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INVESTIGATION TO EXTE N TilE APPLI~’ABILIT Y OF LASER RAIvIAN
SC ATPER ]:N G DIAGNO3TIC TEClj IJ I~ i f l~3 TO l i~J;~TICAL COMBUSTION SYSTENS

Unit~ d T :elin~~lu~ i~ Eosearch Center
East H a r t f o rd , Coflfleet ~c ut. 06108

( 1oiitrart d~)6u-~O

Alan C. ~ckbreth. Princ ipal In’~ost it ~ator

Introduction

.Jth thu .‘~~1opm~ n~ of high power , visible 1o~~~r soo ~es , Raman scatte r ino

lir t~~~€ s  n~ v L’; u ~onsidorable at tention for combustion diagno s~~ics ~n ~~~

u t ; t  .~. ‘;or a~ yc a;~~. i~~se r . Raman a i ) p r u ~~ hec have been advanced to the point  wher~

h~ ~‘ a r ~ now be in :  ro it~ n~ l~ empiuyod in a variety of fundamental  flamc iflv( St -

L t i o ns . h o w  v - r , wid~- r p i ai  app1ication of laser Ram an t echn i ;~ cr tn  practic al

r’ rn~. ~s t ion  d E v i c e s  such as gas t u r bi n es , hydrocarbon combustors , furnac ‘ , • - i ~~~.,

is i
~ 
t to be achieved. From an instrumenLat ion standpoint , practical h v i ’ r . 3

c~~j~ in ~iar~~c which d i f f e r  markedly f r o m  those typically employed in L 1Il OJn r Lal

labor’~t o r y  .3tudi s. Environments of practical  inte rest  contain flames which ‘ u

:‘~~~~
- rally t~~rbuler it , high luminous arid particulate laden. The hf ~ h luminos i ty

iov~ is preclude th’ use of cw laser  SuO us t o  Ranan work in these em i or r m~~n t c .

PuIs  1 i~ s : 3 1J 0 t es al r q i i i r e d to p r o l c i p eak Ranan powers compa”able to or

pr  t~ r e P l y  in - x o ; s  1 th~ Ps k~~r o  i’ia LOU iS pow In some inst~~ice s , low G: N

r a t .  us s r r  . n o i n t ~~r e l  v s  w i t h  p~~U;. o Iso i ; .  In situations where th l s c k ~ r~ cnJ

J o  i~ . .;ity is ~ulerabl ’ , Ui p u l a d  J r , t — p s t i i l a t  interaction can lead I i  a

_____ 
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varn ty ut i x e er -p ar t a cu l a t e  interaction “noise” effects which can a dw r sr - l y

a 1 L ~ ct the succ~ ss1ul application of laser Rom an techniques. In laser Raman

thermometry experiments at iJTRC , s u c cE s sfu l  Ram an measurements in a hydrucre r buir -

~~it ~ led mod~-1 combustor were, in one case , precluded by laser modulated par t i r r u -

iat~ L~. r u i d c o c -n i c e . Particles ( e . g . ,  soot ) in the measurement volume , which u~

hi~~ii st i sni tu m p : r o t u l es are alre ady incandescent and contribute si~ x i i l i  ant~~y

to th total  luminous emission , absorb the incident Roman- inducing laser r s ;i J r . t j oy ,

kie~~t to temperatures far above ambient , and emit great ly incre ased amounts ox

~r a y,  b 1 a r h ~budy radiat ion which can exceed the sought-for Roman signal lE vel; .

Under Project SQUE sponsorship, this problem and potential solutions have be n

experimentally investigated under controlled laboratory conditions. Details of

these studies will soon be available in a Project SQUTh technical report (Ref. i).

Discussion

Detailed analyses (Ref. 2) of laser irradiated particle heating have been

nad~ in an effort to obtain a better physical understanding of this phenom ena and

to seek solutions to laser induced or modulated incandescence “noise” effects.

In s ije r al, these analyses display the inadequacy of the various heat transfe r

prccesses from preventing the surface temperature from rising appreciably above

the initial level, particularly for larger particle sizes, i.e., � .l~, and higher

focal flux values, i.e., above 1O5 W/crri . Due to this inadequacy, the partici

surtavi . temperature tends to follow the laser pulse envelope exhibiting little

p lEas . behavior which could be exploited for noise suppression. Despite the imich

___— 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



- ~~~~~~~~~~~~~~~~~~~~~~~~~ - ._ . S , V . .. —~

o ~i t r ~ 1.. rnp~ r tt ur p • , l , t b -  :u a] y~~is predic ts a relat ive ly we ak dependence

u t  . ; - A f:i ’ tempe r a t i r- Oil  ~c- l x lux.  Thus, yen though the surface t r n p E - r a t u r E -

oil  tb ii~~and~ - n  n o -  i ioe:; with  inc is .r C ;  i n~ focal flux , the incandescent noise

nut inc leas e as rapid ly as the Raip an sicnr t l , and S/N improvements are pre-

. jj ~~~~d with increas iri~
- 1ev - i; of focal f lux .

Fs~ € e ’jmerjt al Lnser Irradiate d Particle Noise Studies This aspect of the investi_

-atLu ~ddts - ssed the validity of foregoing analysis. Initially laser indu u d

narticolat noise was st .idied by irradiatinp singly suspended ~re diame te r particles.

Fai i~ results , ixi .r lud irn I h  I r r r s e n ~~ of laser induc ed C, Swan emiss ion in addition

to irI~~u1c1 s~~.n cf , w e - r e -  summar ir -d previously (Ret. 3). One important point wu r uh

re- -mn h n o i y i n o  cono~~rns the distinction between alumina and carbon (soot) pac t 1-

ilates wh ich has he~ n experimentally verified. Unlike soot particles , A1203

pass ;se: an ext~ omely low absorption cross section , which varies fran tour to

1 1 5 . c c i x ;  of magnitude 1-o s than its geometric cross section (Ref. 1~) d - ~ e-nding

or J o ct x c i -  sire arid wavelength . Consequently , very little incident laser cne ro,y 

is ~r - t . - h  by wi alumina particle resulting in very little heat ing and , hen .:c ,

v e r y  1i~~ J~ lase r induced radiative noise.  Hence , A]~ O3 would be an excellent

3ee- d t o t  LDV work  permit t in g simultaneous LDV and laser Rom an studies.

j :~~1 i le s i z e  measurements in the UTRC test combustor (Ref. 5) using a NP

s a t . lie ’ techrn~~,ie indicated an average par t icle size of ~0O ~ (o.o~u). Conse-

V t o  J y .  c r i b s e q i x i t  f . st in ~ focussed on laser induced particulate noise produced

by r i n r i t - p r  nan- - d i f t u s  ion flame s whose soot sizes w er e  known to be in this

an • L: ;~~ i i . n r m- e- i n a i l  i ’ i a t  c radiat ion was monitored as a function of energy
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and focal flux employing a two 1j an5 1 -l Rom an spectrometer ( R e f .  2 ) .  For 1h e ;(

s tud ies ,  the spec tromete r fur ict i -one t as a two color pyrometer (52 3 0 , 686k ~
) and

was calibrated again st a t w i j~5tei1 t i ia in ’-r i t  as known temperature . Laser heat ea

par t iculate temperatures , de termined in the above manner , as a function of local

t lux l - --iel exhibited fairly good ao±eement  with the analytical model ( R e f .  2 ) .

The part iculate temperatures varied from approximately 3500°K to 1~5OO°K over  a

fi nK ra:ice from 1O5 to 108 W/c m2 . Quite importantly, the absolute noise level

alter invx eas ing initially with laser energy, leveled off and became nearly

ind e-p . -x ~dent of energy for laser energies in excess of about 60 mJ. This i e s A i t O

eCrse - x l tially from the saturable behavior of the laser heated particle surfac e

temperature with increasing f ocal flux . The laser induced part iculate noise also

decre ased with decreasing focal length due to the decrease in the number of

particles being irradiated. From this dat a, a signal to noise improvement of

several hundred was extrapolated for flux increases from 2(lO~ ) W/cm2 to l0~ W/r ’rn~ .

Operation beyond this flux level may be problematical due to gas breakdown . These

results clearly ind ic ate the value of operating at the highest possible focal flux

level in particulate laden environments . Operation at these f lux levels can lead

to other problems , howeve r , such as up t ical  dam age in and fluorescence from window

ports , both of which have been i -xpr-ni rn en i ta f ly  encountered .

Signal Averaging Considerations In R e t .  6 , the consequences of time averaging

Roman data generated by a cw laser I rom a turbulent medium were examined. In an

analogous fashion , an analysis of ensemble averaging pulsed Raman data in a

fluc tuating medium was pe rform ’ -d . Tb analysis can handle such effects as laser 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~- - --



— - - - . .~ - —

i ’  r 5c’ var ia t ions  and sho t noise fl uct u a t ions and I r , a t s  rej florj~- oth r i c - r i : ;  , ‘r e

t i t  yb r e -  “noise ’ is sampled i u e i  ;ub l .  r a t e d  from a “s ignial ” channel. T h e -  a r t  1-i - -

I -i ; oris t r a t  - -1 that yb xi !~ii1nwr lata L i e  O l e  - f c t (  d , backgroun d can be suht  t a c t  -u in

r i ~ 500 - ‘ 0 1  shot r i c i n  t sr: -; av e . r a n - t o  ;- 10 .  However , t emp er at ofr -  m i  x : ~~- 1  1 r O r n

t he- s T  .10 : a p a r a t e - l y  a - - r o e  band i . nt enc  it i rs  will not be the SV ( J ane tc tsl~ ~~~~

1.0: . .  but w i l l  - l e - p : i r ’. i r UiS L Le  t r :x e  a/ e  t a ~~- cepend inx ~ on the magnitude ~~id S ~~~r —

1st 1 OxI  -o t th e - x l u r t u a t  inns . Furthermore , ri rriea sor enhr nt si tuat ions where the

t - .~~ .r u n  r s  i ty rot j o at any i x i s  ‘ou t cannot be i f e  m ine d ac ru rot ’  ly (due - to s l o t

:i~ Is e f f e c t s , includ ing this~~- a r i si t in  u u i 1r0 ; subt rac t ion) ,  the average of she se

te r r o n e o u s  t - r r i p e  ra ts  I - itt as ‘r .r - ’ merit; will r u t  yield the t r u e  a-i -rare

• tsp

- ~ f - Fl sine Temperature Neasurements it CH~ dif fus ion flame sustained in the-

. .; x i t . r  ox a 7.u rn dia.  premixed fiat flame burner was employed to int . - r dur e

.c)nI I ulled amounts of laser induced particulate noise into a Rom an t emnj~~r o t ’x r r

rt~~as .x rrm e x t  expe r imen t .  A four channel Rom an spectrometer consisting Sf l w-u

s i lO ] .rn~ two n oi se  channels , the latter located in spectral regions j u s t  ai .)w’ent

t o  ‘I  :~oniin bands , was used to demonstrate noise  sampling and subtrac t ion . Due

t o or  :t  n o i S e  f luctuations , good subtraction is not obtainable with each pu1se ,

b u t  . . r i l y uri  5 ; c  r a ~a ove r a large number of pulses depending on the photon 1 ev - i s

I n ’oiv d .  By adjusting, the noise channel photomultipliers in ten volt increments

O r  i t j t r a i tiori was obtained on average with the dye laser so tuned that all

t o i l  channels “saw ” only noise . By appropriate tuning of the laser , the Roman

hands we re placed within the signal bandpasses and observed with the noise sr .m b t r n ~~t.ed

______________________ -~~~~~~~~~~
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• h r e ~ s I V t : -  I;; 
~( 1 V 515)01 ] w ith  1 51101 data wi fir the se ed flanv - ~ i,tj  li ti i : ; k i  - s

:0 ~~~o : - - I i l l . - W- . 11 s i x i c e  the intr -oi .r - . l ion ~f the ;- -d f’lame cOr ~. ; t i tu s  - 1 r 1/

11 :r :ri l 1 p e r t  i r b ~~l , j ,li f j  i i i -  hi I n c  I be -m J ie - i -at oms -  profile . Thus fbi;’: S tum p ]  i i i ;

. :i11: t i t -  t .  I is 15 i ‘ ib le : p p r a h  1 0 1 ’ r ; c s ~u measurements in noisy m’ d i &  ;ib ,l ’ -  t

to put ’-nt ia l  c t - r u  ‘ .: 01 13 i r i ~ f t i n ; I - ‘nod r L -j~ - .r ’ a n i r ix ~ in unsteady environments

~u i_ [- i t ~~ rs; win 0 unimendal ions ~~ ~; -1 :ii silt to be- (ate-Ourical in ro f O S i  to

x i x - rt i l it y  .i sp-i i~~ O n e  u - : r : :~~~- r w r x : t ’t r i no for practical combs : t 1011 rj i a n r i u ;u t i  cs

- )rsi i~~iu! ; ‘so j 1 5 5 ,.j~~~~ -ly  I . . fl ; 5 v i :  to device and ~: ‘ t h in  a o d v - rx d e V i  V -

a- n - f i n s  vi l u r r t . i - j n i  u :  p . r r r i 
~ 

V 
J~ ‘ un- in i s .  Based upon i r e  stu d i : - ;, pr ’i r r r rl,

s or e 1 i a~ riast. iss l i t  a J i t l i ;  ion flare apparatus operating on hydrocarbon x c ’  1:

ODLe is:  hi~ hiy doubtfu l  based upon both background luminosity cons iderat ions ~n

ia;~ ~ ii~ i o -  1 pa rt i - u1aL~ ;ioio c- It od ’ts . Secondary and exhaust region probing

may [-~~ possible ( i ~c f .  7) s ince lum inosity levels tend to be lower , but p or t  i ‘clot

e I t e . s o d  could be problematical if th~ par t icles are in suf f ic ient quantity or

size . High l’ocal flux levels appear optimal for enhancing Raman S/N in r egard

to laser induced particulate noise but may lead to problems with window hr .  akdowri

o.xid fluorescence. The latter may be sufficiently strong to preclude the use 01’ 
V

preferred background luminosity suppress ion geometries. Noise sampling and

subtraction is feas ible as has been demonstrated. However , shot noise effects

- i i c  t o t e  that Raznan data be separately averaged to permit accurat e determ ination

of ave- rage signal levels . Ensemble averaging, however , leads to band intensity

ra t ios which , in f luctuat ing environm ents , depend not only on average temperatur e ,

- ~~~~~~~~~~~~~~~~~~~~~ .
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I I :r v  t i ’ - de l1S i ty ‘aid on tin - 1135111 b o l e  and so r ’r’r ’lations of l’l t t t ~~~~t i l  l i l t i i i

t i e  n~~i t .~ tin ] I mp er a tu r ’e . These ef fects  may result in large meas urement e r r o r s

:V~ n V ; V  n i ;  - t h e  < S I V O t e  - [  h i u r r ~~,n da ta of little uti l i ty.  Based on this p er - ’~~n on

of i n -  s i t - ~a t iOn , ~ h e l i e v - -  spontaneous Ram an scattering to be of li.rnit~ 1 • t ilit:-,

f u r  s~a:•y ra- t i ca i  applications . However , due to its relative simplicity ‘ .x,c

hich 1.. ‘ii 1 of p i s - sent  day understanding it certainly merits f i rs t  consideration

ill r x v i r ’onmt-nts whe re the aforementioned noise effects  are not overwhelming.

:- ir  most  practical applications, the feasibility of stronger Ram an processes

ii - 
~‘J~i ( r t suh i  - r e - n t  an t i-Stokes  Raman scattering) or near-resonant Rom an

: 5 1  ~ u’ in~s needs to be invest :Leat -d . In particular CARS has shown great pu ’ - rn ’

to (lat ’- but is not without problems du~ to its sophistication. It is not V:or :;T l te-ly

clear  at this point what the impact of practical device char acte r i st f ’s  ;e~e~h as

hms h  turbulence and particulate levels will be on CARS generation. In p a ; ’ i — ’i r i r ..

s ince nonresonant susceptibility contr ibut ions are often problematical I i i  ( ‘I-i d

xp e i-imer ~ts , potential particulate (soot )  noise effects  should be r - c x r ur j  i l l -r h  in ‘-

r ;t ru lled  manner.
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~ ha; been studied and the noise has been found to saturate with increasing
laser ~- s x e r ’gy and decrease with decreasing focal length lenses. The effect of
signal ave rag ing  pulsed Roman data obtained in an unsteady medium has bee n
analyzed. Averaged Rom an dat a is shown to depend not only on aver age tern -
perature but on the ma~~itudes and correlations of medium f luctuat ions in
d~-n si ty  and temperature . Noise sampling and subtraction have been shown to 

V

be t’easible arid a temperature measurement demonstration was performed on a
soot seeded labora ux ’y bl rn r using, the above approach.
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