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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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