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NON- I NTRUS I VE FLOW MEASUREMENTS 

ON A RE-ENTRY VEHICLE 

R. 8. Miles, D. A. Santavlcca, and M. Zimnerrnarln 

Abstract 

This study evaluates the u t i l i t y  of  various non- int rus ive techniques 

f o r  the measurement o f  the flow f i e l d  on the windward s ide of the Space 

Shut t le  o r  s s im i l a r  re-entry vehicle. Included are l i n e a r  (Rayleigh, 

Raman, Hie, Laser k;p!er Velocimet ry, Resonant Doppler Velocimetry) and 

non 1 i nea r (Coherent Ant i  -Stokes Rarnan, Laser l nduced Fl uorescence) 1 i gh t 

scat ter ing,  e lec t ron  beam f 1 uorescence, thermal emission and mass spect ros- 

copy. Flow f i e l d  proper t ies are taken from a nonequi l ibr ium flow model by 

Shinn, Moss and Simmonds a t  NASA Langley. Conclusions are, when possible, 

based on quant i ta t i ve  scal ing  o f  known laboratory resu l t s  t o  the condit ions 

projected. Detai l ed  discussion w i t h  researchers i n  the f i e l d  contr ibuted 

fur ther  t o  these conclusions and provided valuable ins igh ts  regarding the 

experimental feasi b i  1 i t y  o f  each o f  the techniques. 



NON-INTRUSIVE FLOW NEASUREMENTS 

ON A RE-ENTRY VEHICLE 

1. l n t roduct ion 

This p ro jec t  was undertaken t o  determine which i f  any o f  a va r ie t y  o f  

nonint rus ive diagnost ic techniques might be useful  i n  determining flow pro- 

per t ies  on the windward s ide o f  a re-enter ing Space Shut t le  o r  a separate 

re-entry vehicle. Our procedure was to f i r s t  est imate the detect ion capa- 

b i  l i t  ies o f  the techniques a t  condi t ions corresponding t o  those expected i n  

the f low f i e l d  surrounding the Space Shut t le  as i t  passes between 80 and 40 

km i n  a l t i t u d e .  Where possible we used e x i s t i n g  experimental resu l ts  and 

extrapolated t o  the desired condit ions. I n  some o f  these estimates we were 

guided by ongoing work i n  our own laborator ies and i n  others by resu l t s  pub- 

l i shed  i n  the l i t e r a t u r e .  Subsequently a presentat ion was made t o  the 

Princeton Advisory Group and the r e l a t i v e  mer i ts  o f  each technique, plus a 

1 i s t  o f  the important parameters to be measured were discussed. I n  order t o  

f u r the r  explore the promises and 1 im i ta t ions  o f  each o f  the techniques, a 

wide va r ie t y  o f  researchers were v i s i t e d  and deta i led  discussions undertaken. 

These i n c l u  led t r i p s  to  NASA Langley, United Technologies, NASA Ames, Uni- 

vers i  t y  o f  Cal i fornia-Berkeley, Sandia-Livermore Laboratories, and Stanford 

Univers i ty .  This provided us w i t h  an opportuni ty  t o  learn the state-of - the-  

a r t  i n  each of  the areas and t o  obta in spec i f i c  comments and perceptions 

from these researchers w i  th regard t o  the po ten t i a l  o f  each o f  the techniques. 

Where relevant many of  these comments are included i n  the appendices i n  

which the techniques are discussed i n  detai I. 



2. Summary o f  the Results 

The f l ow  f i e l d  cond i t ions  which were used i n  t h l s  study were l a r g e l y  

taken from work conducted a t  NASA Langley by J. L. Shinn, J. N. Moss and 

A. L. ~ i m o n d s . '  Figures 1 and 2 show p l o t s  o f  ve loc i t y ,  dens i t y  and 

temperature f o r  a re -en te r ing  Shu t t l e  a t  a l t i t u d e s  o f  74.95 km and 52.43 

km, respect ive ly .  Each i s  shown as a f unc t i on  o f  the d is tance from the 

wind-ward sur face a t  two po in t s  along the cen te r l ine .  Here, the  ca lcu la -  

t i o n  i s  done f o r  an equiva lent  hyperbolo id  whose parameters a re  determined 

by the p i t c h  angle o f  the re-enter ing vehic le .  The arrows i nd i ca te  the 

cond i t ions  a t  the w a l l  assuming a f i n i t e  c a t a l y t i c  a c t i v i t y .  The f ree 

stream condi t ions and equ iva len t  body parameters a re  given i n  Table 1.  2 

Each o f  the curves i n  Figures 1 and 2 terminates a t  the shock boundary and 

t he res i t e r  the f r ee  stream cond i t ions  apply.  

These ca l cu la ted  r e s u l t s  depend s t rong l y  on the e f f e c t s  o f  nonequi l ib -  

r ium hea t ing  and surface c a t a l y t i c  a c t i v i t y .  For example, Figures 3 and 4 

show calculpted values of species mass f r ac t i ons  a t  75 km a l t i t u d e  assuming 

i n  Figure 3 a non -ca ta l y t i c  wal 1 and i n  F igure 4 a f u l l y  o r  e q u i l  i b r i um 

c a t a l y t i c  wa l l .  Depending on the range i n  c a t a l y t i c  a c t i v i t y ,  the w a l l  

temperature can vary by over 30%. I n  Figures 3 and 4 note  t ha t  there i s  a 

large change i n  the species concentrat ion near the w a l l  w i t h  a la rge  NO 

concentrat ion i n d i c a t i n g  s t r ang  c a t a l y t i c  e f f ec t s .  A t  low a l t i t u d e s  the 

temperature behind the shock i s  too low t o  produce s i g n i f i c a n t  r ad i ca l  

concentrat ions (Figure s ) . ~  These species and temperature d i s t r i b u t i o n s  

behind the shock depend s t rong l y  on est imates o f  reac t ion  ra tes .  Conse- 

quent ly,  the v a l i d i t y  o f  the model remains l a r g e l y  unknown u n t i l  temperature 

p r o f i l e s  o r  species p r o f i l e s  can be measured. Densi ty and v e l o c i t y  p r o f i l e s  



Figure 1 .  Meloci ty ,  tempe~.ature and density outward from the windward 
center1 lne o f  the re-entering Space Shutt le  a t  an a l t i t u d e  of 
74.95 km. Conditions are shown for  two locat ions (s*) : 1 .2  
meters from the nose (s/RN= .9) and 33.5 meters from the nose 

(S/RN= 25) [Ref. 1 1 .  
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'igure 2. Veloci ty ,  temperature and density outward from the windward 
center l ine o f  the re-entering Space Shutt le  a t  an a l t i t u d e  o f  
52.43 km. Conditions are shown f o r  two locations (s*) :  1 . 1  
m t e r s  from the nose ( S / R ~ -  .9) and 30.8 meters from the nose 

(s/RN=25) [Ref. 1 1 .  
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Figure 3. Species mass fract ion f o r  nonequi l ibrium flow wi th  a non- 
c a t a l y t i c  wall  [Ref. I ] .  (42.2' Hyperboloid; RN= 1.34 m; 
s/RN= 10.0; A1 t = 74.98; M,- 27.5; Tw = 1 5 0 0 ' ~ ) .  
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Figure 4 .  Species mass f rac t ion  for nonequil ibrlum flow with an equil  ib- 
rium c a t a l y t i c  wall  [Ref. 1 1 .  (42.2' Hyperboloid; R N =  1 . )41 m; 
; /RN= 10.0; A1 t = 74.98; Mb= 27.5; Tw- 1500°K). 



n = d/ SHOCK DISTANCE SHOCK Dl STLSNCE = %448 f t 
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Table 1 .  Freestream conditions and equivalent body parameters. 
2 

Al t i  tude, PCO* Equivalent Body* 

Case km km/sec kg/m3 a 8 RN* m 

STS-1 Conditions 

a angle of attack 
* Hyperboloid with body h a l f  angle 8 and nose radius RN a t  zero degree 

angle of at tack.  



as ml l  as the location o f  the shock are also o f  s ign i f i can t  interest .  Near 

the nose the shock stands less than 20 cm f r o m  the surface and substantial 

variat ions i n  velocity, tenperature, density and species concentrations oc- 

cur over a few m i  11 i n t e r s .  These gradients are largest  through the boun- 

dary layer where phenomena most d i r ec t l y  re lated t o  the surface w i  11 occur. 

The capabi l i t ies  o f  the various nonintrusive detection methods are 

shown in  Table 2. This table breaks the techniques i n t o  three categories. 

The f i r s t  includes passive techniques which do not require i l luminat ion o f  

the flow. Thermal emission natura l ly  occurs from hot gases and par t i c les  

and may be col lected through a window and analyzed by an opt ica l  spectrometer. 

Hass spectroscopy involves sampling a t  the surface and subsequent analysis 

o f  gas constituents. The second category includes techniques which requi re 

ac t ive ly  probing the flow f i e l d  w i th  l ight  o r  an electron beam. The l a s t  

category includes techniques which requi re both act ive probes and a foreign 

species seeded i n t o  the flow f i e l d .  Note that, i n  theory,numrous ways are 

avai lable f o r  measuring both temperature and species concentrat ions. 

The select ion o f  the f l o w  propert ies which would be the most valuable 

t o  measure was a topic o f  substantial d i s c u s s i ~ ~ i .  Clearly one would l i k e  

t o  measure everything. Alms t any measurement would give sorne check on the 

accuracy of the model 1 ing. It was general 1 y agreed however that species 

concentration o r  temperature would be especial l y  useful as a check o f  the 

model. Certainly a p ro f i l e  o f  one o f  these two variables would produce data 

o f  substantial in terest .  This i s  not t o  neglect the importance o f  the den- 

s i t y  pro f i le ,  shock location, veloci ty p r o f i l e  o r  the measurement o f  free 

s t  ream conditions. One o f  the most c o m n  concerns ra i  sed was the density 

o f  par t ic les  and the amount of  thermal emission encountered i n  the flow. 



Table 2 
Capabi l i t ies  o f  Nonintrusive Detection Methods 

TECHN l QUE MEASUREMENT 

I . Mass S w c t  roscopy 

Thermal EmlssIon 

Spec i t s  
Concent r a t  ion 

Tempe ra t u re Species 
l &ntf  t y  

I I. Raylelgh Scatter ing Tempe ra t  ure Densi t y  VelocI t y  

Raman Scatter ing Tempe ra  t u  re Spec ies 
Concen t ra  t Ion 

Coherent Ant l -Stokes Temperature Species Dens1 t y  
Raman Scatter i  ng - CARS Concentratlon 

Mie Scatter ing 

Laser l nduced F l  uorescence Temperature Spec l es 
Concentration 

Electron Beam F1 uorescence Te~nfiera ture Spec 1 es 
Concen t r a t  Ion 

Part 1 c l e  
S i ze/Dens i t y 

1 1 1 .  Laser Doppler Veloclmetry 

Resonant Doppler 
VeIocImetry 

Temperature 

Velocl t y  Pa r t i c l e  
Slze/Dcnsity 

Dens i ty  Velocl t y  



These two questions c lear ly  a f fec t  the v i a b i l i t y  o f  severr l  of the tech- 

niques and should be answered a t  an ear ly  stage. As w i l l  be evident i n  the 

fol lawing discussion, species nasuremnts  w i l l  be the most d i f f i c u l t  t o  

obtain w i th  ex is t ing  techniques. On the other hand, density prof i les, 

tenpcrature pro f i les ,  veloci ty pro f i les ,  par t icu la te  prof i les,  and the 

shock location m y  well  be achievable w i t h  current technology. 

A detai led discussion o f  each of the techniques and the methodology used 

f o r  evaluation i s  presented a t  the end of  t h i s  report. Table 3 i s  a sumvry 

o f  the conclusions. This table i s  broken i n t o  f i ve  categories. The f i r s t  

includes techniques which have undergone substantial laboratory tes t ing and 

appear t o  have high promise, These a n  Rayleigh scattering, especial ly for 

densi t y  masurenn t s  and potenti  a1 l y  f o r  tenpcrature and ve loc i ty  measun- 

mnts ,  and Hie scat ter ing for pa r t i c l e  concentrations, veloci ty and size. 

The second category includes techniques which also appear promis ing but have 

e i the r  not been adtquately demonstrated i n  the laboratory o r  t he i r  success 

depends strongly on the magnitude of  the background noise levels. These are 

laser induced flwrescence masuremnts o f  N, 0 and NO concentrations and 

temperature (from NO), and mass spectroscopy. Laser induced f l  wrescence 

may produce prof i les  o f  the N, 0 o r  NO concentrations which are sensi t ive 

indicators of the chemistry a t  high al t i tudes.  Hass sptctroscopy may be 

capable of determining species concentrations w i th in  the boundary l iryer 

throughout re-entry. The t h i  r d  category includes techniques w h i  ch w i  I 1  

requi re substantial addit ional work and are of questionable u t i  l i ty. These 

are quant i tat ive thermal emf ssion, electron beam fl uortscence, and spontan- 

eous Ramn scat ter ing measuremnts o f  temperature and concentrat ion. The 

fourth category includes techniques which appear t o  have very 1 i t  t l e  promise. 



Table 3. 
Sumnary o f  Cmcl us ions 

CATEGORY TECHNIQUE PROJECT l ON 

1 A. Raylei* Scattering 

B. Hie Scatterins 

Very Pronrlsing 

Very Promising 

C . Laser I nduced F l  uo rescence Promising 

0. W s  Spectroscopy Promi s ing 

E. Thermal Emission Needs Hore Research 

F. Electron Beam Fluorescence Weeds b r e  Research 

G.  R a m  Scattering Needs Hore Research 

H. Coherent Anti  -Stokes Raman L i t t l e  Promise 
Scattering - CARS 

5 I. Laser Doppler Velocimetry Requi re Seeding 

J. Resonant Doppler Velocimetry Requi re Seeding 



The only technique i n  t h i s  category i s  coherent anti-Stokes Ranan scat ter ing 

where the law dens i t ies, high tenperature and crossed-beam phase-matchi ng 

resu l t  i n  low signal strengths. A f i f t h  category i s  reserved f o r  those 

techniques which requi re  seeding. It i s  current ly impossible t o  determine 

the promise o f  these techniques, however i t  may be possible t o  use ablated 

material o r  natura l ly  occurr ing par t ic les  i n  such a manner that  the tech- 

niques may be viable. These are laser Doppler velocimetry and resonant 

Doppler ve loc imtry .  Each o f  the techniques i s  fur ther  discussed i n  i t s  

associated appendix. 

I n  our estimation the most promising technique i s  iby le igh scattering. 

This has been demonstrated i n  the laboratory t o  be capable o f  measuring 

density and tenperature. The scat ter ing i s  observed a t  the same frequency 

as the laser and therefore the signal i s  subject t o  substantial noise in ter -  

ference from scat ter ing from par t ic ies  which may be i n  the flow stream. 

S i r n i  l a r l y ,  observations very close t o  the window may be d i f f i c u l t  due t o  

background 1 ight  scattered from the window i t se l f .  Various species have 

d i f fe ren t  Rayleigh scat ter ing cross sections. These do not vary substan- 

t i a l l y  from that  o f  N2, and, since N2 i s  always the major species, i t s  cross 

section nay be used f o r  &nsi t y  and veloci ty measurements. For temperature 

measurements, however, the di  f fe rent  molecular weights o f  the d i f ferent  

species w i l l  cause d i f ferent  broadening o f  the scattered l i gh t ,  somewhat 

compli:ating the measurement. The Rayleigh technique involves a single 

laser probe and could use an array o f  detectors so tha t  a s ingle laser pulse 

would y i e l d  an e r t i r e  p ro f i l e .  I t  has been demonstrated i n  the laboratory 

that such a system m y  be integrated w i th  a Hie scat ter ing system f o r  the 

detection of  part iculates. For example, when l i g h t  i s  strongly scattered 



from a p a r t i c l e ,  simple l og i c  i n  the detect ion system may be used to  exclude 

t h a t  signal f r o m  the  Rayleigh scat te r ing  measurement and separately reg i s te r  

i t  i n  a p a r t i c l e  counter. Thus a s ing le  apparatus may conceivably y i e l d  

pressure, temperature, ve loc i t y  and pa r t i cu la te  p r o f i l e s .  

We a lso  f i nd  laser induced fluorescence from 0, N and ti2 LO be a prom- 

i s ing technique f o r  both concentrat ion and temperature measurements. This 

has not  yet  been f u l l y  demonstrated i n  the  laboratory under condit ions which 

can e a s i l y  be re la ted t o  the re-entry environment. Therefore we must in -  

clude t h i s  technique i n  the  second category. Our enthusiasm i s  based on the 

importance of these species as an ind ica tor  o f  the nonequi 1 i b r i  um chemical 

dynami:cs, p a r t i c u l a r l y  a t  high a1 t i  tu&. A1 though there are d i f f i c u l t i e s  I n  

using t h i s  technique t o  measure species concentrations, the wide range of 

species densi t ies behind the shock should nonetheless be observable. The 

work o f  McKenzie e t  a l .  a t  NASA Ames has been la rge ly  d i rected towards the 

use o f  t h i s  technique fo r  temperature measurements. Using the technique as 

he has done, i t  would appear tha t  temperature p r o f i l e s  ,my be obtainable 

using two sequential laser  pulses o f  d i  f f e ren t  wavelengths. With t h i s  tech- 

nique we also note t h a t  scat te r ing  may be observed by mu1 t i p l e  detectors as 

was true o f  Rayleigh scat te r ing  so that a p r o f i l e  may simultaneously be 

taken. Since a pulsed laser  i s  used and fluorescence i s  observed over a 

rather  narrow range o f  the spectrum, thermal emission can large1 y be excluded. 

Our evaluat ion o f  mass spectroscopy was 1 i m i  ted  since no operat ional 

system for ex t rac t ing  the gas sample through the vehic le surface has yet 

been developed. There are two serious l i m i t a t i o n s  associated w i t h  t h i s  

technique. The f i r s t  i s  tha t  i t  samples from an area i n  such close prox- 

im i t y  t o  the sampling por t  tha t  It may not  be i nd i ca t i ve  o f , t h e  condit ions 



a t  t h ~  surface a t  a l l .  This w i l l  p a r t i c u l a r l y  be t r u e  i f  the sampling p o r t  

I s  large i n  the streanwise d i rect ion.  The second problem i s  t h a t  the sample 

gas i n  passing through the sampling probe w i l l  most ce r ta in l y  undergo recom- 

b ina t ion  and as such w i l l  no t  be t r u l y  i nd i ca t i ve  o f  the species concentra- 

t i ons  i n  the boundary layer .  Discussions w i t h  Dr .  W i  11 lam McLean a t  Sandia 

and Drs. Daniel Seery and Med Colket of United Technologies indicate t h a t  a 

scavenging probe may be useful t o  a l l e v i a t e  t h i s  problem. For example, one 

could in t roduct  hydrogen a t  the sampl i n g  po r t  t o  i n te rac t  w i t h  the oxygen 

atoms o r  0 t o  i n te rac t  w i t h  n i t rogen atoms t o  produce a stable species that  18 
would i n  e f f e c t  tag the o r i g i n a l  species. A s i m i l a r  idea i s  being studied 

by George Wood a t  NASA Langley using i so top ic  l a b e l l i n g  on the wa l l  material .  

This technique was o r i g i n a l l y  suggested by ~ r i s t r o d  and i s  cur rent ly  being 

used f o r  radical  species diagnostics i n  combustion. With proper care i n  the 

design o f  the intake p o r t  and a care fu l  se lec t ion  o f  pumping rates, t h i s  may 

be an e f f e c t i v e  way o f  doing species i d e n t i f i c a t i o n  i n  close proximi ty  t o  

the surface. 

Although thermal emission and e lectron beam f 1 uorescence may have the 

capab i l i t y  o f  y i e l d i n g  temperature and species concentrations, they are both 

b e t t e r  used f o r  q u a l i t a t i v e  than quant i ta t ive  study o f  the f low f i e l d .  For 

example thermal emissions might enable one t o  determine the t o t a l  column 

density which could then be used w i t h  laser  induced f l  wrescence t o  cor rec t  

f o r  ,:.rapping e f fec ts  as has been suggested by Professor John Dai l y  o f  the 

Univers i ty  o f  Cal i forn ia.  The thermally emitted l i g h t  must be co l lec ted 

over an integrated path and therefore po in t  measurements wi l 1 be d i  f f i  cul t 

i f  not impossible. Pressure and temperature e f f k c t s  w i  11 fu r ther  confuse 

the analysis. S im i la r l y  e lectron beam fluorescence has been developed as a 



f low visual i za t i on  too l  and i s  no t  wel l  adapted t o  quanti t a t i v e  measurements 

under these conditions. As Dr. W i l l  lam Hunter o f  NASA Langley pointed out, 

both quenching and temperature e f fec ts  are not  wel l  understood. The elec- 

t ron beam does have the  advantage however tha t  i t  w i  11 operate a t  very h igh  

a l t i t udes  and might be useful as a q u a l i t a t i v e  k n s i t y  probe fo r  the low 

densi t ies encountered !n the ea r l y  stages o f  re-entry. 

The quantum noise 1 i m i  ted  s e n s i t i v i t y  estimates f o r  spontaneous Raman 

pred ic t  tha t  N, 0, NO, O2 and N2 concentration measurements and N2 v ibra-  

t i ona l  temperature measurements should be possible over the e n t i r e  range o f  

a l t i tudes.  This i s  encouraging but perhaps mislzading since the smallest 

amount o f  background noise from thermal emission o r  laser  induced par t  icu- 

1 ate incandescence w i  11 render t h i s  technique useless. Unt i 1 more i nforma- 

t i o n  i s  avai lable about the thermal emission and p a r t i c l e  density condit ions 

however i t  i s  reasonable t o  keep Raman scat te r ing  under consideration. 

Coherent anti-Stokes Raman scat te r ing  was found t 3  be incapable o f  

provid ing useful information under these conditions. The combination o f  low 

density, h igh temperature and short  i n te rac t i on  length (because of the 

required crossed beam phase matching) lead t o  a signal strength below the 

detect ion l i m i t .  i t  i s  a lso  r e s t r i c t e d  t o  s ing le  po in t  measurements and, 

because o f  the required wide angle crossed beam phase matching, i t  would be 

very d i f f i c u l t  t o  measure p r o f i l e s  unless a tremendous amount of experimen- 

t a l  complexi t y  were involved. 

I f  the flow f i e l d  could be seeded e i t h e r  from the surface o f  the vehi- 

c l e  o r  by a cloud o f  seed material ,  then several other  techniques become 

avai lable.  I n  pa r t i cu la r ,  laser  doppler velocimetry (LDV) may be an a t t rac -  

t i v e  way o f  measuring ve loc i t y  p ro f i l es .  Due t o  the very h igh  ve loc i t i es ,  



however, conventional LDV w n f  i gurat ions are not appropr:ate. Several a1 - 
ternat ives may be considered inc lud ing  a simple moni t a r i n g  o f  the t r a n s i t  

time scat te r ing  i n t e n s i t y  p r o f i l e  as a p a r t i c l e  passes tnrough a s ing le  

1 i g h t  beam as has been discussed by Dr .  Don Holve of  Sandia-Livermore, o r  the 

use o f  interferometers t o  observe tha large spectral  s h i f t s  o f f  the 1 i g h t  

scat tered by rap id l y  moving pa r t i c l es .  Another p o s s i b i l i t y  i s  the crossing 

o f  two co l l imated laser  beams a t  a very s l i g h t  angle t o  produce widely spaced 

inter ference f r inges to  lower the modulation frequency o f  the f a s t  p a r t i c l e s  

passing through the laser  beams. I n  t h i s  case the depth o f  f i e l d  becomes 

large and a mu l t i p le  detector system may be able t o  observe the ve loc i t y  

p r o f  i le. 

S im i l a r l y  i f  sodium atoms could be seeded i n t o  ths  f low, then the reso- 

nant Doppler veloclmeter could be used t o  measure temperatLre, &nsi t y  and 

ve loc i ty .  This technique requires tha t  the laser  frequency be scanned and 

thus in tegra t ion  times o f  s few seconds would be expected. Here again an 

array o f  detectors can simultaneously observe the e n t i r e  f low f i e l d  p r o f i l e .  

Using t h i s  technique the v e l o c l t y  p r o f i l e s  should be e a s i l y  d iscern ib le,  

however quenching effects and the wide range o f  tenperatures may lead t o  

di  f f i c u l  t y  w i  t h  the temperature and densi t y  measurements. 

3. Recomndat ions 

Throughout t h i s  study many questions were ra ised concerning the density 

o f  pa r t i cu la tes  and the amount o f  thermal emission on the windward s ide o f  

the re-entry vehicle. It should be c lea r  t ha t  the density o f  pa r t i cu la tes  

i s  a,) extremely important quant i ty  since i t  provides both a noise source and 

a po ten t i a l  seed source f o r  laser  Doppler velocimetry. I n  the case o f  Rarnan 

scat te r ing  even r e l a t i v e l y  low leve ls  o f  thermal emission o r  low dens i t ies  



o f  p a r t i c l e s  w i l l  p r o h i b i t  i t s  use. Clear ly  i f  the number o f  par t icu la tes  

i s  exceptional ly high, i t  may a l s o  obscure the Rayleigh scat te r ing  o r  the 

laser  induced fluorescence s ignals and e l im inate  laser  Doppler v e l o c i m t r y  

as an e f f e c t i v e  diagnost ic too l ,  On the other  hand, i f  the number o f  p a r t i -  

culates i s  low, Rayleigh scat te r ing  may be v iab le  and might be used f o r  

temperature and ve loc i t y  as wel l  as density measurements, bu t  laser  Doppler 

v e l o c i m t r y  may not  be possible. S imi la r ly ,  thermal emission, if excessive, 

may obscure the laser  induced fluorescence s ignal  as we l l  as Rayleigh scat- 

ter ing.  For these reasons we recommend tha t  a prel iminary experiment be 

planned t o  measure the p a r t i c l e  densf+, and them-;l emission. This could be 

done using a simple laser team and through a window co l  l t c t i n g  the Mie scat- 

t e r i n g  a t  the laser Frequency and the broad band thermal emission. As pre- 

v iously mentioned, t h i s  could be integrated w i t h  a Rayleigh scat te r ing  exper- 

iment i f  proper signal processing was done. With t h i s  information, p re l  i n r  

inary estimates o f  the p a r t i c l e  density and thermal emission i n t e n s i t y  could 

be made and perhaps a density p r o f i l e  found. 

Our resu l ts  indicate tha t  Rayleigh and Hie scat te r ing  and laser  induced 

fluorescence are promising techniques. We woul d 1 i ke t o  recommend tha t  f u r -  

ther  work be undertaken on the development o f  these techniques w i t h  t h i s  

p a r t i c u l a r  appl i cat ion i n  mind. With regard t o  mass spectroscopy, our con- 

c l  usion i s  that  the technique has promise but i s  as yet unproven. I t would 

appear tha t  a measurement of species concentrat ions would require the use o f  

a react ing tag, e i t he r  i n  the gas phase, o r  on the surface o f  the probe. 

The major 1 im i ta t i on  of t h i s  technique i s  i t s  inabi 1 i t y  to  probe beyond the 

surface and the p o s s i b i l i t y  tha t  the  c a t a l y t i c  nature of the entranrr  p o r t  

may perturb the species wncentrat ions from what would normal 1 y be encoun- 

tered along the vehicle surface. 
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APPENDIX A. RAYLEIGH SCATTERING 

Rayleigh sca t te r ing  i s  an e l a s t i c  sca t te r i ng  process f o r  which the scat- 

t e r i n g  i n t e n s i t y  i s  propor t ional  t o  the number dens1 t y  o f  sca t te r i ng   mole^ 

cules and therefore can be used t o  measure density. I t i s  several orders o f  

mgn i tude stronger than Raman scat ter1 ng but  lacks the species s e l e c t i v i  t y  

of  Raman scat te r ing  and i s  eas i l y  obstructed by Hie sca t te r i ng  ! i n  p a r t i c l e  

laden environments) and re f l ec ted  laser  l i g h t .  I t  has been used f o r  temper- 

ature measurements i n  constant pressure, non- reac t i  ve flows where the dens1 - 
t y  and temperature are re la ted  t h r o ~ g h  the equation o f  s ta te  [A . l ] .  The 

Doppler s h i f t  and broadening o f  the Rayleigh l i n e  can a lso  be used t o  m a -  

sure the veloc i  ty  and temperature, respect ive ly  [A.2]. The Rayleigh scat- 

t e r i ng  cross-section i s  species dependent, therefore a change i n  Rayleigh 

signal s t rength o r  l ine shape can be a resul t o f  composi t i o n  changes as we1 1 

as dens i t y  o r  temperature changes . 
The Rayleigh scattered signal strength, i n  terms o f  power, i s  given by 

the f o l  lowing expression: 

P ~ ~ ~ ~ ~ ~ n  - . 'c 'C 'ID f Ni ( ~ - 1 )  

where Po i s  the power of the inc ident  laser  beam, L i s  the length o f  the in- 

cident laser  beam fromwhich scattered l i g h t  i s  co l lected,  il i s  the s o l i d  
C 

angle of  the co l l ec t i on  opt ics,  i s  the e f f i c i ency  o f  the c o l l e c t i o n  opt ics,  C 

nD i s  the detector quantum e f f i c iency ,  NI i s  the number densi t y  o f  species 

I and Qi i s  the Rayleigh cross sect ion f o r  species i . 
The s e n s i t i v i  t y  and accuracy o f  Raylelgh sca t te r i ng  f o r  t o t a l  density 

measurements was evaluated i n  terms of the mini,num detectable density f o r  a 

given signal t o  noise r a t i o .  The noise was assumd t o  be quantum noise 



whlch I s  equal t o  the s q w r a  raot o f  the numbar o f  &tected Raylelgh photons. 

This leads t o  a signal t o  noise ra t i o :  

where At I s  the pulse duration, n 1s the number o f  pulses durlng the m a -  
P 

surement In te rva l ,  h i s  Planck's constant m d  v I s  the rad la t lon  frequency. 

The experlmsntrl parameters used i n  equations (A.l) and (A.2) t o  deter- 

mine the minimum detectable t o t a l  density a n  those given I n  Table A.1 Tuo 

lasers were consldered, a krypton f l u o r l d e  ( K ~ F )  exclmer laser  and a copper 

vapor laser. The KrF because o f  i t o  h igh average power and i t s  UV output, 

which resu l ts  I n  la rger  cross-sections and greater detector quantum e f f i r  

ciencles. The copper vapor because o f  i t s  narrower output 1 inewldth and 

higher e f f i c iency .  Based on the ra te  o f  descent o f  the Shuttle,an in tegra-  

t i o n  t lm o f  10 seconds was chosen. The Rayleigh cross sect lon f o r  N2 was 

-28 2 
used i n  t h i s  estimate, i .e. 8 x  10 cm / s t r -m lecu le  a t  514.5 nm. For a 

signal t o  noise r a t i o  o f  10, thr, resul tan t  minlmum detectable density I s  

1 1  12 3 x  10 /CC w i t h  the KrF 1a:ier and 6 x 1 0  /cc w i t h  the copper vapor laser .  

Both o f  these values are below the minlmum density a t  the highest a l t i t u d e .  

This resu l t  agrees we l l  w i t h  a detect ion I l m i t  est imate made by Robert 

Dibble o f  Sandia-Llverrnore Laboratory who extrapolated from detect lon 

l i m i t s  he rou t lne ly  observes I n  the laboratory. He a lso  estlmated the 

e r r o r  due t o  var ia t ions  i n  composition t o  be less than i l S % .  Therefore 

assuming we are i n  the quantum noise l lmi t the use af Raylelgh sca t te r i ng  

f o r  t o t a l  dcnsi t y  measuremnts over the e n t i  re range o f  a l  t l  tudes appears 

very promising. The problem o f  Hie sca t te r ing  from pa r t l cu la tes  i s  an 

:mportant concern since i t  w l l l  be orders o f  m a p l t u d t  greater than the 



Table A.1 

Values Used for  Rayleigh Scattering S i  gnal t o  Noise Estimates 

KrF Laser CMpe r Vapor Laser 

Perk Pawer 4OM 0.33 

Pulse Length A t  25 nstc 30 nsec 

Repetition Rate n 2 10 /KC 
4 5x10 /sec 

P 
Ua-1 ength X 249 nm 510 nm 

Detector Quantum Efficiency 
q~ 0.35 0.1 

Collector Optics Efficiency % 0.1 0.1 

Optics Col lection Angle Oc 0.01 s t r  0.01 s t r  

Scattering Length L 5 Iuil 5 



Rayleigh scattering; however, i f  the pa r t i c l e  density i s  not  too high it i s  

possible t o  identify and re ject  the larger s igra ls  due t o  par t ic les  lA.31. 

To use Rayleigh scatter ing f o r  temperature and ve loc i ty  nteasurcnwts, 

i t  i s  necessary t o  use a narnm l i n e  width laser (which rules out  the use 

o f  the KrF laser) and a scanning Fabry-Perot spectrometer w i th  adequate 

resolution, i n  order t o  resolve the Doppler s h i f t  and broadened l i n e  width 

which w i l l  both be o f  the order o f  0.1 GI. The rider o f  detected photons 

w i l l  i n  turn be reduced, which w i l l  increase the minimum detection l i m i t  t o  

I S  approximately 10 /cc. Since the mininunnitrogen density a t  72 km a l t i t ude  

1s i s  also 10 Icc, the Rayleigh temperature and ve loc i ty  measuremnts w i l l  be 

possible a t  a l l  a l t i tudes,  throughout the flcm f ie ld .  For the temperature 

measurement i t  w i  l l be necessary to  correct f o r  cornposi t i on  changes perhaps 

using the calculated Rayleigh lineshape (A.21, although the densities are so 

low that  t h i s  l a t t e r  e f f ec t  i s  l i k e l y  t o  be negligible. 
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APPENDIX 0. NlE SCATTERING 

The presence o f  p a r t i c l e s  which have ablated from the space shu t t l e  

t i l e s  are o f  i n t e r e s t  f o r  several reasons. Ona Is t h a t  they represent a  

po ten t ia l  noise source fo r  a1 1  o f  tbe op t i ca l  diagnostics. Nie scatter ing, 

t o w t h e r  w i t h  laser  induced pa r t i cu la te  incankscence and thermal emission 

could i n te r fe re  wi t h  other  o p t i c a l  neasurenmts depending on tht p a r t i c l e  

density and s ize  d i s t r i bu t i on .  I t  i s  essent ia l  t o  obta in i n f o r m t i o n  about 

the sever i ty  of these po ten t ia l  problems before inplementing any o f  the op- 

t i c a l  techniques. This would requi re  i n s t a l  l i n g  a  windas i n  the windward 

s ide o f  the re-entry vehicle. This win& could be used t o  measure the 

i n tens i t y  and spat ia l  charac ter is t i cs  o f  the thermal emission from both the 

gas and the par t ic les ,  as mi l  as t o  look a t  the Hie scat te r ing  from a laser  

t o  get an estimate o f  the p a r t i c l e  density. and, possibly, the s ize  and spa t ia l  

d i s t r i bu t i on .  

The p a r t i c l e s  can a l so  be used as a  d i a ~ ~ o s t i c  seed f o r  measuring velo- 

c i t y  and temperature. Short ly  a f t e r  the p a r t i c l e s  are ablated from the t i l e  

surface they w i l l  be accelerated t o  the gas veloc i ty .  The time required t o  

reach the gas ve loc i t y  w i l l  depend on the p a r t i c l e  mass and the gas ve loc i ty .  

The depth o f  penetrat ion i n t o  the boundary layer  w i l l  depend on the perpen- 

d icu lar  m n n t u m  w i t h  which the p a r t i c l e  was released from the surface. 

Within a  cer ta in  distance from the surface there w i l l  be some p a r t i c l e s  

which have not yet  equ i l  lb ra ted w i t h  the gas ve loc i ty .  I t  i s  necessary t o  

determine which p a r t i c l e  ve loc i t i es  correspond t o  the gas ve loc i ty .  One 

approach i s  t o  simply take the ve loc i t y  o f  the fastest p a r t i c l e s  t o  be tha t  

o f  the gas. Another method i s  t o  masure both the s ize  and the ve loc i t y  



simultaneously and t o  assum that  the s m l l  par t ic les  are most l i k e l y  t o  be 

t ravel  l i n ~  a t  the gas veloci ty. Such in fo lnr t lon could be obtained from a 

dual bean laser Doppler velocinmtry system w h e r e  the p a r t i c l e  s ize I s  ob- 

tained from the v i s i b i l i t y  parmetar of the b p p l e r  b u n t .  Unfortunately 

t h i s  method requires a p r i o r i  knarledge of  the p a r t l c l e  s ize range since 

the v i s i b i  l i t y  paramter i s  s ingle valued over only a I imited range o f  

p a r t i c l e  sizes. No other simul taneous veloci ty and pa r t i c l e  s i z ing  tech- 

nique has been demmstrated t o  a reasonable degree o f  sat is fact ion.  Dr. 

Donald Holve of Sandir-Livennore suggested using s ingle beam methods, i .a. 

t r ans i t  tim ve loc imt ry  f o r  ve loc i ty  and pulse height detection f o r  pa r t i -  

c l e  size, whereby veloci ty and size d is t r ibut ions could be obtained but not  

veloci ty-size correlat ions [B. 1.8.2). Techniques where one looks a t  the 

angular d is t r ibu t ion  of the Hie scattered l i g h t  would be d i f f i c u l  t t o  in ter -  

pre t  because o f  the urknorm and l rregulsr pa r t i c l e  shapes. Additional &- 

t a i  I s  on w l o c i  ty  .neasurement techniques can be found i n  the sections on 

laser Doppler velacimetry and resonant Doppler ve loc imtry .  Another possi- 

b i l  i t y  for measuring the pa r t i c l e  ve loc i ty  which was suggested by Dr .  

Holve i s  t o  use &ubl e pulse o r  streak photography where, f o r  example, a 

pa r t i c l e  t rave l l i ng  a t  1 km/scc would t ravel  1 mn during a 1 microsecond 

l i g h t  pulse. Spatial resolut ion would be determined by the depth o f  f i e l d  

o f  the camera optics. 

The par t ic les  could also be used t o  give an indicat ion o f  the gas tem- 

perature by looking a t  the spectral d i s t r ibu t ion  of the thermal emission 

from the par t ic les .  One would have t o  make some rssurnptions about the par- 

t i c l e  emissivi ty t o  determine i t s  temperature and then the question o f  t5er- 

ma1 equi l ibr ium between the pa r t i c l e  and the gas would s t i l l  have t o  be 



considered. As discussed i n  the section on Rayleigh scattering, a cod ined  

Hie scattering and Rayleigh scatter ing exper lmnt looks piomising as a 

method fo r  determining pa r t i c l e  densities. 
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APPENDIX C . LASER l NDUCED FLUORESCENCE 

Laser induced f 1 wrescence has the potent ia l  o f  measuring rotat ional  

and v ibrat ional  temperature and species concent ra t ion and o f  performi ng 

density sensi t ive flow visual izat ion. Generally one -r more laser beams 

are directed i n t o  the flow t o  exci te a par t i cu la r  species t o  a higher ener- 

gy level. A detector then col lects the fl uorescence as the gas relaxes 

back t o  i t s  i n i t i a l  s ta te  a f t e r  a character ist ic  l i fe t ime.  The detector may 

be configured t o  mi tor  any posi t ion along the laser beam to  give good spa- 

t i a l  resolution. The fluorescence in tens i ty  i s  proportional t o  the popula- 

t i on  o f  absorbing molecules i n  the radiat ing upper energy level during the 

exc i ta t ion process. This population i s  re lated t o  the t o ta l  population 

through the rate equations which include the processes of spontaneous emis- 

sion, stimulated emission, absorption, col 1 i s ion quenching, rotat ional  re- 

d is t r ibut ion,  and v ibrat ional  redistr ibut ion.  Unfortunately, the parameters 

describing these competing processes are not always known; par t icu lar ly ,  

the ident i ty ,  concentration, and quenching rates o f  a l l  possible co l l i s i on  

partners are important and largely unknown quant i t ies.  

Temperature and species concentration measurements using laser induced 

f 1 uorescence have been demonstrated a t  pressures equal t o  o r  less than one 

atmosphere and a t  temperatures up to those found i n  typ ica l  combustion 

envi ronments (about 2000'~). The most frequently treated species has been 

OH, because of i t s  important ro le  i n  codust ion k inet ics;  however, work has 

also been performed on numerous other systems including NO, N and 0 I C . 1  - 
c.41 which are of  interest  i n  t h i s  study. 

Several schemes have been proposed to  account f o r  the e f f ec t  o f  

quenching on the experimental results. One method, as f i r s t  proposed by 



Piepmeier [C. 51, requi res sa tura t ing  the upper energy leve l  and thereby 

e l im inat ing  the dependence on l aser  i n t e n s i t y  as wel l  as the need t o  cor- 

rec t  f o r  quenching. Since conplete saturat ion i s  d i f f i c u l t  t o  achieve, 

Baronovski and kDona ld  [C.6] proposed and demonstrated a p a r t i a l  saturat ion 

technique whereby one can extrapolate t o  the complete saturat ion l i m i t .  

Another method, proposed and demonstrated by S t e r w s k i  and Cottereau [c. 71 

does not require saturat ion but requires t h a t  the laser  pulse durat ion be 

shorter than the time f o r  steady s ta te  condit ions t o  be reached. The quench- 

i ng  ra te  then can be re la ted t o  the fluorescence decay curve. The required 

laser  pulse durat ion and the f l  uorescence decay rate w i  11 depend on the gas 

pressure and temperature. Other methods include the use of empi r i c a l  quench- 

ing correct ions as i n  the work o f  Mu1 l e r  e t  a1 . [C.8], and the use o f  de- 

t a i l e d  mu1 t i - l e v e l  models as i n  the work o f  Chan and Da i ly  (c.91 and t h a t  

o f  Kot lar,  Gelb and Crosley [~ .10] .  

The most promising approach given the low density condit ions i s  t o  

determine the quenching ra te  from the fluorescence decay ra te  as has been 

done by Stepowski and Cottereau [C.7]  f o r  OH i n  a low pressure flame and by 

Bischel, Perry and Crosley [C.11] f o r  both 0 and N atoms i n  a low pressure 

flow discharge. Based on the resu l ts  o f  the l a t t e r  work and the s i m i l a r i t y  

between the exc i ted  e lec t ron ic  s ta te  l i f e t imes  for  OH and NO,a laser  pulse 

width o f  less than 5 nsec i s  required. For 0 and N atom fluorescence, 

two-photon absorption i s  required because the f i r s t  resonance t r a n s i t i o n  

l i e s  f a r  i n t o  the VUV. As Bischel e t  a l  [C.11] have demonstrated, one 

would detect the resul tant  near I R  fluorescence. For NO the *esonance 

t r a n s i t i o n  can be accessed by e i t h e r  s ing le  o r  two-photon absorptlon. The 

disadvantage of the two photon process i s  tha t  it i s  non-l inear i n  laser  



power. The advantage i s  tha t  i t  i s  less d l  f f i c u l  t t o  generate tunable 

stable, high power v i s i b l e  rad ia t ion  than the UV rad ia t ion  required fo r  the 

s ing le  photon process. There was no concensus among the researchers i n t e r -  

viewed on t h i s  point .  I n  e i t h e r  case the  best  laser system would be a 

Nd:YAG pumped dye laser  using frequency doubling and/or Raman s h i f t i n g  t o  

generate the requi red UV wavelengths. 

A f t e r  quenching has been acccdnted for, the fluorescence i ~ t e n s i  t y  

gives the  population o f  the lower energy leve l  before l ase r  exc i ta t i on  

which can then be re la ted t o  the t o t a l  populat ion if the temperature i s  

known. The fluorescence technique can a l s o  be used t o  f i n d  the tempera- 

t u r e  by measuring the  population o f  two o r  more energy leve ls  since the 

r a t i o  o f  the population of any two leve ls  i s  equal t o  the r a t i o  o f  the 

corresponding Bol tzrnann factors. 

O f  p a r t i c u l a r  i n t e r e s t  t o  t h i s  study i s  the work o f  HcKenzie and Gross 

[ ~ . 2 ]  who have demonstrated s ing le  pulse temperature measurements o f  NO 

seeded i n t o  a flow of ni trogen. A selected ro ta t iona l  leve l  i s  two photon 

exc i ted  and i t s  fluorescence moni tored. A very short  time thereaf te r  a 

second laser  pulse two photon exc i tes  the NO from a d i f f e r e n t  ro ta t iona l  

level  t o  the same upper state. The ensuing f l  wrescence in tens i t y  due t o  

each pulse can be re la ted t o  the ro ta t iona l  populations i n  the two ground 

states, the r a t i o  of which can be re la ted t o  the ro ta t iona l  temperature. 

Since only the r a t i o  of energies absorbed needs t o  be known, the r e d i s t r i  bu- 

t i o n  o f  energy among ro ta t iona l  and v ib ra t iona l  leve ls  o f  the exc i ted  s ta te  

and thei  r non-radiat i ve  quenching has a negl i g i b l e  e f fec t  on the measurement. 

This i s  true provided the quenching rate i s  insens i t i ve  t o  the ro ta t iona l  

quant urn number and broad-band detection i s  used. HcKenzie consi dered the 



2 + 2 t r a n s i t i o n  A E , v'  = 0 + X lIIl2, 1 
v8 '=0  i n  NO from the J c ' = 7 i  ro ta t iona l  

leve l  since i t  has the largest  absorption c a f f i c l e n t  a t  room temperature 

and i s  separated f a r  enough from other  l i nes  t o  a l low se lec t ive  exc i ta t ion .  

He obtained a signal t o  noise r a t i o  (SNR) i n  the quantum noise l i m i t  o f  200 

f o r  a s ing le  1 m i l  1 i j o u l e  pulse energy o f  5 nsec duration. The NO concen- 

t r a t i o n  which he used was 2 x 1014 cm-) a t  room temperature and the s i r e  of 

the probe volume was 0.1 mmx 1.0 m. The maximum density o f  NO i n  the f low 

surrouclding the re-entry vehic le i s  an order o f  magnitude h igher a t  an a l t i -  

tude of 75 km. A t  t h i s  higher temperature the NO molecules d i s t r i b u t e  over 

more states thus lowering the density i n  any given v ib ra t iona l  ro ta t iona l  

level .  The signal i s  f u r the r  reduced because o f  the increased quenching due 

t o  the higher temperature. 

The minimum NO density downstream o f  the shock i s  1014 cm-3 and the NO 

may have a t rans la t iona l  temperature as high as 16,000°K. Scal ing calcula- 

t ions were made f o r  both 16,000°K and 3000°K and y ie lded a SNR o f  9 and 40 

respect ively f o r  a s ing le  1 mJ pulse. The lower temperature was chosen due 

t o  the expectation t h a t  in terna l  modes and chemical react ions w i l l  r ap id l y  

cool the t rans la t iona l  energy o f  the gas, subs tan t ia l l y  lowering the rota- 

t i ona l  temperature. Increasing the laser 's  i n tens i t y  t o  improve the SNR i s  

1 i m i  ted by Stark broadening. The broadening reduces the laser energy coup- 

1 ing i n t o  the t r a n s i t i o n  and may cause several 1 ines t o  coalesce so t h a t  a 

p a r t i c u l a r  ro ta t iona l  level  may no longer be p r e f e r e n t i a l l y  pumped. 

McKenzie has not  yet  quant; f i e d  t h i s  1 im i ta t ion .  

To determine the density detectabi 1 i t y  l i m i  t f o r  a quantum noise l i m i t e d  

signal t o  noise r a t i o  of 10, a laser operat ing a t  10 pulses per second w i t h  

1 mJ per pulse was considered. The in tegra t ion  time was assumed t o  be 10 

seconds. The NO d e t e c t a b i l i t y  i s  then found t o  be 1 . 5 ~ 1 0 ~ ~  and 7 . 5 ~  



11 3 
10 c n 3  f o r  a temperature o f  16 x 10 O K  and 3000°K respectively. The M) 

number densi t y  i n  m s t  o f  the region between the shock and the vehicle sur- 

face a t  an a1 t i  tude o f  75 krn i s  predicted t o  be between 1014 cmo3 t o  10'' 

- 3 cm . A comparison o f  Figures 4 and 5 i n  the main t ex t  o f  t h i s  report 

shows that  the NO concentration drops quickly as the a l t i t u d e  decreases and 

by 47 km i t  i s  neg l ig ib le  except i n  the boundary layer. Consequently the 

laser induced fluorescence technique i s  only useful a t  the higher a1 t i  tudes. 

I n  summary measurements o f  NO, N and 0 concentrations and NO rotat ional  

temperature appear feasible at  75 km where appreciable concentrations are 

expected. Such measurements have been demonstrated under s im i la r  but not 

ident ical  conditions. Thermal emission from the high temperature gas behind 

the shock and hot par t ic les  as wel l  as Hie scat ter ing from par t ic les  should 

be investigated as a potent ia l  problem. It would therefore be advisable t o  

moni to r  the envi ronmental condi t i o n j  before a laser induced f 1 uorescence 

measurement i s  carr ied out. 
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APPEND1 X D. MASS SPECTROSCOPY 

Mass spectroscopy can be used t o  separately measure the  conctntrat ions 

o f  02, N2, NO, 0 and N over the e n t i r e  range o f  ~ e n s i t i e s  tha t  are expected 

during re-entry. I n  addit ion, using a mass spectrometer w i t h  a f ixed col -  

l ec to r  p la te  detector, as has been proposed by George Woad o f  NASA Langley, 

would enable simultaneous measurements o f  a11 these species. A s i m i l a r  

spectrometer has been b u l l  t and successful ly tested by Lehotsky [D . l ] .  D r .  

Mart in  Zabic lsk i  o f  United Technologies pointed out  that the sample flow 

rate between the  a l t i t u d e s  o f  80 and 40 km would change by approximately a 

factor  of 10 fo r  a f ixed o r i f i c e  area and given pumping system. He suggested 

that  the pumping system be designed fo r  40 km and then simply overpunped a t  

higher a l t i tudes.  This would permit continuous measuremnts t o  be made a t  

a l l  a l t i tudes.  

I f  e f fus i ve  c o l l e c t i o n  i s  used, ( the c o l l e c t i o n  o r i f i c e  diameter less 

than the  mean free path) then the sample would come from w i t h i n  a few mean 

f ree paths o f  the surface. Thls may cause d i f f i c u l  ty  since the gas composi- 

t i o n  w i th in  a few man free paths of the co l l ec t i on  o r i f i c e  may be af fected 

by the presence of the o r i f i c e  uhich i s  1 i k e l y  t o  be made o f  a d i f fere,>t  

material  and a t  a d i f f e ren t  temperature than the surrounding t i l e s .  Dr. 

David Seery of United Technologies suggested tha t  i t  may be possible t o  use 

a larger  o r i f i c e  and c o l l e c t  the sample by m & s t  pumping which, because o f  

the low densit ies, would cause minimal distrubance t o  the f low f i e ld .  By 

pumping on the or1 f i ce  one would extend the sample vol urn fu r ther  out  i n t o  

the flow f i e ld ,  beyond the region which i s  affected by the loca l  surface 

react ions. 



A major problem I n  using mass spectroscopy I s  the ex t rac t i on  of a s a w  

p l e  which r e f l e c t s  the t rue  cornpot i t ton  o f  these gases. Radical species, 

p a r t i c u l a r l y  0 and N atoms, qu ick ly  react o r  recombine. Because o f  the 

thckness o f  the t i l e s  pro tec t ing  the surface o f  the re-entry vehic le and . 

the  necessity t o  thermally insulate the mass spectrometer from the e x t e r i o r  

temperatures, the sample must t rave l  several inches before being analyzed. 

I n  order t o  minimize the e f f e c t  on the local  flow f i e l d ,  the passageway 

through the t i l e s  should be small, e.g. a d i f f e r e n t i a l  pumping, s k i m r  

c o l l e c t i o n  system could no t  be used, With the sample having t o  t r a v e l  

through a long, narrow passageway, both wal l and gas phase c o l l i s i o n s ,  and 

i n  t u r n  0 and N atom reconbination reactions, w i l l  be inevi table.  Wood has 

proposed se lec t ing  the wa l l  mater ial  such tha t  the 0 and N atoms s e l e c t i v e l y  

react upon c o l l i s i o n  w i t h  ?,he wal l  producing a s tab le  and i d e n t i f i a b l e  spe- 

c ies  which would i n  e f fec t  serve t o  tag the o r i g i n a l  atomic species. Drs. 

Daniel Seery and Hed Col ke t  o f  United Technolcgies and Dr. Robert HcLean 

o f  Sandia-Livermore , e l  l suggested 6s ing the scaveng?.rg ptobe concept pro- 

posed by Fr is t ro in and recent ly  demonstrated by Fr is t rom and HcLean (D.21. 

Here, the sample i s  i m d i a t e l y  d i l u t e d  a t  the o r i f i c e  w i t h  a gas stream 

conta in ing a specics which se lec t i ve l y  reacts w i t h  e i t h e r  the 0 o r  N atoms 

t o  produce a s tab le  and i d e n t i f i a b l e  species. This species then serves t o  

tag the o r i g i n a l  atomic species. I f  t h i s  s table product were a1 ready prc- 

sent i n  the sample then i t  might be possible t o  d i s t i ngu i sh  between the 

sample and the tag molecule by using d i f f e r e n t  isotopes. 

Another p o s s i b i l i t y  suggested by Seery and Colket i s  t o  extend a t r a -  

versing scavenging probe out i n t o  the boundary layer  i n  order t o  ex t rac t  

samples a t  d i f f e ren t  distances from the wa l l .  They f e l t  tha t  because o f  the 



very h igh v e l o c l t l e s  tha t  a11 appreciable disturbances t o  the flaw f i e l d  

would be convected damstream m d  would not a f f e c t  the measurement. They 

d i d  po in t  out, however, t ha t  when the flow i s  supersonic, as I t  I s  outs ide 

the  subsonic boundary layer, there w i  11  be a shock i n  front o f  the probe 

which m y  substant i a l  l y  rl t e r  the sanple's compos I t lon.  

The general conclusion o f  t h i s  review i s  t ha t  us lng a scavenging probe 

t o  ex t rac t  the sample k! t h  subsequent mass spect:oscoplc analys is  I s  a pro- 

mising t s h n i q u s  for determining the concentrations o f  N2, 02, 0 and N near 

the wal l  and even possibly somewhat away from the wa l l  i n t o  the boundary 

layer by using a t ravers ing probe o r  by modest pumping rates. 
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APPENDIX E. THERMAL EMISSION 

Theriml emission from atoms and m~lecu les may be used t o  masure tem- 

perature, i den t i f y  species and perform density sensi t i v e  flow visual izat ion. 

Thermal emission from hot par t ic les  may a lso be used t o  obtain the pa r t i c l e ' s  

temperature and velocity. It may alsc const i tu te  a noise source for other 

opt ica l  nonintrusive techniques. 

The fact that  the col lected s i  p a l  i s  integrated over a path length 

prevents th i s  technique from y ie ld ing good spat ia l  resolution. Since m ~ s t  

flows are inhomogeneous, an integrat ion must be per formd on the flow param- 

eters as well .  The problem i s  compounded i f  op t i ca l l y  th i r l  and op t i ca l l y  

th ick regions are present along the path since the method for analysbs c f  

each of these regions i s  d i f ferent .  A major source o f  uncertainty i n  the 

op t i ca l l y  t h i n  l i m i t  i s  due t o  incomplete knowledge o f  quenching rates and 

Franck-Condon factors. 

I n  a nonequi 1 ibrium gas, the concept of temperature i s  not defined. 

Usual l y  the translat ional modes quickly equi l ibrate and thus most accurately 

r e f l ec t  the temperature o f  the local environment. The t ranslat ional  tenper- 

ature of an op t i ca l l y  t h i n  gas can be measured by resolving the spectral l i n e  

p r o f i l e  of :he emission from a par t i cu la r  t ransi t ion.  The p r o f i l e  has t o  

be taken by using an interferometer t o  achieve high enough resolution. For 

a purely thermally broadened l ine,  the frequency f u l  l width a t  ha1 f maximum, 

Av, i s  related to  the gas temperature, T, by rE .11 ,  

where X and H are the emission wavelength and mass of the par t i cu la r  spe- 2 1 

cies and k i s  Boltzmann's constant. When using th is  re la t ion t o  measure T 



i t  i s  essential to account f o r  the ins t ru r tn ta l  width and c o l l i s i o n  broad- 

en ing. 

The population of the various energy levels may reach separate t h e m -  

dynamic equi 1 i b r i a  which d i f fe r  f rola the translat ional tenpcrature and 

pers is t  f o r  a re la t i ve ly  long t i n e .  The tenpcrature paraneter i n  the Boltz- 

nam d is t r ibu t ion  o f  energy level populations may be masured i n  a var ie ty  

o f  ways. The emission intensity, 
'21 

from an op t i ca l l y  t h i n  source using 

the Boltzmann population factor i s  [E.2] 

A,. 

where K i s  a constant, g2 i s  the degeneracy o f  the exci ted level, A21 i s  the 

Einstein spontaneous emission coeff icient o f  the transit ion, and E2 i s  the 

energy of the excited state. Apart from uncertaint ies regarding the op t i -  

cal depth, the major errors involved i n  using t h i s  mthod are uncertaint ies 

i n  the Einstein A coeff ic ients and quenching rates. Equation (E.2) may be 

applied t o  electronic, vibrat ional, o r  rotat ional  population levels depend- 

ing on the exci tat ion energy. 

Both the t ranslat ion and the population temperature measurement tech- 

niques depend on the gas being op t i ca l l y  thin. As the gas turns op t i ca l l y  

thicker, the emission spectrum approaches the black body curve as s h  i n  

Figure E.1. The black body temperature can then be determined from the peak 

in tens i ty  of ap emission l ine. Since absol Ute in tens i ty  masuremnts are 

prone to error, f i t t i n g  the black body curve t o  several separated peaks of 

op t i ca l l y  th ick l ines i s  more accurate. The expression f o r  the f l u x  o f  rad- 

ia t ion  lo per un i t  wavelength and un i t  s o l i d  angle i s  [E.I] 



Figure E.l An optically thick line approaches the black body radiation 
curve, lo('). 



where h i s  Plmck's constant and c i s  the speed o f  1 ight. The nasurenwlts 

should be pe rfornvd m a r  the peak o f  t h i s  curve u b r e  the sens i t i  v i  t y  t o  

tesptrature var iat ion i s  largest so as t o  enhance the accuracy. Since a t  

high temperature the peak i s  In .the UV and a t  l o w  tenpcrature i t  i s  i n  the 

IR ,  i t  i s  not always possible to  sa t i s fy  t h i s  condition w i th  one spcctromter. 

Thermal emission allorrs separate species t o  be observed since each atom 

o r  molecule has a characteristic spectrum. The species par t ic ipat ing i n  the 

emission process may be i den t i f i ed  by passing the col lected l i g h t  through a 

spectrometer. A rnasurement o f  the re la t i ve  concentrations o f  these species 

i s  complicated by the d i f ferent  emission coeff icients and opt ica l  quenching 

i n  the op t i ca l l y  th in  1 i m i  t and d i f ferent  emissiv i t ies and opt ica l  depth i n  

the op t i ca l l y  th ick l i m i t .  

The spectral p r o f i l e  o f  emissions from hot luminous par t ic les  may also 

be resolved by using a spectrometer. The temperature of these par t ic les  can 

be obtained by f i t t i n g  the spectrum w i th  the black body d is t r ibu t ion  given 

i n  equation ( ~ . 3 ) .  The par t ic le 's  temperature may deviate from the gas tem- 

perature par t i cu la r l y  i n  regions o f  high veloci ty and high temperature grad- 

ients i n  the flw. 

A method has been developed to  measure hot luminous pa r t i c l e  ve loc i t ies  

using a time of f l i g h t  technique [ ~ . 3 ] .  Two points of known separatio.~ i n  

the flow are focused onto two di f ferent  detectors. As the pa r t i c l e  passes 

through, i t s  emission i s  picked up by the dt tec tor  as two pulses. One can 

determine the veloci ty by the difference i n  a r r l va l  t i m e  between the pulses. 

The spots have t o  be far enough apart t o  provide accurate t i n e  masuremnt 

but close enough t o  contain less than two part ic les.  The vector connecting 

the two sample points i n  the flow has to  be close to  the pa r t i c l e  t ra jectory  



t o  ensure signal detectabi l i ty .  Problems s imi lar  t o  those associated w i th  

the c lassical  laser Doppler ve loc imt ry  ex i s t  f o r  t h i s  mthod, par t icu lar ly ,  

the i n a b i l i t y  of  pa r t i c les  t o  fol low the f lw i n  regions of  h igh accelerations. 

The most serious aspect o f  thermal emission i s  i t s  potent ia l  as a noise 

source which may obscure other measurements. An estimate of the noise inten- 

s i t y  begins w i th  the radiat ive transfer equation [ ~ . 4 ]  

where I A  emission i s  the intensi ty,  s i s  the displacemnt along a ray of 

l i gh t ,  and J and K are the emission and absorption coeff icients per u n i t  A A 

wavelength respectively. The emission and absorption coef f ic ients may be 

related by invoking detai led balance. For the radiat ion t o  be i n  thermo- 

dynamic equi l ibrium, the medium has t o  be opt ica l  l y  th ick  a t  a l  l frequencies. 

91 ternatively, one can assume that  c o l l  is ional  processes are much more 

inportant than radiat ive. In  other words, the excited s ta te  has a much 

higher probabi l i ty  of &-excitat ion by an ine las t i c  c o l l i s i o n  than by spon- 

taneous emission. A temperature may then be defined that  f i t s  the Boltz- 

mann, Saha and Hamel l  re lat ions for  the excited and ion ic  populations and 

veloci ty d ist r ibut ions.  The radiat ive t ransfer  equation at  steady state 

may then be rewri t ten using K i  rchhoff 's law as [E.4] 

where lo i s  the black body in tens i ty  d is t r ibu t ion  (E.3) and 

The equation may be integrated analy t ica l ly  for  a homogeneous radiat ing 

plane layer of f i n i t e  thickness, d [€.4]. 



A schematic o f  the detection conf lgurat ion expected on a re-entry vehicle 

i s  shown i n  Figure E.2. The hot region between the shock and the wall  i s  

radiat ing. I t  i s  assumed f o r  simp1 i c i  t y  that  the gas i s  homgeneous though 

very sharp gradients ex is t .  This i s  j u s t i f i e d  by the fac t  that  the high 

temperature regions dominate the radiat ion and w i l l  be used f o r  estimating 

the emissions. A lens which i s  used t o  co l lec t  the signal generated by one 

of the nonintrusive opt ica l  techniques also co l lec ts  background l i g h t  due t o  

thermal emissions. The thermal emissions are a d is t r ibuted source so l i g h t  

i s  col lected from regions other than the focal volume. It may be shown that  

the l i g h t  i s  gathered from an equivalent truncated conical vo lum &fined by 

the aperture and the lens as indicated i n  the f igure. Equation (E.7) may 

then be integrated t o  y i e l d  

where F i s  the f number of  the co l lec t ion optics (F- lens focal length/lens 

diameter) and r = K j d  i s  the opt ica l  depth (assumed to  be 1 The ab- 

sorption coef f ic ient  per meter i n  hot a i r  (T<20,000°~) i s  taken from 

Zeldovitz and Raizer [E.4]. 

- 158,000 -169,000 -108,000 

+ c N e  T + 'NO 1 (E -9) 

3 where p i s  the density i n  Kgmlm , T i s  i n  OK, A i s  i n  meters and ti i s  the 

concen~ration o f  species I. KA and lo have been p lo t ted for d i f fe rent  

temperatures versus wavelength i n  Figures E.3  and E.4. The flow conditions 
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Figure E.2  Optical configuration showing location o f  shock, luminous layer,  
Space Shuttle wall with lens and aperture. 



Figure E.3 Absorption coefficient (Eqwtlon E.10) wnur wavelength for 
various temperatures. The flow conditions a s s w d  are given 
by Moss's calculation for nonequil l b r l m  flow, ful l y  u t a l y t l c  
wall at an altitude of 75 km and s/R,,= 10. 
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Ftgure E.4 Black body radlatlon wrsus wavelength a t  d l f fennt  tanpara- 
tuns .  



asswnsd a n  taken from the simulation by J.L. Shinn, J.W. Hoss and A.L. 

Simnonds o f  NASA Langley f o r  a nonequi l ibr ium flow, f u l l y  c a t a l y t i c  wa l l  

calculation a t  an a l t i t u d e  o f  75 urn and a t  a posi.irwr along the surface of 

the Shut t le  corr+spor;ding t o  10 nose rad i i .  

As * : exarrpla, cmsfder :  

d -  0.1 m 

X = 510 nm (copper vapor laser) 

F = 10 

T = 1 0 ~ 0 ~  

AA - 0.1 x lo-' m (state-of-the-art  In ter ference f i l t e r )  

8 2 From Figures E.3 and E.4. I ,  = 2 x i 0  Vlm p and tX - 1.1 x 1 0 - ~  m- l .  The 

op t i ca l  depth, r ,  i s  1 .I r lo-'<< 1 and equatlon (E.9) may be used. The 

in tens i t y  radiated i n t o  the aperture i s  2 x loo3 w/m2. By comp3rison, the 

2 
region i n  the  f low a t  a temperature o f  3000°K contr ibutes only l~-'* Ulm 

and may c l e a r l y  be neglected. 

I n  sumnary, thermal emission from gases does not  seem t o  be a promising 

method as f a r  as quanti t a t  1 ve measurements are concerned. This ccmcl  rim 

ar ises from the integrated path which makes po in t  observation impossible and 

the uncertainty regarding the values o f  the quenching rates and Franck- 

Condon factors whi ch are necessary fo r  unequivocal data reduction. On the 

other  hand, thermal emissions contain Information which can be u t i l i z e d  

f o r  nonquanti t a t  ive species ident i f i r s t  ion. 

Thermal emissions from gases and pa r t i c les  cons t i t u te  a noise back- 

ground source for  other op t i ca l  nonintrusive techniques. The f i r s t  e x p t r i -  

ment t o  be undertaken should include a m n i  t o r  for  therrrml emissions. I n  

pa r t i cu la r ,  an op t i ca l  m u l t i c h m n l  analyzer would be able t o  take a complete 



spectrum ir! a mcch shorter time than a scannlng spectrometer. The spectrum 

would be ind ica t ida  o f  the species e x i s t i n g  In the flow. Bursts due to  hot 

particle.; passing through the probe volume can be gated out  o r  d l  rected i n t o  

a d i  f ferent channel fo r  addl t i ona l  processing. 
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APPENDIX F. ELECTRON BEAM FLUORESCENCE 

The e lec t ron  beam fluorescence technique i s  used t o  measure the s t a t i c ,  

v i b ra t i ona l .  ro ta t i ona l  and t rans la t iona l  temperatures of  law density gase- 

ous flows as we1 l as determine species concentration, measure veloc i  t y  and 

perform flow v isua l iza t ion .  Reviews of t h i s  technique have been w r i t t e n  by 

E. P. Muntz [F. l ]  and t h i s  discussion draws heav i ly  on these works. 

A all imated beam of  e lect rons o f  about 1 mm i n  diameter i s  d i rec ted  

i n t o  a flow, e x c i t i n g  the gas const i tuents i n t o  higher energy leve ls .  The 

species decay a f t e r  a cha rac te r i s t i c  l i fet lme emi t t i n g  fluorescence. An 

o p t i c a l  detector nay be configured t o  monitor any pos i t i on  along the beam 

3 t o  give a spa t i a l  reso lu t ion  o f  $1 mm . The resu l t i ng  spectrum i s  charac- 

t e r i s t i c  o f  the composition, temperature, density and ve loc i t y  o f  the gas. 

The many d i f f e r e n t  parameters on which the e lec t ron  beam fluorescence i s  

depende~ t make i t  an a t t r a c t i v e  technique. I t s  use it usual l y  I i m i  t ed  t o  

n umh ! m i t i e s  o f  less than 1016 cm-3 though some invest igators have 

I 8  
extended the range t o  10 [F.2]. The e lec t ron  beam loses i t s  co i  I i - 
mation and penetrat ion depth a t  higher densi t ies and the fluorescence i s  

no longer l i n e a r l y  re la ted  to  density. Anbient temperatures and less have 

been measured and some work a t  up t o  1000°K has a lso been p e r f o r m d  (F.31. 

The ve loc i t y  sensi t i v e  feature of the e lec t ron  beam fluorescence technique 

has been appj ied only  i n  a few cases and then only  t o  hypersonic f a c i l i t i e s  

(1000 t o  2000 d s e c )  [F.4]. 

Nitrogen and a i r  flows have been the most extensively  invest igated. 

+ 
The m j o r  emission i n  both occurs fo r  the fi r s t  negative system o f  N2 a t  

391.4 nm. A 50,000 e lec t ron  v o l t  beam e x c i t i n g  the f i r s t  negative system 



2 o f  n i t rogen w i t h  a 1 mA/m o f  current w i l l  produce 10'' photons per second. 

Incomplete knuwledge w i  t h  regard t o  qmnching rates and Frmck-Condon fac- 

to rs  i s  the main I im i t !ng  fac tor  as f a r  as data i n te rp re ts t l on  i s  concerned. 

The m s t  s t ra ight fotward quanti t a t i v e  measurennt i s  the n i  trogen 

density. This requires a density independent t ransfer  o f  energy from the 

electrons t o  the n i  trogen exc i ted  state. There are several mechanisms f o r  

accompl ish ing  t h i s  t ransfer :  1) C o l l i s i o n  o f  n l  trogen w i t h  primary h igh 

energy electrons o r i g i n a t i n g  from the e lec t ron  beam; 2) C o l l i s i o n  o f  n i t r o -  

gen w i t h  secondary electrons produced by species ion iza t ion  due t o  c o l l  i- 

sions w i th  primary electrons; 3) Absorption o f  e lectron bean generated 

photons by unexci ted n i t rogen molecules; 4) Energy t rans fer  by c o l l  i s  ions 

o f  n i t rogen w i t h  other exci ted par t ic les ;  5) Transfer o f  population t o  the 

exci ted s ta te  by cascade from higher e lec t ron ic  states. The exc i ted  s ta te  

i s  subsequent1 y depopulated by spontaneous emission and quenching c o l l  i- 

sions. The emission i s  observed as signal;  the quenching c o l l i s i o n s  com- 

pete w i  t h  emission and reduce the signal.  

I f  only the primary electrons are assumed t o  populate the t x c i t e d  s ta te  

then the fluorescence emission, l ik, i s  re la ted t o  the gas denri ty,  n by 
9' 

where K i s  a constant, Q i s  :he quenching collision cross section, Aik i s  
99 

the spontaneous emission for  the t r a n s i t i o n  of in teres t ,  AT i s  the spontan- 

eous e m i s s i ~ n  fo r  a l l  o t t e r  t rans i t fons  and I s  the r e l a t i v e  ve loc i t y  
9 9 

between the molecules. 

The p l o t  o f  t h i s  re la t ionsh ip  i s  shown i n  Figure F.1. A t  law density 

the emission, Ilk, i s  essen t ia l l y  proport ional t o  the gas density. At 



Figure F . l  The Electron Beam Fluorescence in tens i ty  s a t u r r c s  a t  densi t ies 
3 above 1016 cm . 
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higher dens1 t i e s  the fluorescence in tens i t y  i s  s t rongly quenched and i s  

no longer sens i t i ve  t o  density v a r i a t i m s .  Host density masuremnts are 

performad i n  the 1 inear por t lon  o f  the response curve. The accuracy o f  

densi t y  measurement c r  approach 21 percent i f  the cal 1 b ra t i on  procedure 

i s  ca re fu l l y  executed; rowever, 25 percent I s  more t yp ica l .  The large num- 

ber of scattered photons reduces photon s t a t i s t i t - a l  noise t o  a law level .  

Inaccuracies arc introduced by the quencfiing process which i s  both species 

and temoeraturc &pendent. 

Some experimental work has been ca r r i ed  out  a t  higher densi t ies [F.2] 

(1016 - < n - < 1018 cm-)). This i s  the nonl inear regime and a careful  ca l  i b r a t i o n  

i s  reqcrirtd over the complete range o f  density and temperature. 

I n  a nonequilibi-ium gas, the v ib ra t i ona l  a3d ro ta t iona l  energy leve l  

popu la t ims may not be i 7  equi 1 ibr ium w i t h  each other o r  w i t h  the loca l  

temperature. For exanple, the v ib ra t iona l  leveis may separately reach an 

equi l i b r i un i  which may be described as a temperature but i s  d i f f e ren t  from 

the true t rans la t iona l  temperature o f  the gas. To measure t h i s  v ib ra t iona l  

temperature. f i r s t  consider a grounci s ta te  molecule w i t h  v ib ra t iona l  leve l  

v',' exc i ted  to  the v' v ib ra t iona l  s ta te  of the upper electror, ic level  w i t h  

subsequent decay to  the v" v ib ra t iona l  l eve l  o f  the ground e lec t ron ic  state. 2 

I f  only sportaneous emission depopulates the upper s ta te  and quenching i s  

neglected. then the i n tens i t y  o f  ~luorescence i s  [F.1] 

where K i s  a constant, v i s  the frequency, n i s  the number dens1 ty, an8 q 

i s  the Franck-Condon fac tor .  The v ib ra t iona l  temperature information i s  



contained e x p l i c i t l y  i n  the nunbcr density, nv,,. which i s  a s w e d  t o  fo l l o *  

a Boltzmann d i s t r i b u t i m .  By monitoring the fluorescence in tens i ty  f rom 

two separable v ibrat ional  l i nes  and taking t he i r  rat io, one may obtain a 

curve which i s  temperature sensi t ive and independent of the constant K. 

The technique has bean checked a t  law densit ies a d  up t o  jOOeK w i  th  

a resu l t ing accuracy o f  210% (F.51. Quenching inval i& tes equation F.2 a t  

higher densities. The number o f  v ibrat ional  levels involved i n  the calcu- 

l a t i on  r ises wittr temperature. This introduces an addit ional uncertainty 

due t o  the larger nunher o f  Frandc Condon factors involved. Higher tenper- 

atures also have a bearing on the quenching process. 

S imi lar ly  the rotat ional  mdes may reach a separate "tenperature". The 

expression which provides the rotat ional  tenperature i s  rather invol  wd, 

requi r i ng  an i t e ra t i on  process and w i  1 l therefore not  be given here. S i m i  l a r  

d i f f i c u l t i e s  to those associated w i th  the v ibrat ional  temperature measurement 

are encountered w i th  the rotat ional  temperature measurement and they are 

re lated to  uncertainties i n  the knwledge o f  quenching rates and Franck- 

Condon factors. The rotat ional  temperature can i n  many cases be assumed 

equal t o  the translat ional temperature; hwever t h i s  i s  not always t rue f o r  

the v ibrat ional  temperature. 

L w  density i s  s t i l l  a reqbirement t o  minimize quenching, but accura- 

cies o f  bet ter  than 2S°K have been achieved a t  temperatures below lGOO°K [F.6] 

Large discrepancies ex i s t  f o r  temperatures b e l w  P O ° K .  Their o r i g i n  i s  

s t i l l  unknown. 

The t ranslat ional  temperature i s  considered t o  be the true local tern 

perature. The translat ional temperature may be obtained by spectral ly  

resolving the f 1 uorescence emi ssioq o f  a par t icu lar  t rans i t  ion. The 



instrunrent most frequently used i s  a Fabry-Perot interfereorneter. The l i ne -  

shape observed has a Gaussian component which i s  re lated t o  Doppler broad- 

ening due t o  the random motions o f  the mlecules. The tenpcraturc of the 

flow, T, i s  re lated t o  the f u l l  width a t  ha1 f maxinun, AvG, o f  the Gaussian 

1 ineshap by [F. I] 

where X i s  the wavelength o f  the transit ion, m i s  the nmss o f  a s ingle atom 

and k i s  Bol tzmann's constant. Under optimum condi t ions the technique can 

measure the t ransl a t  ional tenperature i n  he1 i um w i  th  an accuracy o f  a few 

degrees K a t  room temperature. The accuracy i n  other gases &perids on the 

fluorescence in tens i ty  and the r a t i o  between the Doppler width and the col- 

l is ional  and instrumental widths. 

Electron beam fluorescence can be used f o r  ve loc i ty  measuremnts by 

observing rhe Doppler s h i f t  o f  the f 1 uorescence. A comparison of the f luor -  

escence spectrum o f  a stat ionary gas w i th  the same t rans i t ion i n  moving 

gas gives the Doppler sh i f t ,  6vD. The velocity, U, may then be calculated 

from [F.4] 

u = GvD X (F.4) 

where A i s  the wavelength of the observed t rans i t  ion. The re la t i ve  accuracy 

o f  the measureiwnt depends on the re la t i ve  s ize of the Doppler sh i f t ,  6vD, 

i n  comparison t o  the combined teinperature co l l i s i ona l  and instrumental 

broadening, Av. A tracking Fabry-Perot s impl i f ies  veloci ty measurements 

since i t  eliminates the need t o  scan the complete spectrum. 

The fluorescence emission also provides a method f o r  density sensi t ive 

flow visbal ization. Fluorescence i n  the close proximity t o  the electron 



beam i s  observed f o r  N2, O2 and NO. An afterglow i s  obtained i n  He flows 

due t o  the exc i ta t ion o f  a mtastab le  state. Hence while the gas fluoresces 

a long way downstream i n  He flows, in  a i r  the electron beam has to  pass 

through the posi t ion of  interest .  

The researchers contacted a l l  agreed tha t  the u t i l i t y  o f  the electron 

beam technique i s  l im i ted  by insu f f i c ien t  knowledge of quenc5ing rates which 

leads t o  large uncertaint ies i n  temperature measurements. I t  was f e l t  by 

Professor Larry Talbot o f  the University o f  Cal i fornia-Berkeley and Dr. 

W i  I l iam Hunter o f  NASA Langley that  electron beam fluorescence was most use- 

ful as a flow visual izat ion tool.  Dr.  Robert Catto l ica of Sandia-Livermore 

f e l t  that i t  would be worthwhile t o  undertake measurements a t  very high a l -  

t i tudes. At high a l t i tudes (somewhat above those o f  i n te res t  i n  t h i s  study) 

the densities w i l l  be low enough so that the data could be interpreted 

c,uantitatively. A t  lower a l  ti tu&s quenching w i l l  el iminate t h i s  possib i l -  

i t y ,  but gross features of the flow may s t i l l  be observable. 

I n  sumnary, the electron beam fluorescence tech,~ique i s  a t t rac t i ve  due 

t o  the many properties which i t  can measure and the fact  that  the signal i s  

not  photon s t a t i s t i c s  noise l imited. For l inear  operation, i t  can only be 

used a t  the highest a l t i t ude  of interest. A t  lower a l t i t ude  one could possi- 

b l y  apply i t  t o  density measurements only a f t e r  careful cal ibrat ion.  

Hajor uncertaint ies i n  temperature measurements ar ise from i nsu f f i c i en t  

knowledge of the quenching and Franck-Condor, factors pa r t i cu l a r l y  a t  the 

high temperatures ex is t ing  i n  the flow. Velocity measurements are best per- 

formed on atoms but have not been demnst rated on nitrogen o r  other species 

present in  the f low.  Since a fluorescence signal w i l l  also be present, i t  

might be useful to  use an electron bean1 a t  least for  flow visual izat ion 



and t r y  to  extract  quant i tat ive data by proper ca l ib ra t ion a t  the higher 

.I ti tudes. 
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APPENDIX 6 .  W N  SCATTERING 

Raman sca t te r i ng  i s  an i n e l a s t i c  sca t te r i ng  process where the wave 

n u h e r  s h i f t  o f  the scattered l i g h t  i s  cha rac te r i s t i c  of  the spacing between 

the sca t te r i ng  molecule's ro ta t iona l ,  v i b ra t i ona l  and/or e lec t ron i c  energy 

levels .  Raman scat te r ing  can be used t o  measure the number density o f  the 

sca t te r i ng  species and the gas temperature. 

For a  s p e c i f i c  ro ta t iona l ,  v i b ra t i ona l  and/or e lec t ron i c  energy leve l  

trans1 t ion,  A +  B,  the Raman scat tered signal strength, i n  terms of  power, i s  

given by the fo l lowing expression 

where Po i s  the power of the inc ident  laser  beam, NA i s  the number density 

o f  the sca t te r i ng  species i n  energy leve l  A. ($lR i s  the d i f f e r e n t i a l  Raman 

sca t te r i ng  cross-section, L i s  the length o f  the inc ident  beam from which 

scat terec l i g h t  i s  co l lected,  Rc i s  the so: i d  angle o f  the c o l l e c t i o n  opt ics,  

i s  the e f f i c i ency  of  the c o l l e c t i o n  op t i cs  and r~ i s  the detector  quantum 
c D 

e f f i c i ency .  

The Raman scattered l i g h t  corresponding t o  d i f f e r e n t  energy leve l  t ran- 

s i  t ions  therefore i s  a t  d i f f e r e n t  wavelengths and i t s  i n t e n s i t y  i s  propor- 

t i o n a l  t o  the populat ion o f  the i n i t i a l  energy l eve l .  This resu l t s  i n  a  

spectral  shape which i s  a  funct ion of  the r e l a t i v e  energy leve l  populations 

and which under equ i l i b r i um condit ions can be re la ted  t o  the gas temperature. 

The in tegrated spectrum i n  tu rn  i s  propor t ional  t o  the t o t a l  number &nsi t y  

o f  the sca t te r i ng  species. 

The s e n s i t i  r i t y  and accuracy o f  Raman sca t te r i ng  for  species density 

measurements was evaluated i n  terms o f  the minimum detectabie species 



density f o r  a given s ignal  t o  noise ra t i o .  The noise was assumed t o  be 

quantum noise which i s  equal t o  the square roo t  o f  the number of  detected 

Raman photons, therefore the signal t o  noise r a t i o  i s  given by: 

where A t  i s  the pulse duration, n i s  the number of pulses during the mea- 
P 

surement i n te rva l ,  h i s  Planck's constant and v i s  the rad ia t ion  frequency. 

I n  order t o  determine the minimum detectable number density f o r  a given 

s ignal  t o  noise ra t i o ,  the experimental parameters i n  equations (6.1) and 

(6.2) must be specif ied. The experimental parameters have been selected t o  

give maximum signal s t rength and t o  be consistent w i t h  any constra ints  imposed 

by the proposed f low f i e l  d measurements. The experimental parameters are 

sumnarized i n  Table G. 1. Two lasers were considered, a KrF laser  and a cop- 

per vapor laser .  The KrF because o f  i t s  h igh  average power (1 J/pulse a t  

10 HZ) and i t s  UV output (249 nm) which resu l t s  i n  la rger  Raman cross-section 

and i n  greater detector quantum e f f i c ienc ies .  The copper vapor because o f  

i t s  h igh  average power (10 mJ/pulse a t  5000 Hz). The measurement length L 

i s  chosen t o  be 5 mn based on the  spa t i a l  reso lu t ion  required to character ize 

the boundary layer  p r o f i l e s  which were predic ted by the numerical computa- 

t ions .  It i s  assumed tha t  fo r  the density measurements the in tegrated Raman 

spectrum would be used, i n  which case NA becomes the t o t a l  number density o f  

the sca t te r i ng  species, Based on the ra te  o f  descent of  the Space Shut t le ,  

i t  i s  assumed tha t  an in tegra t ion  time of  10 seconds could be used t o  make 

the measurements. I n  Table 6.2 are l i s t e d  the f i v e  species which are  ex- 

~ e c t e d  i n  the boundary layer ,  the Raman t rans i t i on ,  the Ramn cross-sect ion 

and the minimum detectable density f o r  a signal t o  noise r a t i o  o f  10. Results 

f o r  both the KrF and the copper vapor laser  are given. 



Table G . l  - 
Values Used fo r  Raman Scat ter ing Signal t o  Noise Estimates. 

KrF Laser Copper Vapor Laser 

Peak Power P 40 Mu 0.33 
0 

Pulse Length At 25 nsec 30 nsec 

Repet i t ion Rate n 
2 10 / se t  4 5 x 10 Isec 

P 

Wave1 ength X 249 nm 510 nm 

Detector Quantum E f f i c i ency  OD 0.35 0.1 

Col lector  Optics Eff ic iency 0.1 9.1 

Optics Col lect ion Angle R~ 0.01 s t r  0.01 s t r  

Scat ter ing Length L 5 ml 5 ml 



Table 6.2 
H i  nimum Detectable Density by Rarnan Scat te r ing  Compared wi t h  Expected Maximum Densi t i e s  a t  75 and 

and 52 km A l t i t udes .  

Minimum Detectable Density 
w i t h  S/N= 10 Maximum Density 

Ra ma n 
Species Transi t i o n  KrF Copper Vapor 75 km 52 km 

Vibra t iona l  1 .O 3 x  10 /cc 1 10' 7/cc I4 
4 x  10 /cc 16 1 . 6 ~ 1 0  /cc 16 

2 
2332 cm ' 

Vibra t iona l  1.2 14 3.4 x 10 /cc 16 1.3 x 10 /cc 15 6 x 1 0  /cc 
16 

O 2  2 x 10 /cc 
1557 cm ' 

NO Vibra t iona l  0.55 
14 

7 . 2 ~ 1 0  /cc 16 2 . 8 ~  10 /cc 15 3 x 1 0  /cc 
16 

1 X I 0  /cc 
1877 cm ' 

N --- ---- ---- ---- ---- C) 

Not t I 

Appl icable 

0 E lec t ron ic  1.26 3.2 x 10 
14 1 . 3 ~ 1 0  16 15 

6 x 1 0  /cc 
I6 

2 x  10 /cc 
158 cm-' 
226 cm 1' 

0 c. - 7 22 

2 * = 4.4 x crn /str-molecule w i t h  51451 laser .  
N2 



The d e t e c t a b i l i t y  estimates given i n  Table C.2 can be compared t o  the 

calculated species denslt  ies  a t  d l  f ferent  a1 t l  tudes, which are a l s o  sumnar- 

lzed i n  Table G.2, i n  order t o  determine the a l t i t u d e s  a t  which Raman scat- 

t e r l n g  concentrat ion measurements are possible. Based on these resu l ts  and 

the requi rement o f  a  dynamic range of  I ? ,  i t  can be concluded tha t  wi t h  the 

KrF laser  N2, 02, NO 2nd 8 can be measured a t  a l l  a l t i t udes ;  whereas w l t h  

the copper vapor laser.N2 can be measured a t  a l t i t u d e s  up t o  60 km whi le  

02, NO and 0 can be measured a t  a l t i t u d e s  up t o  52 km. I t  i s  important t o  

re-emphas i ze tha t  these detect ion estimates are made assuming no appreciable 

background noise due t o  p a r t i  culates ( I  .e. sca t te r ing  o r  incandescence) o r  

thermai emission. 

The ca lcu la t ions  pred ic t  t ha t  the n i t rogen mass f rac t i on  var ies by less 

than 30% across the boundary layer  p r o f i l e  f o r  a given a l t i t u d e  and distance 

along the vehicle, therefore from the po in t  o f  view o f  character iz ing the 

react ing nature o f  the boundary layer  flow, the n i t rogen density i s  of l i t t l e  

in te res t .  However, the gas density does change by approximately a  fac tor  of  

10 over a  given boundary layer  p r o f i l e ,  therefore a  n i t rogen density mea- 

surement could be used as a  measure o f  the t o t a l  gas density. 

For temperature measurements one should use the most populous species, 

i f  possible, which i n  t h i s  case would be n i t rogen.  As shown above, us ing a  

K r F  laser  the detect ion o f  t o t a l  N2 concentration i s  possible a t  a l l  a l t i -  

tudes. However, i f  one chooses t o  resolve the Q-branch spectrum fo r  the 

purpose o f  curve f i t t i n g  t o  determine the temperature, the p a r t i t i o n i n g  o f  

the signal among the d i f f e ren t  v ib ra t i ona l - ro ta t i ona l  leve ls  w i  11 increase 

the minimum N2 density a t  which thermometry measurements can be made by a  

factor  o f  100. I n  t h i s  case thermometry measurements would only  be possible 



a t  52 km and below. I f  a v ib ra t i ona l  band r a t i o  o r  Stokes/anti-Stokes ap- 

proach i s  used f o r  la rger  signal strengths, then the pa r t i t ! on  fac tor  i s  i n  

the worst case 10 and thermometry measurements can be made a t  a1 1 a l t i tudes .  

Assuming temperature masuremnts could be made from the n i t rogen 

v ib ra t iona l  Raman spectrum as discussed above, one would have t o  be concerned, 

especia l ly  near the shock, about ncn-equi l ibr ium e f fec ts ,  i.e. whether the 

measured v ib ra t i ona l  temperature was i n  equ i l i b r i um w i t h  the gas k i n e t i c  

temperature. 

Another poss ib i l  i t y  f o r  enhanced signal strengths would be t o  use reso- 

nance Ramn scat te r ing  o f f  o f  O2 (193 nm) o r  NO (220 nm) whereby several 

orders o f  magnitude greater sionlr l  strengths could be real ized. As pointed 

out by D r .  Alan Eckbreth o f  United Technologies, t h i s  would requi re the use 

o f  a l ase r  w i t h  excel l en t  frequency s t a b i l  i t y .  There are, however, no re- 

por ts  i n  the l i t e r a t u r e  o f  reonsnace Raman measurements o f  0 o r  NO there- 2 

fore l i t t l e  more can be concluded a t  t h i s  time. 

The concensus o f  the researchers we I r terv iewed was general ly not  as 

o p t i m i s t i c  as these resu l ts ,  however most st t h e i r  concerns were re la ted  t o  

the po tent ia l  problem o f  background noise from pa r t i cu la tes  and thermal 

emission. There was agreement tha t  charac ter iza t ion  of these po ten t i a l  noise 

sources must be done before the f i n a l  experiment se lect ion and design i s  

completed. Because o f  the weak s ignals associated w i t h  spontaneous Raman 

scat ter ing,  there was a1 so agreement tha t  f 1 uorescencc and Ray l e i  gh measure- 

ments should be given serious consideration. 
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APPENDIX H. COHERENT ANTI-STOKES RAMAN SCAllERlNG 

Coherent anti-Stokes Raman sca t te r i ng  (CARS) i s  a three photon, in- 

e l a s t i c  sca t te r ing  process which i s  enhanced as the di f ference i n  frequency 

between two i n c i  dent laser  beams nears resonance w i  t h  an energy level  tran- 

s i  t i o n  of  the sca t te r i ng  molecule. The scat tered rad ia t ion  i s  then a t  the 

Raman anti-Stokes wavelength. The i n tens i t y  o f  the CARS s ignal ,  IAS, a t  

frequency wAS i s  given by the fo l lowing equation. 

whe re 

and 

2 
4a W~~ 2 2 2 2 

'as = ( c ) 1 I 2 n 

I i s  the i n tens i t y  o f  the probe beam a t  frequency w IS i s  the in tens i  t y  
P PI 

of the Stokes beam a t  frequency w,, x i s  the th i rd-order  11onl inear suscep- 

t i b i l i t y ,  Z i s  the distance over which the beams in te rac t ,  c  i s  the speed 

o f  l i g h t  and q i s  the combined in teract ion-col  lect ion-detect ion e f f i c i ency .  

The th i rd-order  s ; r scep t i b i l i t y  i s  composed o f  a resonant pa r t  xR and a non- 

resonant pa r t  xNR. The resonant pa r t  o f  the t h i  r d  order suscept ibi  l i t y  i s  

do dependent on N, the t o t a l  ~ p e c i e s  number density,  (-) the Raman cross- 
&-l R 

sect ion f o r  the t ransi  t ion character ized by the frequency d i f ference Au, 

y, the Raman l i n e  width, AJ, the f rac t i ona l  populat ion d i f ference between 

the leve ls  i n  the t r a n s i t i o n  and .h i s  Planck's constant d iv ided by 2n. 

The CARS pro&-ss !s nonl inear i n  inc ident  beam In tens i t y ,  number den- 

s i t y ,  and i n te rac t i on  length whereas spontaneous Rarnan scat te r ing  i s  l i n e a r  
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i n  these parameters. Because o f  t h i s  nonl inear  behavior, f o r  a given exper- 

imental s i tua t ion ,  the CARS signal s t rength can be la rger  o r  smal ler than 

the corresponding spontaneous Raman s ignal  depending on the number density. 

The CARS process must a lso s a t i s f y  a phase matching requirement (i.e. con- 

servat ion o f  momentum). Phase matching i s  possible w i t h  one-sided op t i ca l  

access, however a wide angle crossed beam conf igurat ion must be used. This 

resu l ts  i n  a shortened in te rac t ion  length and 1 i m i  ted t ravers ing capabi 1 i ty. 

i n  order t o  estimate the CARS signal strength, one can assume tha t  ?he 

Stokes and anti-Stokes beams have the same diameter. Equation (tt .1) can 

then be w r l  t t e n  i n  terms o f  the CARS power 

There are two i i m i t l n g  cases t o  consider when est imat ing the minimum 

detect ion l i p i t s .  One case i s  the detect ion of a maJor species f o r  which 

xR> xNR. and the o ther  i s  the detect ion o f  a minor species f o r  which 

xR<XNR. We w i l l  consider the measurements t o  be quantum noise l i m i t e d  i n  

both cases. I n  the former case the greatest  source o f  noise i s  the quantum 

noise i n  the signal i t s e l f ,  therefore 

where 

I n  the l a t t e r  case the major noise source i s  the quan tum noise i n  the non- 

resonant background. Therefore the s ignal  i s  the c o n t r i t u t i o n  due t o  

2 ~ x A % ~  and the noise i s  the square root  o f  the con t r i bu t i on  due t o  xNR. 

The r a t i o  o f  there two reduces t o  equation (H.3) where lX12 = b X t  i s  used 

i n  equation (H.z). Therefore the d i f ference i n  the detect ion l i m i t  f o r  the 



major species and the r~tinor speci,s cases d i f f e r s  only by approximately a 

factor  of two. 

The mini mu^ detectable n i t rogen density f o r  a s ignal  t o  noise r a t i o  of 

10 can now be determined using equations (H.2) and (H .3 ) .  The assumd 

experimental paramters are 1 i s ted  i n  Table H. 1. The resul tant  dc tec tab i l -  

15 3 i t y  l i m i t  i s  ; 3  /cm . This e s t i . . ~ t e  i s  f o r  1500°K, however away from the 

surface the ,emperatur-es are expected t o  be much higher. As the temperature 

increases, the ro ta t iona l  population spreads out over many more leve ls  which 

causes a reduction i n  the CARS strength through the A term i n  the t h i r d  
J 

order suscep t ib i l i t y .  And as Eckbreth pointed out, the cont r ibu t ion  of ad- 

jacent 1 ines w i l l  a lso  be less a t  h igh temperature which w i  11 fu r the r  reduce 

the CARS strength. 

I f  we compare t h i s  resu l t  t o  the calculated densit ies o f  N2, 02, NO and 

0 a t  d i f f e r e n t  a1 t i  tudes we conclude tha t  N2 can be det= ted a t  a l l  a1 t i  tudes 

and that  02, NO and 0 can be detected a t  52 krr, and below. Again, the sensi- 

t i v i t y  w i l l  be less i n  the ho t te r  reaions a w y  from the surface. In order 

t o  re la te  ihe CARS signal strength to  the density, :t i r  necessary t o  know 

the gas temperature, unless a pa r t i cu la r  t rans i  'ion can be selected f o r  which 

the population difference term i s  temperature independent. Determination o f  

the temperature from the N2 CARS spectrum requires resolv ing the spectrum 

17 3 which increases the minimum detection l i m i t s  t o  10 /cm because o f  redu ed 5 
xR away from the peak and the necessity t o  use broad band CARS. Thermometry 

masurements therefore w i  1 1  on ly  be w s s i b l e  : t the lowest a1 t i tude.  

Because the detect ion l i m i t  analysis predicts adequate s e n s i t i v i t y  a t  

only the lowest a l t i t udes  and because of the severe l i m i t a t i o n  due t o  one 

side op t i ca l  access, i t  i s  concluded ?hat CARS i s  not v iable f o r  the proposed 



re-ent ry vehic le measuremen t . Several o f  the researchers interviewed have 

had extensive experience using CARS diagnostics and t h e i r  corncnts were i n  

general agreement w i t h  t h i s  conclusion. 

Table H.l 
Values Used f o r  CARS Signal t o  Noise Estimates. 

F i r s t  laser  wavelenath A = 532 nm 
P 

Second laser wavelength As - 607 nm 

Observed wave1 eng th AAs - 4480 n m  

F i  r s  t laser  peak power P - 1 O W  
P 

Second laser  p a k  power P S =  I N  

N o ~ l  inear susceptibi 1 i t y  3 xR - 3.2 x 10-17 cm /erg a t  1 atn, 1500°K 

Combined e f f i c i ency  ~l = 0.01 

Beam diameter D = 200 pm 

Pulse durat ion At = 10 nsec 

Total number of pulses integrated n = 100 
P 

In terac t ion  length z = 200 urn 
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APPEND1 X I . LASER DOPPLER VELOC IRETER 

The laser Doppler v e l o c i m t e r  I s  useful f o r  masu t l ng  f l u i d  ve loc i t ies .  

Laser l igh t  scat tered by a p a r t i c l e  moving w i  t h  the flow experiences r Dop- 

p l e r  frtquency s h i f t  propor t ional  t o  the ve loc l t y  o f  the p a r t i c l e .  A m a -  

surernent o f  the s h i f t  i n  frequency then gives the p a r t i c l e  ve loc i ty .  The 

most comnonl y employed conf igurat ion uses two laser  beams crossed In the 

sample region t o  produce in ter ference fr inges (Figure 1.1). As the p a r t i c l e  

traverses t h i s  region I t  crosses the f r inges (Ftgure 1.2) a t  a ra te  deter- 

mrned by the veloc i ty ,  resul t i n g  i n  scattered l i g h t  which i s  modulated a t  

the crossing frequency. Spat ia l  rcsolut fon i s  d t f l n t d  by e i t h e r  the beam 

crossing volume o r  the c o l l e c t i o n  op t i cs  w i t h  submil l imcter reso lu t ion  cas i -  

l y  obtainable. A second approach employing a Fabry-Percrt i n t c r f e r o m t e r  m y  

be useful a t  high f l u i d  ve loc i t i es .  The laser  Doppler w loc imeter  I s  non- 

i n t rus i ve  and insens i t i ve  t o  other  f l uc tua t i ng  f l o w  paramters  such as 

6 
denri t y  and temperature. Veloci ty  ranger from 1 0 ' ~  c d s c c  t o  I 0  mfsec have 

been measured. The d i f f i c u l t i e s  associated w i t h  the use o f  the laser  Doppler 

v e l o c i m t e r  arc p r imar i l y  due t o  the fact that  the f l o w  has t o  be seeded and 

that the p a r t i c l e s  do not track the flow i n  regions o f  h igh accclerat  ion or 

l o w  d r n s i  t y .  

The detected s ignal  a r i s i n g  from l i g h t  scat tered by the p a r t i c l e s  as 

they m v e  through the set o f  interference fr lnges m y  be found from squat ion 

Yerc U, i s  the p a r t i c l e  ve loc i t y  I n  the plane of  the two laser beams and 

perpendicular t o  thc i  r  b isector ,  a I s  the in te rsec t ion  angle, 4 I s  t h t  
0 



l aser  wavelength, and vB i s  the beat frequency produced. The distance be- 

tween the fringes i s  xf. The product o f  the output  o f  the frequency coun- 

te r .  \; and the f r inge spacing, xf, equals the veloc i ty .  I t  i s  c lear  t h a t  B ' 
f o r  a given laser  frequency and h a m  in tersec t ing  angle, the beat frequency 

i s  d i r e c t l y  proport ional t o  ve loc i ty .  Corrmercial laser  Doppler v e l o c i m t e r  

u n i t s  can handle counting rates up t o  200 Wz. State-of-the-art  counters 

can go as high a 1 GHz which i s  a lso  approximately the largest  bandwidth o f  

ava i lab le  photomul t i p 1  iers.  Counter ava i lab i  1 i t y  i s  therefore the l i m i t i n g  

fac to r  as f a r  as high ve loc i t y  masurements are concerned. Table 1.1 l i s t s  

the counting frequencies, u f o r  d i f f e r e n t  beam in tersec t ing  angles, a, B' 

f o r  an argon laser  operat ing on the X ~ 5 1 4 . 5  nm l i n e  and a p a r t i c l e  velo- 
0 

c i t y  of U. = 5000 m/sec. 
I Table 1.1 

Fringe Spacing and Counting Frequencies f o r  .5145p Laser Beams 
In tersec t ing  a t  Angle R and 5000 d s e c  Par t ic les .  

From the table i t  i s  c lea r  tha t  the smaller the angle the more manageable 

the counting rate. I f  t h i s  method i s  t o  be used h i t h  a re-entry vehicle, 

very srnal l angles w i  1 l be required. An a l t e rna t i ve  approach t o  reduce thc: 

counting rate i s  t o  s h i f t  the frequency o f  one of the laser  beams so the 

f r inges scan i n  the d i rec t i on  of motion. This e l iminates pa r t  o f  the Doppler 

s h i f t  and i s  useful only i f  a narrow range of v e l o c i t i e s  are t o  be measured. 

A large value of in terac t ion  length permits one t o  focus several detectors 

a t  d i f f e ren t  posi t ions along the i n te rac t i ng  volume so as t o  obta in a velo- 

c i t y  p r o f i l e .  Clear ly  the shallower the angle a the longer the i n te rac t i on  

length becomes. 



The second approach c i  rcumvents the h igh  counting ra te  problem by re- 

so lv ing  the scattered l i g h t  s r e c t r a l l y .  A Fabry-Perot e ta lon  i s  inser ted 

between the in tersec t ing  w l m  and the &tector .  Two peaks are registered 

by the detector as the eta lon i s  scamed as shown i n  Figure 1.3. They cor- 

respond t o  the Doppler downshifted and upshi f ted l i g h t  scattered by the two 

laser  beams o f f  the moving pa r t i c les .  The frequency di f ference between the 

two peaks i s  v i n  equation (1.1). Avo i s  the free spectral  range of the B 

Fabry-Perot which provides a frequency ca l ib ra t ion .  While an upper bound 

1 imi ts  the ve loc i t y  measureable w i t h  the op t i ca l  mixing configuration, a 

lower bound ex i s t s  i f  the scattered l i g h t  i s  t o  be spec t ra l l y  resolved. 

When both scattered s ignals are put through the same e ta lon  the minimum mea- 

sured ve loc i t y  i s  l i m i t e d  by the Rayleigh c r i t e r i o n :  a s h i f t  i s  measureable 

only i f  i t  i s  la rger  than the width o f  the spectral  l i ne ,  Av5vg, otherwise 

the two peaks coalesce. To overcome the l i m i t a t i o b a  reference beam config- 

urat ion may be employed whereby j u s t  one beam interrogates the flow whi le  

the o ther  beam i s  bsed as a frequency reference. The scat tered 1 i gh t  from 

the flow and the reference beam are n w  di rected i n t o  d i f f e r e n t  etalons so 

tha t  the peaks cannot overlap a t  small ve loc i t ies .  A s ing le  eta lon may be 

employed i f  the frequency o f  the reference beam i s  s h i f t e d  using a Bragg c e l l .  

Two addi t ional  techniques which have been used and are re la ted t o  laser  

Doppler velocimetry should be mentioned. One i s  the time o f  f l i g h t  veloc i -  

meter [I .2] which may be used i f  the flow d i rec t i on  i s  known. Two p a r a l l z l  

laser beams are d i rected i n t o  the flaw. A detector monitors the 1 i gh t  pulses 

scattered o f f  the p a r t i c l e s  as they pass through the beams. The ve loc i t y  i s  

deduced from the known separation o f  the beams and the time di f ference be- 

tween t5e 1 i gh t  pulses. 



I n  a re la ted  technique discussed by Dr. Don Holve o f  Sandia Labora- 

t o r i e s  the pulse shape o f  a p a r t i c l e  t ravers ing a s ing le  laser  beam i s  

resolved temporally and i s  independent o f  the p a r t i c l e  s ize o r  t ra jec tory .  

The time between two f rac t i ona l  values o f  the peak amplitude i s  re la ted  t o  

the p a r t i c l e ' s  ve loc i ty .  The i n t e n s i t y  of the pulses can a lso  be used t o  

ob ta in  the p a r t i c l e  s ize  d is t r ibu t ion ,hwever  ve loc i ty -s ize  cor re la t ions  

cannot be determined [ I  .3]. 

Two extensions o f  the LDV technique were mentioned i n  our meeting a t  

Sandia. I n  the f i r s t  a holographic lens i s  employed t o  prolong the f r i nge  

pat te rn  f o r  mu l t i p le  m i n t  measurements. The second i s  a t im  of 

f l i ght measurement whi ch takes advantage o f  gas breakdown by laser  focusing. 

The emi t t i ng  plasma follows the flow and i s  m n i t o r e d  by two detectors which 

fu rn ish  the elapsed time. 

The seeding problem poses the greatest d i f f i c u l t y  as f a r  as applying 

the LDV t o  measurements on board a re-entry vehicle. Pa r t i c l es  i n jec ted  

through the wa l l  o f  the c r a f t  would tend t o  stay c lose t o  the wal I. Natu- 

r a l l y  occurr ing seed however may be present o r  emit ted from the ceramic 

cover of the re-entry vehic le and these may be used for  LDV measurements. 

The in ter ference f r i nge  detect ion schemes are more prevalent and easier  t o  

use. A very narrow angle a w i  I 1  be requi red t o  reduce the count frequency, 

but t h i s  a lso  has the advantage of permi t t ing  mul t i p l e  po in t  measurements. 

Thermal l y  exc i  ted fluorescence emission and p a r t i c u l a t e  luminosi t y  may 

mask the s ignal .  For these reasons i t  seems advisable as a f i r s t  step t o  

m n i  t o r  fluorescence and pa r t i cu la te  emission. This may be augmented by a 

laser  t o  determine whether p a r t i c l e s  e x i s t  i n  the flow. Only a f t e r  the en- 

vironmental e f fec ts  have been documented should an LDV measurenent be a t -  

temped . 
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Figure I .  1 A Laser Doppler Velocimeter heterodyne detection configuration. 

. 
Figure 1.2 The fr inge pattern created by two intersect ing laser beams 

sbwing the interact ion length a.  

Figure 1.3 Fabry Perot output looking a t  l i g h t  scattered o f f  p a r t i c l e s  
i l luminated by two laser beams. 



APPFNDIX J. RESONANT DOPPLER VELOCIMETER 

The Resonant Doppler Velocimeter (RDv) [J.l ] has been used f o r  v isual -  

i za t i on  and for  quant i ta t ive  measurements o f  veloc i ty ,  temperature and den- 

s i t y  o f  a gaseous flow. These are achieved by shin ing a s ing le  frequency 

laser  beam i n t o  a f low which i s  seeded w i t h  an atomic o r  molecular species. 

The laser  i s  tuned through the absorption frequency o f  the seeded species. 

An o p t i c a l  detector may be conf igured t o  monitor fluorescence from any posi- 

t i o n  along the beam t o  provide good spa t ia l  resolut ion. The ve loc i t y  i s  

determined by observing the Doppler s h i f t  of the absorption frequency. Spec- 

troscopic absorption l i n e  broadening mechanisms furn ish  information regarding 

the s t a t i c  temperature and density o f  the moving gas. 

The technique has been demonstrated i n  supersonic and hypersonic flows. 

Unl i ke  p a r t i c l e s  needed f o r  the standard laser  Doppler velocimeter, t racer  

atoms in jec ted i n t o  the f low fo l low i t  closely. But the f low s t i l l  has t o  

be seeded, a f a c t  which could ra ise experimental d i f f i c u l t i e s .  

The ve loc i ty  o f  the  flow i s  measured by the Doppler s h i f t  AvD o f  the 

absorption 1 ine. 

h 

where vo i s  the absorption frequency i n  the atomic res t  frame, k i s  a u n i t  

+ 
vector i n  the d i  rect ion o f  the laser  beam, U i s  the f l o w  veloci t y  vector and 

c i s  the speed of l i g h t .  The method measures the ve loc i t y  vector i n  the 

d i  rec t ion  o f  the laser beam. A reference has t o  be furnished t o  be able t o  

measure the absorption frequency i n  the atomic res t  frame. This can be pro- 

vided by performing spectroscopy i n  a s ta t ionary  gas i n  a c e l l  o r  i n  an 

a tomi c beam device. 



The temperature and density o f  the flow give r i s e  t o  frequency broad- 

ening o f  the spectral  1 ine. The temperature e f f e c t  resu l t s  i n  a 1 ineshape 

which i s  a Gaussian and the c o l l i s i o n  f r e q u e n ~ y ~ w h i c h  i s  d i r e c t l y  propor- 

t i o n a l  t o  density,causes a Lorentzian lineshape. Thei r  combination i s  a 

convolution which i s  known as the Voigt p r o f i l e .  The observed p r o f i l e  may 

be deconvol ved t o  fu rn ish  the separate broadening components. The tempera- 

ture, T, o f  the f low i s  given by 

where AwG i s  the f u l l  width a t  h a l f  marinuc o f  the Gau;s:~n l ineshape, X 

and t4 are the absorption wavelength and mass o f  the p a r t i c u l a r  species and 

k i s  Bol tzmann's constant. The density of the gas, n, i s  given by 

where A v L  i s  the f u l l  width a t  h a l f  maximum o f  the Lorentzian lineshape, a 

i s  the c o l l i s i o n  cross sect ion and L i s  the r e l a t i v e  v e l o c i t y  i n  the center 

o f  m s s  system of the t racer  atom and i t s  c o l l i d i n g  partner.  a i s  tempera- 

t u re  independent i f  the hard sphere po ten t i a l  i s  used. I n  p rac t ice  one has 

t o  f i n d  the temperature dependence o f  a by performing a c a l i b r a t i o n  [ ~ . 2 ] .  

The resonant Doppler velocirneter may a lso be used fo r  flow f i e l d  v isua l -  

i za t ion .  Regions o f  higher density i n  the f low fluoresce more b r i g h t .  I n  

add i t ion ,  by tuning the laser  t o  a p a r t i c u l a r  Doppler s h i f t e d  absorpt ion 

frequency, one can high1 i gh t  a p a r t i c u l a r  ve loc i t y  f i e l d .  

The many proper t ies which can be measured by using the resonant Doppler 

velocirneter make i t  an - [ t r ac t i ve  technique. The major d i f f i c u l t y  l i e s  i n  

i d e n t i f y i n g  the proper tracer atom and seeding i t  i n t o  the flow. Sodium 

atoms have been used i n  n i t rogen and he1 ium flows but  sodium would tend t o  



react w i t h  the oxygen e x i s t i n g  !n the flow f i e l d  surrounding the vehicle. 

Sodium does occur natural l y  i n  the atmosphere. At the highest a1 t i  tude o f  

2 
i n te res t  (80 km) I t s  concentrat ion o' 10 cd3 i s  four orders o f  nagnitude 

below that used i n  the :aboratory. At I w e r  a l t i t u d e s  i t s  concentrat ion I s  

neg l i g ib le  and the fluorescence signal w i l l  be masked by Rayleigh scat ter log.  

Laser induced fluorescence has been demonstrated on N, 0 and NO sug- 

gest ing tha t  they could be used as t racers f o r  applying the resonant Doppler 

velocimeter. The major d i f f i c u l t y  i s  associated w i t h  producing a tunable 

laser  system w i t h  a narrow 1 inewi dth and an output frequency whl ch matches 

one o f  the u l t r a v i o l e t  absorption frequencies o f  the gases present. 
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Evaluation of a Stochastic Model of Particle Dispersion in a Turbulent 
Round Jet 
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The accumulation and correlation of data for empirical com- 
putations of turbulent particle dispersion is complicated since 
dispersion is influenced by both particle and turbr~lem properties. 
This difficulty can be circumvented by computing dispersion di- 
rectly, using a stochastic particle dispersion model The stochastic 
method requires an estimate of the mean and turbulent properties 
of the continuous phase. Particle trajectories are then computed 
using random sampling to determine the instantanma properties 
d the continuow phpse, similar to a random walk calculation Mean 
dispersion properties are obtained by averaging over a statistically 
significant number of particle trajectories. 

Several stochashc pnrtick dispersion niodels have been p r o p a d  
Yuu et al. (1978) w a stochastic dispersion model, which employs 

( k r p n d r m  m m r n t v  thu ppr h l d  br HMrrrrd 11, C M karth 214 hkrtunlcal 
b w n g  b i l d t n ~  l lrnvrrutr  Park. PA I- 
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empirical ccrrelatiom of mean and turbulent prcperties, to anulyze 
their measurements of particle dispersion in jets. Gosman and 
loannida (1981) describe a more comprehensive approach, pre- 
dicting both flow properties (using a k-t  model) and dispersion The 
latter procedure is attractive since k-c modelr vi2ld satisfactory 
predictions for many of the boundary layer type flows that are 
encountered with dispersion problems 

The objective of the present investigation was to reexamine the 
data of Yuu et PI.  (1978) for particle dispersion in air jets using a 
stochastic dispersion model similar to Gosrnan and hmnides 
(1981). Shearer et ul. (1979) have demonstrated that the proaent 
k-f model pr~vides good predictions of existing m~asurements of 
mean and turbulent propert~es within jets In the following, the 
present stochastic dispersion model is also calibrated by comparison 
to predictions by Hinze (1975) and measurements by Snyder and 
Lumley (1971 ), for simpler flows. prior to applying the rndel  to 
the jet dispersion data of YUII et al. (1978). 
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Computations of the properties of the continuous phase were 
only required for the tests of Yuu et PI.  (1978). The jet dispersion 
experiments involve a particle laden round air jet irj..cted intostill 
air which can be modeled as a steady axisymmetric boundary layer 
flow. Particle moss loadings in the jet were 0.1-0.496 which is suf- 
ficiently small so that the particles had a negligible effect on mean 
and turbulent gas-phase properties. Since nozzle exist Mach 
numbers were less than 0.3, density variations, kinetic energy and 
viscous dissipation were neglected with little error. jet Reynolds 
numbers were O,SO&&,OOO which implies that moleculsr transport 
can be ignored in comparison to turbulent transport. 

Under these wumpt io~s ,  the governing equations for the con- 
tinuous phxe, including model transport equations for k and t, 
are: 

where 

and all dependent variables denote time-averaged quantities. The 
specification of the boundary conditions for Eqs. 1-4 and their 
rtumerical solution is described by Shearer et al. (1979). Solution 
of these equations yields u,v.C,k and t throughout the flow 
field. 

A conservation equation for particle concentration appears i r ~  
F4. I, asur. ng that the particles have the same local mean velocity 
and turbulent diffusivitv as the gas phase. This corresponds to the 
locally homogeneous flow (LHF) approximation for two-phast 
flows considered by Shearer et al. (1979). Lt1Fcalculati~n: were 
considered since this approximation is frequentlv invoked. Fur- 
thermore, comparing a & a l  dispersion with the L ) ~ F  limit provides 
an indication of the effect of the inertial properties of the particles 
on particle dispersion. 

Particle irajectorirs were determined using a Lagrangian for- 
mulation of the governing equations. Since p,,/p > 200, for tile 
measurements to be considered, it is reasonable to neglect virtual 
mass. Bwett forces. Magnus form. etc. Under these wumptions, 
conservation of momentum yields 

%here particle motion is based on th. instantarteous velcrity of the 
continuous phase. Gravitational forces were negligible for condi- 
tionsexamined by t l i n u  (1975) and Yuu et a1 (1979). but arr in- 
cl~tded since the effect was appreciable fr~r the experiments of 
Snyder and Lumley (1971). The position cf the particlr was de- 
termined from 

Equations 5 and 6 were numerically integrated using a second- 
order Rungr-Kntta algorithm The trajectories of at least I.(nK) 
particles were computcd and averaged to obtain dispersion prop 
erties. 

Following the method of Gosman and lmnnides (1981) the 
motion of the particles is tracked as they interact with a s u n ~ ~ s i o n  
of turbulent eddies, each of which is assumed to have constant flow 
pruperties. \'elcrity fluctuations were assumed to be isotropic with 
a Gaussian probability density distribution having a standard de- 
viation of (U/3)1/2 The local distribution is randomly sampled 
when a particle enters an eddy to obtain the instantaneous velocity 
asti" = t i  + ti'. 

A particle isassumed to interact with aneddy for a time which 
is the minimum of either the eddy lifetime or the transit time r c  
quired for the partick to cram the eddy. These timer are cstimatd 
by ossuming that the characteristic size of an eddy is the dissipation 
length xaie, similar to Gosman and lmnnids  (1981) 

Gosman and ioannides (1981) compute the eddy lifetime as t, = 
L,/ ILi'J, however, we found better agreement with measurements 
by departing from this particle and employing 

The transit time of a particle was found using the linearized 
equation of motion foi a particle in a uniform flow 

where ci" - ci; !s the velwlty at the start of the interaction. When 
L, > T Itin - cipJ, the linearized stopping distance of the particle 
is smaller than the characteristic length scale of the eddy and Eq. 
9 hw no solution In this case. the eddy has captured the particle 
and the interaction time is the eddy lifetime. 

CALIBRATION OF MOOEL 

Since the stnchastic model itlvolves wjme rather arbitrary se- 
lections of length and time scales, i t  was calibrated similar to 
Gosman and loannitles (1981) using the fundamental dispersion 
results of Hirue (1975) ant1 Snyder and Lurnley (1971). Assuming 
constant turbule~t diffusivit;,. Hirlze (1975)developed an analytical 
expression for thediffusion of "marked" fluid particles introduced 
71 a constant rate irom a point source into d homoger~eous is~tropic 
f!~w. Comparable results for the stcwhaslic m o d ~ l  were obtained 
by fixing rc,k and c. The cc~rrfiponding turbulent diffusivity of the 
analyticel ~xpresion was take11 as C,pk?/r, which is consistent with 

STOCHASTIC MODEL i 
I, FROM 

- GOSMAN 8 IOANNIDES 
PRESENT STUDY 

ANALYTICAL SOLUTION- 

v" FROM: HlNZE . 
v - 

Figwe 1. Anrlylicrl a d  rtochrsllc rolullonr tor dhperrlon OI unrll padkm 
h hanoglnean IWfopk flow with kng dWlurion limos. 
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the original derivation. The particles were assumed to be small, to 
correspond with fluid particles. Therefore, the interaction time is 
always t, and particle motion is identical to the fluid motion i n  each 
eddy. 

The radial variation of particle concentration downstream of 
the point source is illustrated i n  Figure 1 for the conditions exam- 
ined by Caman and loannides (1981). Predictions for hoth sto- 
chastic d i i .  models are shown. along with t!w analytical result 
(C, was taken from the analytical expression i n  all cases in order 
to obtain an absolute comparison). The presclat stochastic predic- 
tions agree favorably with the analytical expression, while the 
0 r i g i ~ l  proposal of Cosman and loannides (1981) tends to un- 
derestimate the rate of dispersion. (It should be noted that i t  was 
not possible to reproduce Gosman and Ioannides (1981) computed 
results for this flow.) 

Thesecond calibration employed the measurements of Snyder 
and Lumley (1971). These experiments involved the dispersion of 
i nd iv id~a l  particles which were isokinetically injected into a uni- 
form turbulent flow downstream of a grid. I n  this case, interaction 
times involved both I, and 1,.  The mmpariwn between predictions 
and measurements is illustrated in  Figure 2 The stochastic models 
provide encouraging agreement with the measurements. The two 
models yield nearly the same results for heavier particles, where 
interaction times are mostly fixed by t , ,  since this aspect of both 
models is the same. The present model yields somewhat improved 
predictions for light particles, where t ,  largely controls the inter- 
action time. 

PARTICLE LADEN ROUND JET 

The experimerts of Yuu et al. (1978) involved an air jet con- 
taining nearly monodisperse fly ash particles injected into still air. 
The nozzle was shaped amwding to the spccif~cations of Smith and 
Wang (1944) to yield a uniform outlet veltrity. Althor~gh Yuu et 
PI. (1978) assumed that gas and particle velocities were identical 
at the nozzle exit, particle tra+=ctory calcnlatinns for the stated 
nozzle shape i ~ l i c a t d  that this was nnt the caw. Therefore. particle 
velocities ?t the nozzle exit were mn~puterl  to define initial con- 
ditions for the prrsent stochastic dispersion calculations This in- 
volved ictegrating Eq 5 and 6 assuming that particle and gas ve- 
loriti* were identical at the nozzle inlet Gas velcrities were de- 
tcrmined as a function of distance %rough the nozzle. assuming 
f r i c t ionk  flow for the given no)nlc shape ~ n d  nqz,lec.tirlg the snlall 
contribution of partlcle drag on the gas [low properties Cibnlpu- 
tations downstream of !he ~~oUlp exit then p r d d  as described 
earlier. 

Representative predicted and meastlrrd prof~ lm of mean axial 
gas velocities and particle roncentratiar~s err i l l t~stratrd i n  Figure 
3 TIM- measurements were g r o ~ ~ p ~ l  into rP1IRCS of x /J .  tl~r*rt.fort., 
predictions are shown for the limit: of thew ranges Data rat ter  
has been smooth~ l  by only showing mean valups for thr mea- 
suremmts. 
The k-c flow rnalel ) ~elds fair prmiict~ons of n~c.ari ~s vc.ltr.ittts. 

particularly i n  view of the ratter of tlw data k t t e r  IN-rformanc~ 

Figure 3. Prdclad a d  marwed axial gas v.locllk and partick concm- 
bationa k a &ml ladm ah Jet with partkk Qtnntr o(20 prn a d  p M k k  

M y  a4 2,000 kglrns. 

of this flow model was generally observed by Shearer et a]. (1979) 
for constant density jets. The stochastic dispersion model, using the 
compu!ed initial particle velncity, yields quite gtroc) agreement 
with the particle concentration measr~rernents. Yimilar co~nputa- 
tions assuming equal particle and gas velocities at the nozzle exit 
resulted in narrower ronrtBntratinn profiles indicating a significant 
influence of initial particle conditions on mrasurd dispersion 
properties. The predictions of the L H F  model overestimate the 
dispersion of particles, therefore, particle inertia i s  important for 
these test conditions The particle trajectory computations also 
yielded significant differences i n  particle and gas velocities re- 
sulting in maximum particle Reynolds nc~rnkrs on the order of 
50 

CONCLUSIONS 

A stochastic mnclel of particle d~slwrsion by trrrbr~lrr~ct.. ~)rcquscul 
by Cosman and lnannidrs ( 1981 ), has \wen r\al~~atcul Thr 111cthi~I 
enlploys a k-c m t d r l  to cvt~mate tur \ )~~ler~cr  ~)rolw.rtirs I)~slrrsion 
i s  determilled by comp~~t ing  particle motion, with rarulom sanl- 
piing to obtain instantaneous flaw properties, for a statistically 
sigr~ificar~t nrlrnlwr of particle trajt~tories 

The stochastic model vielded gwd :esults, p.rt~cularly when 
edd! 1ifetlmt-s were eval~~ated ~ ~ s i r ~ g  Eq 8 The advantages c~f the 
stl~hastic n~c.thnd are that effrcts of large relativca veltritirs Iw 
tween the part~cles and the flow, drag properties at Reynolds 
nr~rntrrs greater than the Stokm flow rt-gimr, and the var~ation of 
I ~ r a l  turbulence properties can hc. read~ly handled--at least lor 
I m ~ ~ t ~ t l a r y  laycr flows. 

.i\dd~tional eval~ratior~ of t l ~ c  sttrl~astlc n~tx l r l  worlld Ir tlt.s~ral,lt, 
(:r~rrrnt prescriptions for aldy length and t ~ m e  r a k a r e  sm~ewhat 
,~rt)itrar) and furthrr rc.linement IS rn.tu1t-d T1'I t ~ w o f  a lirw-ar clrag 
law to estirr~att. 1 ,  1s s\alru.t for the high partlclr Re!ntdtls ~~trrl~lr.rs 
oltcar~ encountc.rrd in  practice F~nally. while thr assll~npt~on of 
lwtropic turbulence in  t l ~ r  sttrhastic model i s  consistt.~~t w ~ t h  ttte 
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