l a m e  f o l l o w e d  in

F i g .  7 by  the  n o r m a l i z e d  ax i a l  concentration profiles of N 2 of the

8
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same coaxial turbulent diffusion j e t  and f l a m e . In F i g u r e s  8—11

d a t a  c o r r e l a t i o n s  of t he  f i r s t  and s e c o n d  o r d e r  a re  p r e s e n t e d .

These relate to concentration—concentration correlations and to

vel ocity concentration correlations. The significant point about

t h o s e  d a t a  is t h a t  t h e y  were  o b t a i n e d  in r e a c t i v e  and n o n r e a c t i v e

f l o w  f i e l d s  n o n i n t r u s i v e l y  and t h e r e f o r e  may be c o n s i d e r e d  as

q u i t e  r e l i a b l e .

In F i g .  12 a n o r m a l i z e d  p l o t  of t he  v e l o c i t y  prof iles in a

cold  j e t  and a f l a m e  a re  shown . The I n t e r s e c t i o n  of the  axis  of

t h e  j e t  by t h e  d a t a  l i ne  i n d i c a t e s  the length of the po ten tial

core , and t h e  s lope  of t h e  l i ne  the  exp one ntial law descr ibing the

j e t .

As mentioned previously, the spontaneous Raman diagnostic

technique has some limitations in terms of the signal to noise

ratio. In cases where the concentration is low or the permissible

applied laser power is limited or the environment is such that the

signal to noise ratio is insufficient to perform meaningful measure-

ments using spontaneous Raman diagnostics , the CARS sys tem may be

~ very useful. Figures 13 and 14 show the results of measurements in

sooty air methane flames of the unburnt methane in the flame using

CARS. No response could be obtained using spontaneous Raman diag-

nostics. It is worthwhile noting that the maximum methane concentra—

tion measured ~~t X/d = 1 was insufficient to produce a measurable

reproducible signal using. spontaneous Raman. The CARS system utilized

here was of the coaxial type as is apparent from the schematic diagram

of F ig .  2 and discussed in Ref. 11.

s i n g l e  pu l se  spontaneous Raman diagnostic technique an experiment has

j  

To indica te the scope of the applic ability of the high power

9
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been conducted as indicated schematically in Fig. 3. Here  the  
•

temperature and concentration of ionized species behind a re—

flec ted shock are measured. While other methods for the measure—

meat  of the  gas properties behind a reflected shock are available ,

R e f s .  16—18 t h i s  e x p e r i m e n t  has  been c o n d u c t e d  to  show t h e  scope  of

the applicability of this technique.

+Thus Fig. 15 indicates the normalized N2 density behing the

reflec ted shock as a function of incident Mach no. compared to the

th eoretical values. As is evident , with the increase in incident

Mach. no. and the consequent increase of the no. density , the

measured and the computed concentration fall closer together , and

at the upper end of the measured interval the agreement is quite

good. The same is apparently true for the temperature Fig. 16 behind the

reflected shock although to a lesser extent in absolute limits.

The higher number density of the ionized specie and the consequent

higher signal to noise ratio evidently contribute to more reliable

measurements at the upper Mach number. Fig. 17 indicates the

normalized total pressure and partial pressure of 4 compared to

the computed values predicted by theory. At this point it must be

noted that while the concentration of 4 behind the reflected shock

at higher Mach numbers exhibits good agreement with theory, the

temperature which is obtained according to Equation 2, fr om the

ratio of the Raman Stokes to the anti—Stokes intensity still ex—

hibits excessive scatter. Here it is believed the bandpass of the

ava ilable anti—Stokes filter which was higher than the bandpass

• of the Stokes filter contributed to some excessive noise. This

meas urement , irrespective of the absolute values , establishes in

principle the applicability of the spontaneous Raman effect to the

H-- - 
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measurement of ionized species and temperatures nonintrusively

and remotely. The shock tube data , considering the size of the

shock  tube  used , the s i z e  of the  acces s  w i n d o w s  and the d i f f i-

culties encountered in g e n e r a l  in any l i m i t e d  a c c e s s i b l i t y

s y s t e m , i n d i c a t e  t h a t  t h o s e  r e m o t e  nonintrusive diagnostic tech-

n iques , a re  at  t h i s  t i m e  w o r k i n g  t e c h n i q u e s  t h a t  can be app l i ed

to a v a r i e t y  of p r o b l e m s  and invaluable da ta may be ob tained

util izing these techniques. This however , does not mean tha t all

problems associated with those techniques have been fully re—

s o l v e d .  There  is s t i l l  a g r ea t  deal t ha t  can and should be done .

It is possible that a m a j o r  p o r t i o n  of t h e  o u t s t a n d i n g  p rob l ems

assoc iated with those remote techniques can be solved in the

process of app ly ing those techn iq ues to p rac tical problem s , wh ich

require experimental data and which were unobtainable with the

conventional techniques.
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