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LASER DOPPLER ANEMOMETRY 

Dennis A. Johnson 

NASA Ames Research Center 
M o f f e t t  F ie ld ,  CA 94035, U.S.A 

1. INTRODUCTION 

Laser Doppler anemometry (LOA) i n  compressible f lows o f fe rs  the advantages o f  unambiguous s ignal  
i n t e r p r e t a t i o n  ( the  l ase r  Doppler anemometer senses VelOClty Only) and nonlntruslveness. 
o f  the LOA i s  i t s  a b i l i t y  t o  accurately measure the normal o r  v e r t i c a l  v e l o c i t y  f l u c t u a t i o n s  i n  regions 
c lose t o  a so l  i d  surface. 
d i f f i c u l t  f o r  hot-wire anemometry. Also, LOA i s  n o t  l i m i t e d  t o  attached f lows wi th moderate turbulence 
leve ls  as i s  hot-wire anemometry. 

The primary disadvantage o f  the technique i s  t ha t  the v e l o c i t i e s  o f  micron-size p a r t i c l e s  are mea- 
sured ra the r  than the v e l o c i t y  o f  the f l u i d  i t s e l f .  I n  most appl icat ions,  t h i s  requi res the i n t roduc t i on  
o f  seed p a r t i c l e s  i n t o  the f l o w  (see a l so  Chapter 7). Measurement e r r o r s  can a r i s e  i f  the p a r t i c l e s  are 
no t  s u f f i c i e n t l y  small t o  f o l l o w  the f l u i d  motions o r  i f  they are not  un i formly d i s t r i b u t e d  i n  the flow. 
Errors  a l so  can occur i f  the s igna l  q u a l i t y  of the photodetector output, which depends on the i n t e n s i t i e s  
o f  the pa r t i c l e -sca t te red  l i g h t ,  i s  no t  s u f f i c i e n t l y  high. Measurements are made d l f f i c u l t  because o f  the 
r a p l d  f a l l  o f f  i n  sca t te red - l i gh t  i n t e n s i t i e s  w i t h  p a r t i c l e  diameter. 
i n te res t ,  the i n t e n s i t i e s  decrease near ly  w i t h  the s i x t h  power of the diameter. 
o f  the a r t  i n  lasers and s ignal  processing e lect ron ics,  t he  minimum s ize  p a r t i c l e s  f r o m  which measurements 
can be made a t  compressible speeds are marg ina l ly  adequate from a standpoint o f  t r a c k a b i l i t y .  

Another disadvantage o f  LOA i s  t h a t  i t  i s  no t  w e l l  su i ted f o r  spectra o r  c o r r e l a t i o n  measurements 
because o f  the discontinuous nature o f  the s ignal  output which i s  governed by Poisson s t a t i s t i c s .  

Most LOA compressible boundary-layer measurements have r e l i e d  on the "dual-bemlll" (o r  " f r i nge" )  o p t i -  
ca l  arrangement w i t h  forward-scatter 1 i g h t  c o l l e c t i o n  and burst-counter s ignal  processing. 
and supersonic wlnd tunnels, i t  i s  extremely d l f f i c u l t  t o  achieve h igh p a r t i c l e  concentrat ion levels. The 
dual-beam, burst-counter approach i s  w e l l  su i ted t o  appl icat ions such as these where the p a r t i c l e s  are 
sparsely d i s t r i bu ted .  There are a vast  number o f  papers i n  the l i t e r a t u r e  descr ib ing various aspects o f  
LOA, numerous technica l  meetings have been dedicated j u s t  t o  LOA and several books have been w r i t t e n  on 
the subject. The i n t e n t  o f  t h i s  chapter i s  t o  discuss sane of the more re levant  aspects o f  applying LOA 
( s p e c i f i c a l l y ,  t he  dual-beam, burst-counter approach) t o  canpressible flows. 

Another s t rength 

This measurement even f o r  zero-pressure-gradient boundary layers i s  extremely 

I n  the p a r t i c l e  s i z e  range o f  
Given the  current  s t a t e  

I n  t ransonic  

2. BASIS OF DUAL-BEAM, BURST-COUNTER LDA SYSTEMS 

A s imp l i f i ed  dual-bean arrangement f o r  single-component VelOCity measurements i s  shown i n  Fig. 1. I n  
t h i s  conf igurat ion,  the c o l l e c t i n g  lens i s  pos i t ioned t o  Co l l ec t  on ly  pa r t i c l e -sca t te red  l i g h t  from the  
two inc iden t  l ase r  beams. I n  e a r l i e r  LOA systems, the Doppler s igna l  was obtained by heterodyning non- 
scat tered l i g h t  from one o f  t he  i nc iden t  beams w i t h  pa r t i c l e -sca t te red  l i g h t  from the  other  beam. This 
approach had the  disadvantages o f  being sens i t i ve  t o  mechanical v ib ra t i ons  and o f  r e q u i r i n g  small l i g h t -  
c o l l e c t i o n  s o l i d  angles. The dual-beam arrangement does no t  have these disadvantages. Ear ly  analyses o f  
the dual-beam o p t i c a l  arrangement were performed by Rudd (1969). and Hazumder and Wankun (1970). 

rea l i zab le .  I t  provided the add i t i ona l  l ase r  power (more than two orders o f  magnitude over the standard 
helium-neon laser)  needed t o  detect  i nd i v idua l  submicron p a r t i c l e s  t r a v e l i n g  a t  t he  speed o f  sound o r  
higher w i t h  the  dual-beam o p t i c a l  arrangement. From the  osc i l loscope traces o f  s ignal  bu rs ts  produced 
from i n d i v i d u a l  p a r t i c l e s ,  came the  idea of using high-speed counters t o  measure the  v e l o c i t y  o f  i n d l v i d -  
ua l  p a r t i c l e s  cross ing the  sensing volume. The e a r l i e s t  work on the bu rs t  counter approach was performed 
by a research group a t  AEDC, Arnold A i r  Force Station, Tenn. (Lennert, e t  aF., 1970). 

capable o f  working w i t h  much lower scattered l i g h t  levels. Another, i s  the d i g i t i z a t i o n  o f  the signal 
bursts  fo l lowed by s igna l  analys is  v i a  a d i g i t a l  computer (Peterson and Haurer, 1975). By Four ier  t rans-  
forming the  d i g i t i z e d  signals, measurements by t h i s  approach can be obtained from s igna ls  too  noisy t o  be 
processed by a burst counter. However. ne i the r  approach has a t ta ined  the same l e v e l  o f  popu la r l t y  i n  
compress4ble f l o w  app l i ca t i ons  as the bu rs t  counter. One reason f o r  t h i s  has been the lower s ignal  f re -  
quency l i m i t s  o f  these approaches compared t o  those f o r  bu rs t  counters. Also, both techniques requ i re  
substant ia l  computer postprocess i ng . 

With the a v a i l a b i l i t y  o f  the argon-ion l ase r  i n  the  e a r l y  1970s high-speed LOA measurements became 

An a l t e r n a t i v e  approach t o  using bu rs t  counters i s  t h a t  of photon c o r r e l a t l o n  (Abbiss, 1976) which i s  
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The dual beam arrangement i s  o f ten  refer red t o  as the f r inge arrangement because of the f r i nge  pat- 
t e rn  which i s  formed by the mutual interference o f  the two ( i dea l l y  o f  equal in tens i ty)  Incident laser 
beams. This f r i nge  pat tern i s  depicted i n  Fig. 2. These fr inges are p a r a l l e l  t o  the bisector o f  the two 
incident beams and perpendicular t o  the plane formed by the two incident beams. The spacing o f  the 
fr inges xf  is given by xf = A/2 s i n  e/2 where e i s  the angle between the two incident beams and A 
i s  the wavelength o f  the laser l i g h t .  The e l e c t r i c a l  Signal, e ( t )  produced a t  the photodetector by an 
ind iv idual  p a r t i c l e  crossing these f r inges has the form: 

where the envelope funct ion g depends on the t ra jec to ry  of the p a r t i c l e  passing through the sensing 
volume, u1  i s  the ve loc i t y  component perpendicular t o  the interference fr inges. and t i s  time i n  
Eq. 1. Passing t h i s  signal through a high-pass f i l t e r  produces a signal given by 

tha t  i s  symnetric w i th  respect t o  zero and which crosses zero a t  f i x e d  time in te rva l s  o f  
7 0  = (1/2) X f / U l .  

I n  compressible f low applications. e i s  made r e l a t i v e l y  small (1 t o  2") so the signal frequencies do 
not exceed the capab i l i t i es  o f  the photodetector o r  the signal processing electronics. 
not operated i n  single mode, then high-frequency noise from the laser also becomes a consideration i n  
l i m i t i n g  the maximum signal frequency (Dopheida and Durst, 1979). Typical f r i nge  spacings are i n  the 10 
t o  30 urn range i n  compressible flow studies. 

Because e and the l i g h t  col lect ion'angle, a (Fig. 1) are both r e l a t i v e l y  small i n  compressible f low 
applications, the sensing volume i s  h igh ly  elongated i n  the d i rec t i on  o f  the op t i ca l  ax i s  (1.e.. the 
bisector o f  the two incident laser beams). I t s  shape I s  e l l i p s o i d a l  w i th  a Gaussian cross-sectional 
i n tens i t y  d i s t r i bu t i on .  The aspect r a t i o  of the e l l i p s o i d  can be as large as 50 but  l i k e l y  never less 
than 10. The effect ive diameter, which i s  determined by the diameter o f  the laser  beams ahead o f  the 
transmitt ing lens and the t ransmi t t ing lens focal length, I s  t y p i c a l l y  between 200 and 400 urn. 
frequency l i m i t  o f  the signal processing e lect ron ics r e s t r i c t s  how small the sensing volume can be. 

scat ter  configuration, a, i s  near 180". 
generally requires t h a t  the l i gh t - co l l ec t i on  op t i cs  be placed on the opposite side of the tunnel t e s t  
section from tha t  o f  the t ransmi t t ing optics. Although t h i s  makes f o r  mechanical inconveniences, experi- 
ence has shown tha t  the gain o f  about two orders of magnitude i n  l i g h t  scattered i n tens i t i es  over that  f o r  
back scatter i s  essential i n  the transonic and supersonic regimes when burst  counters are used f o r  signal 
processing. 

The burst  counter i s  designed t o  f i l t e r  out the low-frequency component i n  Eq. 1 and then measure the 
average period o f  a given number o f  cycles o f  the signal (e ight  cycles i s  the most connnon). Pu1,ses from a 
high-frequency clock (up t o  1 GHz) are counted t o  determine the average period. The number o f  cycles used 
i s  a compromise between resolut ion and frequency l imi ta t ions.  

two strong l i n e s  (4880 and 5145 A) o f  the argon-ion laser  are the most popular. These two  laser l i nes  are 
s u f f i c i e n t l y  apart t h a t  Signal separation a t  the detectors can be accomplished by op t i ca l  f i l t e r i n g .  With 
t h i s  system, four  laser  beams ( two w i th  A - 4880 A and two w i th  A = 5145 A) are brought t o  a comon 
focus w i th  a s ing le t ransmi t t ing lens. The resu l t s  are overlapping sensing volumes whose f r inges are 
orthogonal. Usually a s h i f t  i n  frequency, fB i s  introduced i n t o  each p a i r  o f  beams which causes the 
f r inges t o  move a t  a constant ve loc i ty ,  vf = X f f B .  
t i e s  can be distinguished. 

While frequency s h i f t i n g  i s  obviously important i n  the measurement o f  separated flows, it can be 
important even i n  moderately high turbulent flows when burst counters are used. Depending on the turbu- 
lence level, the number o f  f r inges i n  the sensing volume, and the minimum number o f  f r i nge  crossings 
required by the burst  counter, there i s  the p o s s i b i l i t y  t ha t  ce r ta in  pa r t i c l es  w i l l  not cross a su f f i c i en t  
number o f  f r inges t o  be measured. 
sh i f t ing,  i f  properly applied, can prevent t h i s  poss ib i l i t y .  The observed f a l l - o f f  o f  the near-wall 
Reynolds shear stresses i n  ea r l y  studies (Johnson and Rose, 1975; Yanta and Lee, 1974; and Dimotakis 
e t  al., 1979) of zero-pressure-grddient compressible boundary layers appears t o  have been a t  least  p a r t l y  
the resu l t  o f  not using frequency s h i f t i n g  (Schairer, 1980; and Robinson e t  al., 1983). 

If the laser i s  

The upper 

Forward-scatter l i g h t  c o l l e c t i o n  re fe rs  t o  the case where a I n  Fig. 1 i s  small whi le i n  back- 
I n  w i n d  tunnel applications. the forward-scatter configuration 

I n  the study o f  cunpressible boundary-layer flows, the two-velocity component systems which use the 

With t h i s  f r i nge  motion, forward and reverse veloci- 

I n  which case, measurement er rors  can occur. The use o f  frequency 

3. SIGNAL PROCESSING ASPECTS 

The major d i f f i c u l t y  i n  the appl icat ion o f  LDA i s  t ha t  the signals from the photodetector are re la -  
t i v e l y  noisy even under ideal  si tuations. This i s  f u r the r  complicated i n  high-speed applications because 
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o f  the need f o r  smaller l i g h t  scatterers for  p a r t i c l e  tracking and the reduced residence time o f  the 
pa r t i c l es  i n  the sensing volume. 
o f  signal power t o  noise power. i s  approximately given by the fol lowing expression: 

The signal-to-noise r a t i o  (SNR) f o r  an LOA signal, defined as the r a t t o  

where rl i s  the quantum e f f i c i ency  o f  the photodetector, hv i s  the energy o f  a s ing le photon, Ps i s  the 
part icle-scattered l i g h t  power, PB i s  the background l i g h t  power, and b f  i s  the instrument bandwidth. 
This expression assums there are many photoelectrons-per-f i l ter resolving in terva l ;  1 .e., the stgnals are 
s u f f i c i e n t l y  strong as not t o  be photon resolvable. 

t i o n  o f  the pa r t i c l e ,  and the locat ion and F number of the co l l ec t i on  lens. 
i c a l l y  w i th  p a r t i c l e  s ize as w i l l  be discussed i n  the next section. The penalty pa id by the burst 
counter's a b i l i t y  t o  measure the frequency of ind iv idual  scatters i n  a h igh ly  turbulent f l o w  i s  i t s  wide 
bandwidth ( large A f )  which increases the noise i n  signal. The required instrument bandwidth f o r  turbu- 
lent  f low measurements depends on the highest expected measurement speed and the f r i nge  spacing. Hence. 
the need f o r  smaller p a r t i c l e s  reduces while the greater speeds demands an increase i n  b f .  both o f  
which r e s u l t  i n  reduced SNRs. The variabfe PB represents the t o t a l  of a l l  undesired laser l i g h t  which 
enters the detector. 
tunnel windows and model surfaces. 
the co l l ec t i on  o f  t h i s  s t ray l i g h t  but i t  cannot be cornpletely eliminated. 
caused by stray l i g h t  can be acute when measurements are attempted close t o  model surfaces. 
s ib le  flow applications, an SNR of 100 (20 dB) would be considered qui te  respectable. 

Burst counters have been designed t o  have some noise re jec t i on  capabi l i t ies ;  however, the signals 
must be r e l a t i v e l y  clean o r  erroneous measurements can occur. A l l  o f  the conmercially avai lab le burst 
counters have a threshold leve l  which determines the minimum level  signal the counter w i l l  attempt t o  
process. The threshold leve l  i s  normally set well  above the switching leve l  o f  the Schmidt t r i gge r  which 
converts the signal i n t o  a series o f  square waves. 
i n d i r e c t l y  v i a  a var iab le gain control on the preanpl i f ier .  Without t h i s  threshold leve l  capabi l i ty ,  
masurements are v i r t u a l l y  impossible. 

o r  f i v e  signal cycles t o  tha t  f o r  e lght  cycles (other variat ions on t h i s  f w r / e i q h t  o r  f l ve /e igh t  compari- 
son are now avai lable), and 2) a three-level comparison which requires tha t  the signal passes a + level, 
0 leve l  and - level  I n  the proper sequence. O f  these two methods o f  noise discrimination, i t  has been the 
w r i t e r ' s  experience tha t  the three-level comparison I s  more e f fec t i ve  i n  e l iminat ing noisy signals than 
the four/elght o r  f i ve /e lgh t  cycle comparison. As a r u l e  however, any burst counter w i l l  g ive erroneous 
output i f  i t  i s  required t o  process signals which are s u f f i c i e n t l y  noisy. For example, a burst counter 
can generate output from j u s t  the shot noise o f  the detector--the laser  does not even have t o  be on t o  
obtain data. 

sa t i s f y  the signal q u a l i t y  requirements o f  the counter, and ye t  s u f f i c i e n t l y  low tha t  an acceptable dat 
ra te  i s  achieved. Generally the SNRs o f  the signal bursts are not measured i n  an experiment ( t h i s  can be 
done by d i g i t i z i n g  and then Fourier transforming the signal bursts). 
stream o f  the f l o w  o f  i n te res t  (where the turbulence levels  are known t o  be low) are made t o  t e s t  whether 
the signal q u a l i t i e s  are s u f f i c i e n t l y  good f o r  r e l i a b l e  measurements. 
nns wi th  an LOA i s  almost without exception governed by signal qua l i t y  (i.e., SNR) and not  the clock r a t e  
o f  the burst  counter. Although there are too many variables t o  ext ract  an exact re la t ionship between SNR 
and measurement uncertainty, i t  i s  reasonable t o  expect the minimum measurable rms t o  depend inversely on 
the square r o o t  o f  the SNR (Hayo, 1979; and Binder e t  al., 1986). The lowest free-stream roo t  mean square 
(rms) observed by t h i s  w r i t e r  i n  compressible experiments has been 1% (the actual turbulence levels  were 
considerably less). These were cases where the frequency bandwidth was large since the flows o f  i n te res t  
were h igh ly  turbulent. 

generally be lower because o f  an increase i n  
pract ice i s  t o  ra i se  the threshold l eve l  so that  only the strongest signals are processed. 
t i m e  observation of the output i n  histogram form i s  used t o  help detect bad readings and t o  set the 
threshold o f  the counters. 

The par t ic le-scat tered l i g h t  power depends on the incident laser in tens i ty .  the Hie scat ter ing func- 
I n  general, PS drops dramat- 

P 

This general ly w i l l  be laser l i g h t  which i s  scattered from op t i ca l  components, wind 
Well designed LOA systems using low-loss opt ics  attempt t o  minimize 

The deter iorat ion i n  SNR 
I n  compres- 

E i ther  the threshold leve l  i s  d i r e c t l y  adjustable or 

Other noise re jec t i on  techniques conmonly used include 1) a comparison o f  the average period o f  four 

I n  practice, an attempt I s  made t o  set the threshold l eve l  s u f f i c i e n t l y  h igh so a l l  the signal bi*--** 

Usually, measurements i n  the free- 

I n  practice, the minimum recordable 

Care must be taken when measurements closer t o  a s o l i d  surface are attempted since the SNRs w i l l  
PB. When the background l i g h t  leve l  increases, a comon 

Often a rea l -  

Because o f  the noise-in-signal effects, the LOA i s  not well  su i ted f o r  measuring very low turbulence 
levels. The measured rms can be reduced t o  some extent by using two counters t o  measure the same signal 
or even better, signals from two d i f f e ren t  photodetectors and then cross corre la t ing t h e i r  outputs as 
suggested by Lau e t  a l .  (1981). The accuracy o f  mean-velocity measurements can be s i g n i f i c a n t l y  be t te r  
than the minimum measurable rms i f  the noise e f fec ts  produce a Gaussian p robab i l i t y  density function 
(pdf). This theo re t i ca l l y  w i l l  be the case if the SNRs are reasonably h igh (Cobb, 1965). 



4 

4. PARTICLE LIGHT SCATTTERING AN0 TRACKING 

For the rea l i za t i on  o f  accurate LOA measurements. p a r t i c l e  lag e f fec ts  must be negl ig ib ly  small (see 
also Chapter 7). 
p a r t i c l e  subjected t o  a discontinuous change i n  gas ve loc i t y  I s  given by 

To the accuracy o f  Stokes's drag law, the t i m e  constant (1.e.. the l / e  po int )  f o r  a 

( 4 )  

where pp and d are the p a r t i c l e  density and diameter, respectively and ug i s  the v iscos i ty  o f  the 
gas. For f ixed f l u i d  propert ies and p a r t i c l e  density, the p a r t i c l e  response i s  proportional t o  the square 
of the p a r t i c l e  diameter. Analogous t o  the 3-dB frequency response quoted f o r  hot-wire anemometry, but i n  
the moving reference frame o f  the pa r t i c l e ,  the p a r t i c l e  response i s  given by f3dB = 1/2UTc. 
assume the step change i n  ve loc i t y  t o  be s 1 ~ 1 1 ,  the response distance xc can be expressed as 
xc = ugrC where ug i s  the speed o f  the f l ow .  

Values o f  f3d 
o f  u n i t y  i n  a Mach ! flow w i th  a 293 K stagnation temperature. For lower Mach numbers. these values 
improve because o f  the decrease i n  u and the increase i n  ug (e.g., ug i s  2.5 times larger a t  ambient 
temperature conditions). f o r  low-density flows as encountered i n  hypersonics. a correctlon f o r  mean-free 
path r e l a t i v e  t o  p a r t i c l e  diameter must be made (Becker e t  al., 1967) i n  which case the t i m e  constant i s  
given by 

P 

I f  we 

and xC are given i n  Table 1 for  d i f ferent  sizes o f  pa r t i c l es  w i th  a speci f ic  g rav i t y  

9 

where L i s  the mean free path and k i s  the Cunningham correction: k = 1.8 f o r  a i r .  When the Knudsen 
number I s  large, the p a r t i c l e  response goes as the p a r t i c l e  diameter ra ther  than the p a r t i c l e  diameter 
squared. 
hypersonic flows may be one that  i s  nominally larger  than normally used I n  LOA, but which has a much lower 
speci f ic  gravity. 

Since the p a r t i c l e s  are convected i n  the Lagrangian frame, i t  i s  d i f f i c u l t  t o  assess how large the 
pa r t i c l es  can be, and s t i l l  have neg l i g ib l y  small p a r t i c l e  lag r e l a t i v e  t o  the turbulent f luctuations. 
Mean convective speeds o f  the turbulent  eddies i n  a zero-pressure-gradient turbulent boundary layer are 
a l l  w i th in  20% o f  the loca l  mean velocity. 
the relevant frequency response could be a fac to r  o f  f i v e  larger  than those given i n  Table 1. Supporting 
evldencc tha t  the frequency responses given i n  Table 1 are over ly  conservative canes from the study o f  
Yanta and Lee. I n  tha t  study, reasonably accurate mean ve loc i t l es  and Reynolds stresses were obtained i n  
a supersonic turbulent boundary layer using 5 urn seed par t ic les.  Obviwsly, the e f f e c t i v e  response o f  
these 5 ym p a r t i c l e s  must have been be t te r  than the 0.9 kHz quoted i n  Table 1. 

more concern than the response t o  convected turbulence f luctuations. 
may be very close t o  tha t  o f  the surrounding f l u i d  i n  the s i t ua t i on  o f  sustained streanvlse curvature, 
substantial p a r t i c l e  concentration gradients can r e s u l t  which i n  t u r n  can produce a biased sample o f  the 
f l o w  s t a t i s t i c s .  

scattered-l ight i n tens i t i es  w i th  p a r t i c l e  diameter, resu l t s  (taken from van de Hulst. 1957; and Gunprecht 
e t  al.. 1952) based on Mic scat ter ing calculat ions are shown i n  Fig. 3.  Light  scat ter ing in tens i t ies,  1, 
f o r  water droplets (index o f  re f ract ion,  n = 1.33) exposed t o  0.5 um wavelength l i g h t  f o r  forward scatter 
(5 = 0') and back scatter ( 0  = 180") are p lo t ted  as a funct ion o f  p a r t i c l e  diameter. Up t o  d = 0.5 pm 

i t  i s  seen t h a t  the fornard scat ter  i n tens i t y  varies very nearly as the s i x t h  power o f  the p a r t i c l e  d i m -  
eter as predicted by Rayleigh-scattering theory. This i s  somewhat surpr is ing s l m e  Rayleigh Scattering i s  
theoret ica l ly  only v a l i d  f o r  d << A. A common seed p a r t i c l e  i n  LOA are polystyrene spheres (n = 1.55), 
and these pa r t i c l es  show a s im i la r  behavior. The water droplet  resu l t s  are shown because more extensive 
Mie scattering ca lcu lat ions were available. f o r  a given s i ze  par t ic le .  Fig. 3 shows tha t  the scattering 
i n tens i t i es  i n  forward scatter are approximately two orders of  magnitude larger  than those I n  back scat- 
ter. This i s  s ign i f i can t  since Eq. 3 states tha t  t h i s  resu l t s  i n  two orders o f  magnitude dif ference i n  
SNR (Ps i s  determined by in tegrat ing i over the s o l i d  angle o f  l i g h t  co l lect ion) .  On the other hand, 
if the minimum acceptable In tens i t y  for  accurate ve loc i t y  meaurements were, f o r  example, i = 60 then a 
0.5 um p a r t i c l e  could be measured i n  forward scat ter  according t o  f i g .  3,  while I n  back Scatter measure- 
ments would be l i m i t e d  t o  2 pm or larger par t ic les.  If the system s e n s i t i v i t y  were considerably less, 
say i = 600, then pa r t i c l es  as small as 0.8 could s t i l l  be sensed i n  forward scatter, but i n  back 
scatter, the pa r t i c l es  would have t o  be 6 um o r  larger  ( t h i s  i s  based on ca lcu lat ions which are o f f  the 
scale o f  Fig. 3). Clearly, substantial gains i n  s e n s i t i v i t y  r e s u l t  frm using forward scatter. 

Because the i n tens i t l es  f a l l  so rap id l y  f o r  dp < 1 um , it i s  d i f f i c u l t  t o  e f f e c t  any s ign i f i can t  

Because o f  this, Owen and Calarese (1987) suggest t ha t  an optimum seeding p a r t i c l e  i n  some 

This suggests tha t  f o r  a zero-pressure-gradient boundary layer  

Rapid spat ia l  changes (such as that  caused by shocks) o r  sustained strong streanvise curvature are o f  
Although l o c a l l y  the p a r t i c l e  speeds 

(The author i s  not aware o f  any studies which have addressed t h i s  po ten t i a l  problem.) 

To i l l u s t r a t e  the advantages of  forward scat ter  over back scat ter  and the rap id  f a l l  o f f  i n  

improvements i n  the mim imum size p a r t i c l e  that  can be measured. Below dp = 0.5 pm f o r  example, an order 
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o f  magnitude increase i n  incident laser power would only r e s u l t  i n  a 33% reduction i n  diameter o f  the 
smallest detectable pa r t i c l e .  

not contain some p a r t i c l e s  which are larger  than desired. 
l i g h t ,  they w i l l  have a higher p robab i l i t y  o f  being measured than a smaller pa r t i c l e .  
compression corner study o f  Kuntz e t  al.  (1987) exemplifies the d i f f i c u l t y  o f  generating s u f f i c i e n t l y  
small pa r t i c l es  f o r  trackab1:ity yet  large enough for  detection. Measurements across an oblique shock a t  
Mach 3 showed that  the e f fec t i ve  diameters of the 011 droplets used f o r  l i g h t  scat ter ing I n  tha t  study 
were between 1.5 and 2 urn. 
supersonic shock-wavelboundary-layer in teract ion flows. 
Modarress and Johnson (1979). aerodynamic diameters of 0.5 urn were confirmed from shock-wave response 
measurements. 
ments when burst counters are used t o  process the signals. 

The problem i s  compounded by the fac t  t ha t  it i s  nearly impossible t o  generate an aerosol which does 
Since these larger  p a r t i c l e s  w i l l  scatter more 

The recent Mach 3 

T-ese pa r t i c l es  have t o  be considered d e f i n i t e l y  border l ine i n  the study of 
I n  the Mach 3 shock-induced separation study of 

Rea l i s t i ca l l y ,  t h i s  i s  about as Small a p a r t i c l e  that  can be used i n  supersonic measure- 

5. DATA REDUCTION AND SAMPLING B I A S  

Most comnonly, the f l o w  s t a t i s t i c s  are calculated from the burst counter output based on the assump- 
Thus, the p o s s i b i l i t y  o f  a sampling bias toward higher ve loc i ty  p a r t i -  t i o n  tha t  the sampling i s  random. 

cles as f i r s t  discussed by McLaughlin and Tiederman (1973) i s  generally ignored. This bias i s  argued t o  
occur when p a r t i c l e  concentrations are low because more f l u i d  1s swept through the sensing volume during 
periods o f  high ve loc i t y  than periods o f  l ow  ve loc i t y  which thus enhances the p o s s i b i l i t y  o f  high-velocity 
samples over tha t  f o r  low-velocity samples. Although t h i s  bias has been v e r i f i e d  i n  numerous low-speed 
studies (Stevenson e t  al., 1982; Johnson e t  al.. 1984; and Binder e t  al.. 1986) and evidence o f  i t s  exis- 
tence i n  high-speed flows has been presented (Petr ie  e t  al., 1985), there has been a reluctance t o  correct 
resu l t s  f o r  t h i s  bias. Fortunately, the e f f e c t  o f  t h i s  sanpling bias when present i s  neg l i g ib l y  small a t  
moderate turbulence levels (say less than 20%). The reluctance t o  correct f o r  sampling bias stems from 
the c o n f l i c t i n g  resu l t s  that  have been reported i n  the l i t e ra tu re .  
compensating e r ro rs  because of inadequate photodetector response (Ourao e t  al., 1980). This ef fect .  
though, should be minimal when frequency s h i f t i n g  i s  used. 

r i v a l  times are much less than the turbulence t i m e  scale and then r e s t r i c t  the sampling o f  the counter t o  
much longer. f i xed  sample times (Stevenson e t  al.. and Edwards and Jensen, 1983). 
p rac t i ca l  i n  high-speed applications. Edwards and Meyers (1984) proposed that  the degree o f  sampling bias 
be determined by measuring the mean sample r a t e  as a funct ion o f  the ve loc i t y  over periods short r e l a t i v e  
t o  the turbulence t i m e  scales. With t h i s  information avai lable corrections t o  the uncorrected pdf 's  can 
be made. This again requires data rates beyond that  which can be obtained i n  compressible flows. More- 
over, there i s  an addi t ional  problem w i th  t h i s  proposal because o f  the r e l a t i v e l y  long sensing volumes o f  
most LOA systems. I f  the sensing volume i s  long r e l a t i v e  t o  the turbulence scales, then even i f  sampling 
bias was present l i t t l e  co r re la t i on  between sample r a t e  and ve loc i ty  would be apparent. Chen and Llghtman 
(1985) using t h i s  approach, observed a very strong co r re la t i on  between ve loc i t y  and mean sample ra te  f o r  a 
low-speed centerbody flow. But i n  t h a t  study, the f low was dominated by very large v o r t i c a l  structures 
( t h e i r  scales were large even compared t o  the 5-na length o f  the sensing volume). 

Also, there i s  the p o s s i b i l i t y  o f  

One way t o  avoid the e f fec ts  o f  sampling bias I s  t o  heavi ly seed the f l o w  such tha t  p a r t i c l e  in terar-  

However. t h i s  i s  not 

Theoretical ly. i f  the sensing volume i s  c y l i n d r i c a l  i n  shape and o f  a high aspect r a t i o  ( t h i s  i s  d 
good approximation t o  the actual e l l i p s o i d a l  sensing volumes), the mean and rms ve loc i t i es  based on N 
samples should be calculated using the fo l lowing formulas ( f o r  brevity, only the expressions f o r  the 
streiunwlse ve loc i t y  component u are given): 

N N 

ii f WiUi c w (6) 
i=1 i = l  

and 

where w i s  a weighting fac to r  given by 

1 W -'[(.:+.:) P +;+ wi 

1 /2 

I n  t h i s  expression, P i s  the f l u i d  density; and v and w are the n o m 1  and cross stream ve loc i t y  
components, respectively; and d and L are the diameter and length o f  the c y l i n d r i c a l  sensing volume. 
Under the assumption o f  no sampling bias w = 1. 
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Although density fluctuations can theoretically affect the sampling bias as seen from Eq. 8. they are 
ignored when corrections are made for sampling bias. 
become important. Also, since the cross stream velocity component wi 
term in Eq. 8 is either ignored or estimated (Nakayama, 1985) in terms of <u'> and < v ' > .  
usually quite small, this term is normally small cunpand to the other two terms. 

Fig. 4 are results for a transonic. shock-wave/turbulent-boundary-lwer interaction on an axisymtric 
bump obtained using wi given by Eq. 8 (with w neglected) and using = 1. Except in the separated 
flow region (maximum separation occurred at the bump trailing edge), the differences are probably within 
the accuracy of the measurements. And even there, the maXlmUtII difference in mean velocity is only 5% with 
respect to the edge velocity. The largest differences were observed in the u" measurements. Similar 
trends to those shown in Fig. 4 were observed by Petrie et al. (1985) for a supersonic base flow. 

The issue of sampling bias has yet to be resolved within the LOA scientific conmIunity. At the pres- 
ent time, the two approaches given previously must be thought of as a bound on the data. 
that the data be reduced in both ways to check the possible effects sampling bias could have on the 
results. are measured SirnUltanewSly, which is the most accurate way of deter- 
mining the shear stress u", little additional effort is needed to reduce the data using both formats. 
At very high Mach numbers, the potential effect of density fluctuations on the sampling bias adds another 
level of uncertainty. 

For high Mach number flows, their effect could 
is not usually measured, the last 

Because d/r is 

The possible measurement errors due to sampling bias increase with turbulence intensity. Shown in 

This suggests 

Given that both u and v 

6. THREE-DIMENSIONAL MEASUREMENTS 

The measurement of the third velocity component. w, in a three-dimensional turbulent boundary layer 
with an LOA is extremely difficult. As discussed earlier, with the "dual beam" optical arrangement the 
measured velocity component is perpendicular to the bisector of the two incident beams. Since in most 
wind tunnels, optical access is from the sides of the test section the measurement of u and v are 
straightforward. 

In boundary-layer studies, it Is best to have the laser beams come in at a grazing Incidence to the 
surface of interest to reduce background scattered light. The most comon procedure in three-dimensional 
applications has been to have a third pair o f  beams (of either a third color. a different polarizaion or 
frequency shifted) which lie in the same plane as the pair of bems used to measure u, but which make a 
substantial angle 0 with respect to these beams (Fig. 5). The velocity component sensed, in this case, 
is r = u cos @ + w sin $I. In wind tunnel applications, the angle $I is normally restricted because of 
limitations in optical access. This limits the resolvability of w. To improve resolution, electronic 
mixing of the signal dependent only on u with the signal dependent on u and w was performed by 
Ashernan and Yanta (1984). 
frequency of the two signals depends only on w. Besides the added complexity of this approach. it has 
the disadvantage that the SNR of the mixed signal is considerably reduced frun that of the original two 
signals which causes other measurement uncertainties. It also does not circumvent the basic problem of 
reduced sensitivity to w caused by * being small. 

region of the third velocity component beams relative to the original sensing volume for u and v 
(Fig. 5). 
is a relatively high likelihood that the measurement will be from two particles (one or both of which are 
not in the overlap region) if the overlap region is small relative to the individual sensing volumes. In 
which case, in addition to the desired velocity component pairs (ui. rj : i = j) obtained frcin the same 
particle, velocity component pairs (ui. r : i = j) generated by two particles are measured. Boutier 
et al. (1985) refer to these latter veloclty cunponent pairs as "virtual" particles and show that they can 
produce significant overestimations in m. Driver and Hebbar (1987) in a low-speed boundary layer 
study found this virtual particle problem for $I equal to 60' to result in an underestimation of 
by 20%. This represents a serious problem which will need to be addressed in future high-speed, three- 
dimensional boundary-layer studies. 

Such is not the case for the measurement of w. 

In this procedure, the fringe spacings are adjusted so that the difference 

An additional complication in three-dimensional measurements arises because of the small overlap 

Even when coincidence between all three components is required to affect a measurement, there 

7. CONCLUDING REMARKS 

Much has been accomplished with LOA in compressible flows despite the difficulties posed by the high 
speeds and additionally by the rapid spatial changes in speed or flow direction in some cases. The suc- 
cessful application of the technique i s  difficult because the SNRs are fairly low even under the best of 
conditions and highly variable because of variations in particle size and particle location wlthin the 
sensf-- volume. And, the available signal processing is not very effective in discarding signals that are 
too nL ij to provide an accurate velocity measurement. The temptation is to work with particles which are 
too large to adequately follow the flow but which provide cleaner signals due to increased scattering 
intensities. For the data to have credibility, some check on the particle response must be made for a 
given facility and LOA system. The capability, if developed, of being able to determine the size of each 
particle upon which a measurement is based and the SNR of the corresponding signal burst would be 
extremely valuable in reducing much of the uncertainty n w  present in LOA compressible flow measurements. 
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Table 1. Par t i c l e  response based on Stokes's drag law f o r  
M, = 3, TE = 293' K and p a r t i c l e s  w i th  a spec i f i c  

g r a v i t y  o f  1. 

1: 0.5 
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Figure 1. Simpl i f ied "dual-bean" laser  Doppler anemometer. 
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Figure 2. Depiction o f  f r inge fomat ion a t  beam crossover. 
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Figure 3. Calculated l i g h t  scattering i n t e n s i t i e s  f o r  water droplets (n = 1.33) and 0.5 urn laser  l i g h t .  
Calculated i n t e n s i t i e s  taken from van de Hulst (1957) and Gunprecht e t  a l .  (1952). 
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