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FOREWORD 

Over its short history since 1960 when the first laser was 
successfully operated by T. H. Malman, it has found many and varied 
applications. One of the most Interesting of these Is Its use in an 
instrument for making virtually Intereference free measurements of the 
velocity of flowing fluids. Operation of this instrument, which has be¬ 
come known as a laser doppler velocimeter or LDV, is based on the frequency 
shift (doppler shift) produced when coherent laser radiation is scattered 
from small (micron size) particles moving in a fluid stream. The princi¬ 
ple is easy to grasp; the instrument becomes practical, however, only 
when the variety of challenging problems posed by requirements on the 
optical system and the electronic signal processing equipment are fully 
understood and overcome. 

In order to evaluate the current state of development in LDV 
systems and to highlight areas requiring further research and study a 
Workshop on "The Use of the Laser Doppler Velocimeter for Flow Measure¬ 
ments" was held at Purdue University on March 11 and 12, 1972. This 
report represents the proceedings of this Workshop. 

The Workshop was organized at the suggestion of Professor 
Robert Goulard, Director of Project SQUID. The U. S. Army Missile 
Command, Huntsville, Alabama, cosponsored the event since they had a 
contract involving LDV research with Purdue University on which the 
editors were the principal investigators. Most of the Workshop partici¬ 
pants were actively engaged in both development and use of LDV systems. 
The participation of researchers from Western Europe (France, England 
and Germany were represented) gave the Workshop an international flavor 
and added significantly to the discussion. 

The Workshop was run on an informal basis, although both 
"formal" and "informal" presentations were given. All of the presenta¬ 
tions and the discussion were recorded on tape for later transcription 
with the exception of the welcoming address by Purdue President Arthur 
G. Hansen. (Those present will long remember his hilarious stories of 
smoke generation for flow visualization in the good old days at NACA). 
The material is arranged essentially in the order in which it was pre¬ 
sented. Some editing has been done both by the authors and the partici¬ 
pants. In many cases aijthors chose to submit prepared papers in lieu of 
editing the tape transcriptions. To save ourselves work (and to retain 
our friendships) we encouraged these substitutions and have even allowed 
some editing of the informal presentations. Even though this has 
detracted some from the informal and lively spirit of :he Workshop it 
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discussed^6 3 clearer exPlanation of many important details that were 

mental J01"! ¡feason recordings of our own words do not fit our 

TeoTrà IS ïha? oïïeî^LîS311? Said’ alîï0ïgh they are «curate in regâro to what others said. In our preliminary editing of the tapes we 
<nÜatÍOre tned t0 Pr°duce a transcript which conveyed the intent of the 
mSkektheaS we Perceived it:1 This often required rather heavy editing to 
SatLîh? [ep0rt read s,"00thly- However, we believe the important 
material has been retained with as much of the informal flavor and spirit 
as was practical. 

W. H. Stevenson 

H. D. Thompson 
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A REVIEW Cr LDV DESIGN CONSIDERATIONS 

Warren H. Stevenson 

Purdue University 

For the benefit of those who are new to laser doppler 
research -- and to generate some discussion topics for those 
active in the field for sore time — I would like to give a brief 
review of the important characteristics of laser doppler systems. 

... The first step 1n designing a laser doppler instrument is 
deciding what to call it. Many names have been suggested including 
laser flowmeter, laser anemometer, and laser doppler velocimeter 
I have no strong preferences but will use the latter designation! 
abbreviated as LDV, in this discussion. 

.... Several types of LDV systems have been utilized with the 
differences being primarily in the optical configuration and the 
signal processing scheme used. A basic distinction which affects 
the signal processing approach is whether one or many particles, 
on the average, occupy the "probe volume". Figure 1 shows the 
configuration of the original LDV developed by Yeh and Cummins. A 
single beam from the laser was focused in the flow. The unscattered 
light goes directly through and is combined with scattered light 
collected by a lens on a photomultiplier. Since the two beams are 
coherent we can obtain interference. Also, since the scattered light 
is scattered by moving particles it undergoes a doppler shift and we 
are thus combining light of two different frequencies. Due to the 
characteristics of the phototube a beat signal at the difference 
frequency is obtained. 

The next development in the optical configuration is sometimes 
referred to as input aligned optics. A system of this type is shown 
in Figure 2. In this case we somehow focus two beams at a common point 
in the flow. The unscattered light from one beam goes directly through 
serving as the reference oeam while the scattered light from the other 
beam is doppler shifted and the two are mixed on the photomultiplier. 

Finally the most recent configuration is the dual scatter system 
shown in Figure 3. Here we no longer use a reference beam as such but 
collect only scattered light. In this type of system the region of 
interest is limited by an aperture and th'' light then passes on to the 
detector. 

1. -B 
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s .înairns iursriii'a nsn— 
Sied thi lSSuteal?ânedm^«ïrOTen‘S W,'thJCO"Vent1onal ’nstruments. We 
Shown fn FW. 1 9 « y *1” ?n9,nated ^ Goldstein and Kr-eid as 
ç?nn2i Fl9ure 5 shows the electronics used to oroce<,s th* 
Moaii" lns^an^ ^he signal would appear as in the unoer riah/ 
Ideally, of course, we would like to have a sional of zero baSdw dth 

fe ? 7’?9Í?P?1 

additive effeït [3]* tranSU time broadenin9 and not a separate ’ 

frequency ro^f^nt^Ss"?! flL^VSSrS^JSdSSn^She «, t 

íSloSitSy “To^nSràcf Sí9nal VaHed considerab,y dueyto9the vereng 
M no îr u i accurate measurements we therefore found it necessary 
t?a?kiîSrfiUpr miînking fl¡íer ïhich reduced the signal bandwîdth. The output was then fed to a frequency discriminator which 
product an output voltage proportional to the input fSei? Th ? 
voltage was then recorded on a strip chart rerordSS: trequenCy- Thls 

.,, ,u ^h.tde particular flow we were studying this gave tvoical re-ults 

was Ä;na iS^ha^Ät^^rSlir^9 fis: ^Srfich 

fi?hiíí ™ ihS show,n.are computed and the data was not adjusted in any 
ashion, so the results are in very good agreement with theory. y 

In flows of this type the velocity vector direction reverse«; anH 
for example, +1 cm/sec gives the same doppler frequency as -1 cm/ser ^ 
<iÎnï,HreqU1re b0th tiie direction and magnitude of the velocity we must 
contrive some means of eliminating this"symmetry. One approach employed 
is t0 frequency shift the reference beam. An added motivation for^urh 
frequency shifting is that it permits the output signal to be olaced in 
a range compatible with the electronics. 

See also the remarks by J.C. Angus in his informal presentation. 
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The dashed box labeled SSBSC in Figure 4 represents a single 
sideband suppressed carrier modulator which is just a frequency shifter 
placed in the reference beam. This can be one of various types of 
electroptical devices. Normally these are best suited for use above 
20 MHz. Water filled cells utilizing Bragg diffraction from acoustic 
waves can be employed at lower frequencies, but these tend to be rather 
bulky. Since we were working with rather low velocities and thus low 
doppler shifts we chose to use a rotating radial diffraction grating 
for the frequency shifting [4]. When the grating was rotated in the 
beam the various orders underwent a frequency shift. One of these 
orders was then chosen as a reference beam. Figure 7 shows the 
characteristics of the device. 

One of the other important questions in LDV systems is the 
extent of the region from which a signal is received. In our case we 
were not particularly concerned with obtaining the smallest probe 
volume possible, but we did have some concern due to the fact that we 
were coming into a circular glass tube filled with water from an air 
environment. We therefore expected that optical aberrations might 
cause a great deal of trouble. To minimize these effects we put a 
compensator box filled with water around the tube as shown in Figure 
8. More recently we have investigated this problem further and found 
that the aberration effects are actually of negligible importance in 
most cases, as far as probe volume size is concerned. However, the 
compensator box did minimize the loss of signal experienced due to 
slight vertical motions of the focal spot observed when the tube was 
traversed. 

In general, definition of the probe volume requires consideration 
of possible aberation effects as noted above plus fundamental considera¬ 
tions of what parameters actually limit the region from which a doppler 
signal can be received. Obviously some basic limitations are imposed 
by the physical size of the focal spot. In addition, however, the 
directional characterstics of the heterodyne detection process impose 
a limitation which actually dominates in most cases. At the photo¬ 
cathode we are combining a well defined spherical wavefront from the 
reference beam with other essentially spherical wavefronts scattered 
from particles in the flow. Over the photocathode aperture the phase 
difference between the reference and scattered wavefronts will be 
small — say less than tt/2 -- for all scattering particles located 
within a certain angular field as observed from the aperture. Thus 
only particles located within this angular field contribute to the 
heterodyne signal. An alternate way of explaining this effect is to 
think of the reference beam and the wavefront scattered from a single 
particle located slightly off the reference beam axis as producing a 
fringe pattern as shown in Figure 9. Due to the doppler frequency 
difference this pattern will actually be moving perpendicular to the 
fringes. If the fringe spacing is small compared to the receiver 
aperture (corresponding to a large angle between the reference and 
scattered wavefronts) very little signal modulation will be produced. 
Thus in reference beam systems both the optics and the directional 
characteristics of the heterodyne process limit the probe volume. 
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In dual-scatter rystems the probe volume is limited by the focal 
spot size at the beam crossover and by the aperture (pinhole) placed 
where the crossover region is focused by the receiving optics When 
the pinhole is larger than the image of the focal spot the probe volume 
is ellipsoidal as shown. Rudd has presented a model which is based on 
the existence of a set of parallel fringe "planes" in the crossover 
region. Using the known gaussian beam intensity profile the intensity 
distribution in this "fringe pattern" can be calculated from the beam 
intersection angle and the light wavelength. One can then predict the 
output signal which should be produced when a particle moves across the 
focal region. Obviously when the particle is small compared to the 
fringe spacing the scattered light received at the detector will exhibit 
essentially 100 percent modulation, while a particle equal in diameter 
to the fringe separation will produce negligible modulation. 

It should be emphasized that the Rudd model is physically incorrect 
and can lead to erroneous conclusions unless used carefully. There are, 
in fact, no fringes in the probe volume. Rather there is a standing 
electromagnetic wave field which is "seen" by particles as they move 
through the focal region. This field determines the nature of the 
scattered light. 

To summarize we show in Figure 10 a comparison between the character¬ 
istics of reference beam and dual scatter systems. In reference beam 
systems the doppler shift fn varies with angle, since the reference beam 
direction is fixed and scattered light is collected over some finite 
angle. This broadening in the frequency spectrum is equivalent to the 
transit time broadening as mentioned earlier. The photomultiplier current 
I in a reference beam LDV is indicated by the equation in Figure 10. Below 
the equation is a sketch showing the photocurrent for the case of a single 
particle traversing the probe volume. Note that the A.C. component of the 
photocurrent is proportional to the amplitudes of both the reference beam, 
£2» and the scattered light, E3, at the photocathode. The optimum signal-to- 
noise ratio for a reference beam system is obtained when the reference beam 
amplitude is much larger than the scattered light amplitude at the detector. 

Comparable features of dual-scatter systems are also indicated in 
Figure 10. Most of these are self-explanatory with the possible exception 
of the latter two items. Multiple particles are undesirable in dual-scatter 
systems since a distorted signal will be generated unless they happen to 
pass through the probe volume with the proper spacing to generate signals 
which are in phase. This is not likely, so dual-scatter systems perform 
best when the particle density is low enough to insure that particles 
pass through the probe volume sequentially. 

One final comment is in regard to frequency shifting. In reference 
beam systems this is a relatively straightforward problem as discussed 
earlier. In dual-scatter systems this may not be the case, since down¬ 
shifting the frequency means reducing the effective number of fringes a 
particle sees as it passes through the probe volume. This may cause 
difficulties with the data processing. 
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We have glossed over many details in this brief discussion. 
Many of these will, I'm sure, be brought out by other speakers. 
Thank you for your attention. 
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Figure 1 Original Yeh and Cummins LDV System 



Figure 2 Input Aligned Optics (Goldstein and Kried) 
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Wavefronts



14 

F
i
g
u
r
e
 
13
 

C
h
a
r
a
c
t
e
r
i
s
t
i
c
s
 
o
f
 
L
D
V
 
S
y
s
t
e
m
s
 



Re
fe

re
nc

e 
Be
am
 S

ys
te

ms
 
_

Du
al
 
Sc

at
te

r 
Sy
st
em
s 

IHPvilRPWPlIRPP 

>1 'O 
Xi C 

(0 o 

0) O' 

■P 
io a 

o p p 
c o 
Ü 

0) 

tr 
•H c 
m -H 
3 P 
o o o 

14-1 

(1) 
X) 

p 
c 0) 

<U TJ p 

o 
> 

o 
p 
04 

o 
c 

<u 

o 
u 

c 
•H 

0) p 3 
p 
p <D a 
ns 

w 

g 
•I-I 

p 
a o 
p o 

u 
it 

(N 0) 

U) 
w 

(0 
0) d) <u 

o 
> 

o 
•H 
P 
P 
ns 
a tu p 
0) o 
r-S P 
a a 

•H 
P c 
rH -H 
3 s 

g 

3 ^ 
p 

•H (0 0) 'O 
c 
3 

0) 
p 
IT) 

>1 'O 
P c 

IT) >0 
d> tr 

0 
p 
p 
c 0 Ü 

I 
3 
rH 
0 
> 

0) 
p o 
p a 

e 
•p (0 
3 
U »0 o 

co C 0 
•p 
p 
IT) 
p 0) 

m 

0) 
p 

p 3 
CD 'd 
-p u 
c 

CO 3 O u 
CD 3 >i 
TJ O 
P 
CD 
P 
ID 
P 

CO 

P 
a o 
p o p 

CO M 
A 
A 

<N 
w 

co 
CD 
fp U 
•P 
P 
P 'O 
IT) ID 

3 
•P 

a 

CD 

0) 

o 
> 

CD 

P 
•P 
3 
O1 P 

a cd o 
•p p p 
p a 
rp 
3 
g 

awmoA 
aaoHd 

N/3 
AiisNaa 

31DIJ.HVd 

15 

F
i
g
u
r
e
 
1
0
 

(
C
O
N
T
I
N
U
E
D
)
 

C
h
a
r
a
c
t
e
r
i
s
t
i
c
s
 
o
f
 
L
D
V
 
S
y
s
t
e
m
s
 



DISCUSSION 

I'm sure this point will be brought 

PIKE: There are two points that I might raise after your 
'in+^nriiirt-inn The first is a really trivial one. That is the use of the 

sëïî-aïignïSg ^ showed the laser beam focus as being where the 
u /we-c rivic -ic not reallv ever true because most lasers have di 
Urgent outputs viu reauj iant S ienses rather than one. With one 
lens it's not really self-aligning. The second Point.is^ filue 
several occasions the reference beam system was one in which the finit 
receiver aperture affected the frequency broadening. 

STEVENSON: Right. 

PIKE: I don't believe it. 
out later in the program. 

LENNERT: The statement made with regard to th® 
frinaps was wronq When you use. a modulator you get a net effective in 
TrcSn ir^ nSer Of fringes you heve In the focel vo ume rm elk- 
ino about dual scattering because we ve given up the academic exerc 
of^reference* beams a lon'g time ago. Our doppler 

PiëPsîëtPtroî “ëÎëPëëSnfu PMëfërlteria. You get 

¿SvPTÄ 
the accuracy you want. 

STEVENSON: My concern was for the case where you are down¬ 
shifting the frequency. 

WHITELAW: I wanted to take exception to one of the last com- 
nipnt«; Reference beams systems are not necessarily an academic exercise. 
It may be true if you are concerned with space or any situation where there 
are few particles around, but when you have particles around like youh 
i rTbl oodPor i n mi s tf 1 ows then you are going to use the reference beam 
system. 

LENNERT: In dual scatter with a multiplicity of particles in 
the focal vo^me you have the phase behavior to consider, I think you 11 
; at the siqnal/noise ratio under certain circumstances goes as the 

squarPocPof the numbPof particles In the field so you get an increase 
of signal/noise ratio as opposed to losing it. 

system. 

EDWARDS: On the last point, Wednesday I ran a J^l doppler 
I poured particles in. I watched the signal as the particle 



density Increased and the signal to noise rises, reaches a peak, and 
then drops. 

LENNERT: How large a particle? 

EDWARDS: I think 4,310 angstroms. (Laughter) 

VOM STEIN: I think the signal/noise ratio is Independent of 
the number of particles for the noise Is proportional the number of 
particles and the signal is to the square root of the number of particles 
and thus the signal to noise ratio is practically independent of the num¬ 
ber of particles with regard to order of magnitude. That's not the 
problem. People always suggest a big difference between the reference 
beam system and the dual scattering system. I think in both cases you 
have a system of fringes and it's independent of the way you use this 
system. If you have the photo multiplier or your detector in the ref¬ 
erence beam, it is nearly the same as if you go out of the reference 
beam. I think it is nearly independent. 

GEORGE: I think Mayo showed that most of the heterodyning 
taking place in reference beam systems is the forward scattered light or 
equivalently the light that is coming from the location of the particles. 
That would tend to substantiate that there is very little difference be¬ 
tween the two systems. 

VOM STEIN: That's right. The main advantage of the dual 
scattering system is that your spacial resolution will be improved, since 
it is possible to use a 90ü observation. In this case we have the high¬ 
est spacial resolution (the smallest probe volume). 
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DESIGN CRITERIA FOR THE OPTIMIZATION OF OPTICAL SYSTEMS 

Dr. James White!aw 

Imperial College of Science and Technology 

London, S.W.7, England 

susoect that k ^0ut 0Pt1cal systems because, although I 
we 1 f dJscussions will relate to signal processing 
sinnaîc T I9 1 pr0C®ss unless W6 have the signal to process Many 9’ 
signals I hav*» seen in other laboratories are of poor oualitv anr/thic 

ratio quaiity can be measured in terms of a signal-to-noise 
cles c?nLith!rtten? ha? many meanings. When we talk about discrete parti- 
s onal :t0"n0i!? 5 easy t0 define because you can observe the 
modüílJdTf 5iaSa!l ÍC n ^ the noise as a Proportion o^the 

r:i:trar¿ ?5íor¿in9 to afrir^éss^njir 

íhãt my ?emtSílMyCuPOn?ll^ r»?îî ^ qïiCk1y’ 50 tl,at you “fll k"»«' 

multlpller and finally the aignal^roces'îng îysS i Îîî" s^rt"^0' 

íelocUy You canSní^.M"616"9^’ °f course)» and also to the feciJrScal 

a very small ?ase? at a v^y^h splld"^6" °f Ph0t°nS °n the cathode witl 

As a !"ule of thumb, assuming a helium-neon laser oartiviec 

^ 0aInîteî Îsr°ant1a"„dl» ?n h al 1e"9t5 ” ‘•'“optlc^ï^nL 
cycle we find that ÎkÎ i 9le of 10 de9rees and 2000 photons per wave 
min?’w??* d that the laser P°wer required is equivalent to about 4 

Sil si£S«SrSI •« ÎLÉ;?,. 
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FIGURE 1 

your flow system and also to the rest of your anemometer configuration. 

The second point I want to make is that the signal-to-noise 
will vary depending upon the ratio of the particle size to the fringe 
distance. We have done some simplified analysis with square particles 
and if you have some square particles, we ¿ould be happy to provide you 
with the analysis. In reality, you have to guess meaningful size and 
then adjust your fringe system so that you get the maximum signal-to- 
noise. You can of coirse, arrange ^article sizes which will deplete 
your signal altogether and therefore you can, if you wish, arrange to 
preferentially view some particles. 
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The last point I wanted to make in regard to optimization is 
that for spectrum analysis, you need 100 fringes because Af/f (change in 
frequency divided by the frequency) is proportional to one over the 
number of fringes. Thus, if you want one percent accuracy in your result 
you need 100 fringes to be seen by the photomultiplier. We always operate 
with more than 100 fringes but arrange a light collecting system to see 
only 100 of these; in this way we cut out the small particles or the big 
particles going through the edge and help to ensure that we only have 
good signals to work with. 

One last point on light collecting systems before I go on. If 
you use a fringe system then your signal-to-noise ratio will drop off if 
you have too many particles; we all know this. If you have a reference 
beam system and arrange it so that you have coherent reception, as 
Les Drain from Harwell has shown, then you will find that the signal-to- 
noise will increase because the light waves coming off the particles in 
the control volume will be in phase. It is true that most of us are 
concerned with frige systems because we have less than one particle in 
the control volume at all times. 

These are the brief points that I wanted to make in connection 
with what one can do to optimize a system. One would conclude, I think, 
that you choose the laser depending upon the velocity, you decide the 
angle depending upon the particle size, and then you ensure that this 
arrangement is compatible with 100 fringes seen by the photomultiplier. 
The length and dianrter of your control volume can then be calculated and 
this, together with a knowledge of the particle concentration allows you 
to decide whether to operate with a fringe system or with a reference 
beam system. 

Now we come to the hardware. We recommend flexibility in 
the optical unit because we are concerned with a very wide range of 
flow situations. We measure in blood flows and in mist flows, as well as 
operating in those situations where you get very few particles like flames. 
So our optical systems are contrived to allow us to have any of these three 
arrangements here. The top arrangement on Figure 2 is a simple fringe 
system, the one below it is the fringe system in reverse, and really 
the properties of the first one and the second one are the same in terms 
of signal-to-noise. The third one down becomes a reference beam system 
just by changing the ratio of the beam splitter in the integrated optical 
unit. These units also operate in backscatter; we have a hole through 
the middle so that if we want to use backscatter with any of these systems 
we can. We have second channels which we can bolt on to the end, so that we 
can get the orthogonal component of velocity. They are vibration free as 
far as we know. We can kick them around, and even graduate students don't 
appear to be able to break them. Also they are easy to align. Alignment 
of one of these can give you a very good signal from scratch in perhaps 
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FIGURE 2 

an hour. If you have it half set it takes about 5 minutes. 

The hardware is shown in Figure 3. This is a one channel 
optical unit and photomultiplier housing. We have two channel ones as 
well. I think it is important to point out that the entire unit has two 
degrees of rotation and three degrees of translation, so that alignment 
of the whole system (both of the optical unit and of the photomultiplier) 
is easy. I would, in contrast to Roy Pike, plug for single lenses. If 
you don't have them, it is very difficult to attain optimum alignment. 
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FIGURE 3

Figure 4 shows a measuring system with a two channel optical 
unit arranged on a traversing table. All the components of the optical 
system can be moved and aligned very rapidly. That is all I want to say 
on optimization. I suspect there are some points of contention there.

I want to run through some results to acquaint you with some of 
the things that we are doing, and to do that I have to say just one word 
about signal analysis. We have a variety of forms of signal analysis, 
some of them sophisticated, some of them not. We use spectrum analyzers 
of various kinds including a Nelson-Ross PSA205 which I cannot recommend. 
We tend to use a Hewlett-Packard analyzer although it is, unfortunately 
American. We have been fortunate enough to have for the past nine months 
the DISA tracking facility or at least the prototype tracker which was 
built by our colleagues at the AERE, Harwell. This works vay well. We 
have our own phaselocked tracker which is easy to operate. Like many 
people here, we like counting systems and use the Hewlett-Packard com­

puting counter system.



FIGURE 4

Some results. We have made measurements, for example in the 
vicinity of a sudden contraction and a. sudden expansion, in particular.
In the separated region (see Figure 5); so far we have worked with laminar 
flow as a preliminary to our Intended efforts In turbulent, separated 
flows. We will have to frequency shift to measure throughout the 
turbulent flows, but this was not necessary for the laminar results.

We also believe, because our major Interest Is In fluid 
mechanics that our turbulent flow measurements should agree with previous 
measurements made by people who are recognized to be competent with hot 
wires, so we check the use of our optical anemometer against low turbulence 
flows like this one (Figure 6) and also against highly turbulent flows.
This low turbulence flow Is a two-dimensional channel flow. Two-dimensional 
channel flow has been Investigated very well Indeed by Comte-Bellot and 
Laufer. Our mean velocity results, are In very good agreement using 
either mode of operation with the anemometer. These measurements are 
In water and the particle concentration gives almost a continuous signal. 
That Is without adding anything, just London water. The turbulence 
Intensity, one component of which Is shown here. Is really remarkably 
good. We subtracted from these results about .8% broadening uniformly
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all the way along and obtained results which compare very favorably 
indeed with the hot wire results. 

A word on jet flows. A jet constitutes a hlqh turbul®J^e 

turbulence Intensity'îs^îgh^ls'becausê^the^aserTaTrilnear response 

Srrr ¿MoÄ LM “TnSThS th^e 

^Tsrrr,s:hrbieh:con:"reîiîïyofr9sme:x:cft^uïi^sertsr- 

ÜEie IE ES°“S t%\ ÎÎÂrÂtEÎE bSEEfthE PEvretic?E 
concentration Ee^tolow! and we «n't afford to w„t or he 
waeuifc Up can also measure the cross stream profiles. Here 
some1cross stream profiles of two of the components of the turbulencee 
Intensity, the u' component and the v component on the ^°P ^ 
R the mean velocity and the Reynolds shear stress measured across the 
ïiSw wHh a E m e channel unit In the same way you would operate with 
rEïoïîm hot wire We are quite happy that we are getting the nght 
kind of results on these test flows. 

25 



FIGURE 8 

Having been satisfied that we can measure in test flows, we 
went back to our kind of thing that we like to do, which is to try to 
measure in combustion systems. Here is a flow situation where a laser 
anemometer can measure and other techniques cannot measure. I do not 
believe that the optical anemometer is the answer to *..iy maiden s prayers 
or even to my prayers, butlhere are flows *ere if s ^e is very 
considerable or where you c^n't use anyth ng el5e- On .that.1iÎJle.^e 
we can measure, for instance, the centerline velocity down in the flame. 
This is something that hasn't been done before. Iris is a r??uia|f 
flame; we can measure right through the flame and.w® that 
get a rapid acceleration through the flame front followed by a decelera¬ 
tion and you pick up your acceleration again as you go downstream. This 
is a combustion effect that you can find with a laser anemometer and you 
cannot get from any other instrumentation. 
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This Is my last figure. Figure 9. These are some of the 

FIGURE 9 

probability density distributions measured In the flame. We can, of 
course, get from these the turbulence Intensity, we an get the skewness 
factor, the flatness factor or any correlation of the one point velocity 
that you care to mention. But perhaps the useful thing about this picture 
Is that It demonstrates that in and around the flame front there Is a 
probability density distribution with a hole In the middle and 1f you do 
a Fourier transform and find out what that means; you find that. Instead 
of having a turbulent signal In the vicinity of the flame front, you have 
a regular periodic signal. I have other slides which I could show which 
would demonstrate the real-time signal which Is distinctly periodic. What 
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DISCUSSION 

did Uk/võÜrLií r„?üUe '"‘«'•«te'1 f" the flame work that you 

S7d S ^ 

lîanal dUe t?1refract'i0^ «"ects. This generated noîse in our 
gnal and we really gave up those measurements, at least temporarily 

type with ouíTmÍÍ!ÍÍnú",e í!1^ find any sPecific problems of this type with our methane and hydrogen flames. We did not use nronanp 

propane toích^Óu M9h,y tUrbU,ent 

there would?™« tUrbU,ent Pr°Pane tPrCh 

how we wereSãbla îîe excess a,r »“««’''es and that's 

n »,0 ^ Äü s a,BÄMa^ 

and Just wïïciu? Ill wall you^sêe H Ze^ * ^ ^ 

optics you^? ^f^d'^’L^œ-at^^^îa^l^r^ 

^o?\idou;h?r^,h^J??Lic?iywou,d probab'yba'r-s-^a> 

WHITELAW: That's true. 

independent? J™ ííu^t'lía^^lc^^Í^lstíaf Í "Tl " 
Wie^tl'te'bèlLtf ?h«e1êfftects!ddle °f y°Ur Spect"” t 

got these «slnfaboitl^^^^^^'we?« SS^leS™^ l"¿\ ? 
what we had. We've gone back andZsured în pS ed> 1 ïme d" f 

thlsâm^ êf?êctand!fUl “î1 "2 f]™fS’,a11 typesTK find tne same effect. If we look at the instantaneous signal we have a 
gu ar sinewave coming through. On some occasions its a slightly 
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modulated sinewave, but its not a turbulence effect. The old concept 
of combustion generated turbulence is something I don't believe. It 
depends on how you define turbulence. What we have here is a combus¬ 
tion generated sinewave which, if you look at it as an nms signal, will 
look like turbulence, but if you look at the instantaneous signal it's 
not. 

ASHER: The point that you are bringing out of course is that 
all along people have been using rms meters such as hot wires not 
knowing what they have as far as signal content. My point is that I 
have been able to generate those kinds of probability distributions 
and have shown them to be errors. I have been able to repeat them at 
different doppler frequencies with better signal/noise and have just 
thrown them to the basket. 

WHITELAW: I do believe we've covered this point. We did 
go back and set up pulsating flows, regular flows, and looked at them 
and checked that we got against what we should get. We knew what the 
pulsation was. We made sure that the tracking system got the same 
result. A big pulsation which drowned out the little one. Then we went 
back and got the little one again. We've done it with many particles. 
We've done it with few particles. It's there. Its a real effect. I 
do believe that we have checked that very thoroughly indeed. We were 
worried as you are. 

VOM STEIN: The second question. You distinguish between 
coherent and incoherent scattering. Do you think it is possible to 
use really coherent scattering? That is when your signal is propor¬ 
tional to the number not just the square root of the number of 
particles. 

WHITELAW: I think that the comments I made n coherent 
scattering were not original. They come from contacts with Les Drain 
of Harwell. He's written a paper in the Journal of Physics D 
(5, 481, 1972). He has plots of signal to noise ratio for different 
optical modes. He points out, I thought quite clearly, that if you 
take the reference beam mode then you can augment your signal to noise 
ratio with many particles by looking at it coherently. That is by 
making sure that when your light collecting system sees a lot of 
particles in the control volume, all of these particles scatter light 
waves which are in phase. Then the sum of all of these light waves 
adds up and you get an augmented signal to noise. I don't believe it 
applies to the fringe system. The fringe system is incoherent. 

PIKE: You stated that you need 100 fringes to get 1% 
accuracy. That's not exactly true. In fact you can get an accuracy 
with any number of fringes. It just depends on what noise you've got 
as well. Secondly, you stated that you would like to have 2000 photons 
per doppler cycle. This is a question of processing and I shall be 
talking this afternoon about a system in which we have 10^ times less. 
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WHITELAW: The 1% with 100 fringes relates to spectrum 
analysis. I think that most people do not signal process 1n the 
manner you are talking about. The required number of photons Is 
arguable; the number I quoted was just a demonstration and a reminder 
that one should take them Into account. 

PIKE: I was very Interested to see a number In any case. 
It's very rare that one sees such a number quoted. Regarding my first 
point I'm saying that if you know the ambiguity broadening then you 

can fit to infinite accuracy. 

WHITELAW: Yes, but In a turbulent flow you don't know 
anything a priori. Are you talking about counting systems? 

PT-.t: Its a general point. If you know the broadening you 
can find the mean velocity. 

WHITELAW: There is no difficulty with the mean velocity. 

BRAYTON: I'd like to amplify one point concerning whether 
you use the reference beam or dual scatter. The cut off point is 
really not that well defined. I would say In liquid flows certainly 
the reference beam is dominating. Certainly where you have a lot 
of scatter centers the reference beam system Is more easily used. The 
reference beam is much easier to use If you get rid of these apertures 
near the detector. Just let the open beam go In — it doesn t hurt 
the spacial resolution at all. If you do have a lot of scatter cen¬ 
ters and they are very small in size (like submicron atmospheric 
aerosal impurities) and laser power Isn't sufficient to get a good 
signal with the reference beam then you have to take advantage of 
the increased sensitivity of the dual scatter where you can collect a 
much larger solid angle from the particle without any increased fre¬ 
quency broadening effects. 

WHITELAW: I would agree with the first statement you made — 
that the number at which you change from reference beam to fringe 
system Is not well defined. My students and I were discussing this 
before I left home and were suggesting numbers which varied from one 
In the control volume to five in the control volume. They guessed that 
if they had five particles in the control volume at any one time, they 
would prefer to use a reference beam. 

BRAYTON: But certainly If you had a large number, say 20, but 
they were very small (undetectable by the use of a reference beam) 
you can see the advantage of going to dual scattering to detect the 
velocity of the small particles. 

WHITELAW: I don't think we're saying anything that's signi¬ 
ficantly different. I would say one other thing. In water In fact we 
prefer to use not the reference beam, but the fringe system. Perhaps 
London water is cleaner than Tennessee water I don't know. 

31 



IW* 

MA¿UMDER: With submicron particles at high temperature 
we've had Brow».Ian motions which are significant. Did this effect 
cause any problem In flame measurements? 

WHITELAW: No. The Brownian motion is not important in 
these flames. The particles we are using are 0.7235 microns in 
diameter. 

MILLER; I was wondering if you had any problems with dark 
current in the EMI 9558 B causing spectral broadening? I had an EMI 
9558 B and switched to the RCA 4526 and the signal became much narrower. 

WHITELAW: That's American prejudice. The only trouble 
we've had with any EMI tube was when one student rolled one off the 
bench. 

EDWARDS: What size were the photocathodes? 

MILLER: The 4526 has a smaller photocathode, but the spot 
size was the same. 

THOMPSON: Maybe you just had a faulty tube. 

MILLER: This is from three different: tubes. 
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VELOCITY MEASUREMENTS IN GAS AND LIQUID FLOWS 
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by ALAIN SOUTIER and MICHEL PHILBERT 
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Summary 

An interferential velocimeter using forward scattering is describ' J and the results obtained in a wind- 
tunnel, into which 7/ere injected twenty micron glass balls and one il* ton marble particles,are presented. For 
comparison a method using black-background photography and two pulsed ruby laser was experimented in 
the same wind-tunnel : typical results are shown. 

Another interferential velocimeter, using back-scattering, has been experimented on plain tap water flows; 
results obtained are briefly summarized. 

The principle of a two-component interferential velocimeter using two wavelengths is presented. It has been 
built, but not yet experimented. 

I. INTRODUCTION 

O.N.F.R.A., the French National Institute for Aerospace Researches operating a number of wind-tunnels for 
which ¡tj Optics division has been developing visualization techniques such as Schlieren, interferometric or 
holographic displays, recently supplemented by work on laser velocimeters. 

This paper is divided into four parts. 

- The first pait is concerned with a velocimeter using forward light scattering, which has been used to measure 
velocities of twenty micron glass balls and ore micron marble particles; velocities ranged from 3 m/s to 
160 m/s. 

- In the second part there is a description of the wind-tunnel facility and of the partible injectors and the 
photographic methods with which the interferential velocimeter has been compared. Some typical results 
will be given. 

- The third part will describe a velocimeter using back-scattering, and results obtained in plain tap water 
flows will be briefly summarized. 

- The fourth part will present the principle of a two-component velocimeter using a couple of wavelengths. 

II. INTERFERENTIAL VELOCIMETER USING FORWARD SCATTERING 

The first device built in our laboratories was a ‘crossed-beam’ velocimeter using forward scattering (/ig. I). 

Fig. 1 a • Interferential velocimeter using forward scattering. 
Li and L2 ; telescope 

P : probe volume 
L3 : lens collecting scattered light 

R : receiver. 



L ; laseiHe-Ne(20mW)
M,, Mj : minors
T : telescope 
I : beam-dividing system 
P : probe volume

L3 ; lens collecting scattered light
L4 ; lens to focus scattered light on the P.M.
0 : small hole before the P.M.

P.M.: photomultiplier tuoe with an S-20 photo­
cathode.

Fig. 1 b - Interferential velocimeter using forward scattering.

Two beams running from a twenty milliwatt helium-neon c.w. laser are focussed at point P into the flow by 
means of a telescope made up of lenses Lj and L 3. The beam-dividing system provides two beams of equal 
intensity joining up at point P with the same path length and the sime polarization. These beams create a 
fringe pattern about point P. These two beams are intercepted by two small screens cn lens L 3. The receiver 
is a photomultiplier tube with an S-20 photocathode. The signals are displayed on an oscilloscope; the scope 
trace is photographed with a Polaroid camera.

Either of two perpendicular velocity components of the scattering particles could be measured with the 
apparatus. Figure 2 gives a close-up view of the beam-dividing system. This system splits the incident beam 
into two beams with the same s'ate of polarization, the same path length, the same intensity,in order to get a 
better fringe contrast. Depending upon the position of prism C, the beams are contained either in a vertical 
or in a horizontal plane.

Fig.2-

Close-up View of the beam-dividing system.

L: laser He-Ne 
M, and Mj: mirrors
S: partial mirror
Mj.M^.Mj ; mirrors of the beam-dividing 

system
C: translatable reflecting prism.

III. WIND-TUNNEL FACILITY - PARTICLES INJECTION - PHOTOGRAPHIC METHOD 

111,1. Wind-tunnol - PorficUt injection
The general outline of the facility with the particles injectors is given on figure 3. Two methods to measure 

ve'..>cities have been developed : the interferential velocimeter and a photographic method which provided a 
calibration for the former. Besides the two windows on either side of the wind-tunnel for the interferential veloci­
meter and for taking pictures widi the photographic method, a third window was added on top to let through the 
laser beams necessary, in the photographic method, to illuminate the particles.
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There were two flows : the main flow and a secondary flow through the porous wall; particles were injected 
either into the main flow or through the wall. The measurements were performed in the main flow and near the 
throat. 

Fig. 3 • Outline of the wimMunnel. 

111,2. Photographic mothod 

The principle of the photographic method using black-background photography is described figure 4. It uses 
either a He-Ne laser or two pulsed ruby lasers : one of them Q-switched and the other one free-running. 

With the c.w. laser illuminating the flowing particles one could take pictures of their trajectories with a 
standard still camera; the trajectories are recorded against a frame. 

The Q-switched ruby laser is triggered and generates a train of two or three pulses by proper adjustment 
of the dye concentration; the free-running ruby laser is then triggered with a tunable delay. The two laser beam 
paths are made to coincide on the partial mirror 1. After <» reflection on a prism, the mixed beams illuminate 
the particles contained in a portion of a vertical plane, which is obtained thr.ugh a cylindrical lens. The laser 
pulses are monitored on an oscilloscope, giving the time delay between them. 

Q-svifched loser 

~l /-parfiol mirrors 

cylindrical 
lens 

ighled 

frame 

comera 

f rigger 

Fig. 4 • Velocity recording with a photographic device. 

111,3. Rosults 

Some typical results obtained with the photographic method and the interferential velocimeter are presented 
below. 

Figure 5 shows the flow of one micron particles emitted by one of the injectors as photographed with the 
He-Ne laser with a thirty second exposure time. These photographs showed where to measure the velocities 
in the flow. 
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Fig. 5 - Mean trajectories obtained by the photographic method (30 sec. exposure).

Figure 6 shows a typical picture obtained with the photographic method for velocity measurements. Each 
particle was illuminated by the pulses from the Q-switched ruby laser, producing on the picture two or three 
bright spots; then the free-running ruly laser produced a train of spots in line with the previous ones; this made 
easier to find the first dots. In the corner of figure 6 a typical oscillogram is shown, giving the time between 
the various positions of the pulses from which the average momentum vector between points A and B can be 
calculated.

20 ft DP 13

Fig. 6 - Typical picture of velocity recording by photographic method.

The results obtained (/tg. ”) showed a great dispersion because of turbulent phenomena in the flow and a 
dispersion in the size of particles.

Figure 8 shows typical signals obtained in the wind-tunnel with the interferential velocimeter. From pictures 
of these sine signals, histograms were built (.fig. 9) in order to find the mean value of each component and its 
root mean square. The measured velocities ranged from 3 m/s to 160 m/s. There were obviously important 
differences of velocity between twenty micron and one micron particles. For instance it was found close to 
the throat (fig. 10) 160 m/s for one micron particles instead of 100 m/s for twenty micron particles. It was



r intended to measure the velocity of the 1 micron particles and not that of the flow itself. The precision of the 
measures was about 2""., but the dispersion was more impertant, due ro the same phenomena as those mentio­
ned for the photographic method.

Details about this experiment will be published very shortly in the journal ‘La Recherche Aerospatiale*.

Some experiments have been worked out in hydrodynamic tunnels with the same velocimeter using forward 
scattering; with plain tap water good signals were obtained.

■ : -I

\ s \ A ^ \ ^
V . V V ‘ *

>■ •*. Z' A /* A
\ I • * \ M 4>*

Fig. 8 - Typ'cal sine signals from the velocimeter. 
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Fig. 10 • Map of the results obtained with the velocimeter. 

Positions A B C 

... , ,- ( lu particle(o) 
Mean velocities (m/s) Vx { 20fi 

40 ±1 

40 + 1 

59 ±3 

49 ±2 

158 +8 

108 +6 

, / v77 / U particle (o) 
Mean velocities (m/s) Vy ^ particle (+) 

9 ±1 
4.6 ±0.4 

25+2 
19 ±2 

42+2 

56 +5 

IV. INTERFERENTIAL VELOCIMETER USING BACK-SCATTERING 

The main 

the exploration 

dig. 11). 

purpose of the research was to des.gn a more compact dev,ce, in order to make eas.er 

of flows; to this end it was found necessary to build an apparatus based on back-scattering 
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The same beam-dividing system was used, but the two beams issued from it are parallel. They cross in the 
probe volume at the focus of lens L . The light scattered by the particles passing through the probe volume 
is collected by the same lens L ; and is focussed by lens Lj on the receiver (which is still the photomultiplier 
tube with an S-20 photocathode), after reflection on a mirror in which two holes are bored in order to allow the 
two incident beams to go through.

The apparatus shown figure 11-b measured the horizontal velocity component of tap-water running in a glass 
tube. With a similar device velocities were measured in hydrodynamic tunnels, from a few cm/s to 11 m/s. The 
same technique was used of taking pictures of scope traces to build histograms.

I

Fig. 11 b - The apparatus as presented at the Pans ‘ Exposition de Physique’.

Figure 12 sums up results obtained in a water flow with a velocimeter using back-scattering; an obstacle, 
or pier, had been introduced into the flow in order to detect turbulence behind it. Without the pier the velocity 
is greater and the turbulence less important. The precision of .he measures was estimated to be 1,5%.

v^r
Flow

pier i
vi>h pier ; 

wilhouF pier .

V. 3 9.4

AV = S, A cm /■»

V = 44.4 COl/«,

&V > 3.S cm /«

Fig. 12 - Results in a water flow.

V. TWO-COMPONENT VELOCIMETER

In this part will be described the principle of a two-component interferential velocimeter, at present under 
development at O.N.E.R.A.

Two fringe patterns are created, at two different wavelengths (fig. 15). An argon laser is used which 
delivers several .wavelengths simultaneously. The beam-dividing system provides for instance three beams^ 
the beam with wavelength pteviously isolated, and the global beam SA create a fringe pattern with wave­
length Aj in one axis; it is the same with Ao and SA which create a fringe pattern with wavelength A2 in 
another axis. In this mannertwo velocity components U and V can be measured simultaneously; two photomultiplier 
tubes are necessary, one having an interferential filter for Ai and the other for A2 . The two components so 
obtained can be transformed into rectangular components u and v by appropriate computation.

Of course, with the same principle and a third wavelength A3, a three-component velocimeter could be 
designed.



Fig. 13 • Two-component interferential ve loci mete . 

VI. CONCLUSION 

Till now we have worked mainly on optics and mechanics of three types of velocimeters : the first one 

using forward scattering, the second one using hack-scattering and the third one which is a two-componem 

velocimeter. The corresponding automatic processing has not yet been developed. 

We hope to experiment in the near future a one-component velocimeter on a flow, the velocity map of which 

will be perfectly known by aerodyne ic calculations; so we shall be able to validate the measurements performed 

by laser anemometry. Oir purpose is ¡o use counting techniques, because the particles arrive randomly and 

signals last a finite r,me. So the interesting quantity seems to be theperiodof the phenomenon, moreover, as the 

signals are not cor inuous ve plan to make statistics with histograms and to calculate the mean value of the 

local velocity and it ¿ root mear, square. Yet it is interesting to record instantaneous velocities for furrher 

processing if needed. 

Ihr att thnrs /aprese Ihrir thanks In IU. TAHAN who huitl ihr /irar interfrrmtial vrlui imrlrr in <,ur lahnralnry 

ilrnl uhn mnlrihulrJ In ihr fini rtftrnmrnli. 



DISCUSSION 

Regarding your direct measurement by the photo¬ 
graphic method of particle trajectory, you found a difference In the 
trajectory between one micron and twenty micron particles. There Is 
some analytical and experimental work by someone (I don't remember his 
name) on the fact that 1n a shear flow there will be a net lift force, 
lifting the particle away from the wall. Did you try to get trajector- 
les of particles near the wall to see If there was 1n fact a reduction 
In the particle density closer to the wall? 

BOUTIER: We Injected particles through the wall, but they 
were very quickly dispersed In a cloud. It was not easy to find the 
trajectory of these particles. We measured velocities with a great 
dispersion of 10 or 14 percent. 

HAUER: Was there any significant component out of the plane? 
graph? W°rdS* a co,nPonent perpendicular to the plane In your photo- 

4 j j BOITIER: It was a two dimensional flow. The tunnel was 
designed to be two dimensional. 

ASHER: Could you tell about the cylindrical lens you used 
In this velocimeter? 

BOUTIER: After the cylindrical lens, the light was dispersed 
Into a plane. We used two kinds of cylindrical lens: the first one 
for the trajectories, the second one for the velocity measurements. In 
the direction parallel to the axis of the cylindrical lens we had a plane 
of one millimeter thick. In the other direction we had a diverging beam 
the size of which was about 10 or 15 centimeters for the first kind of 

X f°r the second one; these sizes were measured 
m the field of che photograph. Nevertheless, we used an additional 
spherical lens In order to avoid a divergence of the thickness of the 
plane of light. 

ASHER: Is the position where you were actually making your 
measurements where the focus of this lens system was? 

BOUTIER: No, 1t is not. The measurements were made where 
the thickness was about 1 millimeter; the foucs of the cylindrical lens 
was close to the lens ano the focus of the spherical lens was close to 
the porous wall. 
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SPECTRUM OF LIGHT FROM LASER DOPPLER VELOCIMETERS: STATIONARY FLOWS 

R. V. Edwards,* J. C. Angus* and J. W. Dunning, Jr.** 

*Case Western Reserve University and **NASA-Lewis, Cleveland 

Most of the people here will be representing the electronics 
and optics in the system, and I will start rçy talk by saying that I am 
here to represent the particles, which after all, do the dirty work in 
the system. Briefly, here are the basic ideas. We will assume that we 
have a nice, plane incoming wave. Over some finite region of the world 
we have particles that we can see and they scatter light down to the 
photomultiplier tube. We would like to examine exactly what happens 
because of this, so the name of the game is to write down the E fie^ 
due to the scattered light in terms of the particle position (the time 
dependent particle position). I should point out here that, for hetero¬ 
dyne signals at least, it suffices to only examine the spectrum, or the 
statistics of the light. It is a fairly easy matter once you have those 
statistics to arrive at statistics for the photomultiplier current. 

e(K,t) = const [i K (rn(t) + vt + D] 

X exp (-iu>0t)P(rn(t) + vt + L) 
(1) 

We have essentially two basic terms here. This is a term due 
to the time dependent positions of the particles, which represents the 
phase of the signal (where it is in the fringe pattern) and this term P 
represents the intensity of the light that is received and heterodyned. 
The thing we would like to do is calculate the autocorrelation of the E 
field with Itself. That is represented formally by this expression. 

(K, t) = const. Re exp(iw T)^exp(-iK*VT) l E 
0 m n (2) 

(exp I IK • [rn(0) - rm(T)jj P(rn(0)) P(rm(T) + vt))^ 

which is simply the expression for the e-field at time zero (we 
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assume a stationary system) times Its complex conjugate at time t. 
The dual brackets here represent a double average. The reasons for 
the double average become obvious a little later. You will notice that 
we really have two terms here. We have the m not equal to n terms, which 
Is to say the Interaction between the nth particle and the mth particle In 
a system. Unless you have an incredibly dense system of particles, or you 
are scattering from multiple sites on the same polymer, this term will be 
a random variable and you won't get a contribution from the nth particle 
interacting with mth particle, so we drop that term coming down to here. 
I think that 1s the major change coming from Equation 2 to Equation 3. 

(K,t) = const. Re exp(1woT) ^^exp(-i K*VT)En 

We rewrite things slightly since we now are talking only about 
the position of the nth particle as a function of time, and this term 
Vo)"VT) 1s rewr1tten « just Arn. It Is the change In position of 

the nth particle In time t. This expression can be formally evaluated 
If we have two probability density functions. The first one Is the 
probability of the particle being at some position r. We need that, 
since we need to know the Initial position of the particle. In these 
systems that Is just proportional to the size of the volume that you 
are looking at. There Is a fudge factor to make sure that the integral 
of the probability density function turns out to be one-integrated over 
all space. 

The second part Is a little trickier. That 1s the probability 
that the particle will move a distance Ar at time t. In this presenta¬ 
tion, we have divided that movement Into two parts. There Is a Kvt term 
which essentially the mean flow term and a Ar. This Ar is defined as 
Ar with respect to the mean motion of the system. What you formally need 
Is the probability density function that describes the probability that 
a particle will move distance Ar in time t, and here It appears. G(Ar,x) 
is the probability that a particle will move a distance Ar In time x. 
By evaluating this Integral, at least In principle, you have the auto* 
correlation of the light. Equation 4 is a result of applying these opera- 

R^(K,x) = const, p Re exp (iwox) I G(Ar,x) exp [-1 KAr J 

X P(r(o)) P(r(o) + Ar + vx) dr(o) dAr 
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Qc “ j P(r) P(r + Ar + vtjdr (4a) 

If! ÍIJLÍÍ! master etïuation bc-c,Mse we calculated many things from 
mni<«FOr*1jSta!cei you co,!ld cons1der that you are doing a Brownian 
motion study, trying to measure particle sizes for instaníeWell 
G(Ar,x) in that case, would be the probability density for a Brownian 

walk problem, something like 

Ar2 
-4Dt 

AnDt 

The inner integral represents 

fl5l?eff™íu^ system"the fact that *.ve a 

í,0Wti Wh!^ SflrjjTa'îery sSpíe°foní? detu" 
with^respect^to'the^mean^fi sayf‘ï84 th? Particles do not diffuse wicn respect to the mean flow at least in terms of your measurement 

do observe%oraiaminar°f7ow? th™9h a"d 9et the Spectrum you' 

T . ,, Figure 1 illustrates typical behavior of the GfAr tl f.mrtinn 

zefíCth s’ifrDifï^delti^ deJ?1ty ^n^1ons are such that it time 
0 i!1s ls a P'rac oolta function which is to say that the nartirie 

doesn t go anywhere in zero time. As time increases, it gets a 1 ttle 
nïÎt]ei' other words» i't becomes more and more probable that the 
particle is somewhereother than where it started and as time increases 

tSntfïïCîhpna9eÎS •att!r und fatter- This Phenomena is rather impor- 
tant to the analysis of the system for turbulent flows. We aive vou a 
heuristic argument in the next slide for why that is The first thina 
one does, is to rewrite the equation for r" irst tblng 

(K,t) = const. Re j G(K',t) q0(k-k') ,-íK'vt dK' (5) 

Ir" Istentufír^L^ ^ ^ times two functions of r. tssentiaIly that was a Fourier transform, so we represented it 

the 1ntM?I“ °This 0f the two sePar*te parts of 
HonJ!ie?ra ;• Th1sJterm G is a Fourier transform of your probability 

Í52 JÄ íhU tí™ íÍT^0" QS ÍS,Íhe weipht1"ä ïhhc'îîon foi y 
5!. 4i,Th1Lterni ÎQ0) you can call the finite angle broadeninc 

fP(ril2 °Uwhat u/n0t1C?wtiaí tbíS simP1y the Fourier transform of 

go 
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- But G(Ar,t) gets fatter with time and that Implies that the 
G(K,t) function, Its Fourier transform, gets narrower with time. To 
make that a little more explicit, If we take some measure of the width 
of G(Ar,t), for Instance Its rms width (oR), and take the same kind of 

measurement for (j(K,t), aK, then from Fourier transform theory we know 

that product Is on the order of one. We define the decay time for the 
functioq G as the time when K divided by oK Is equal to 1. In other 
words, G(K) Is getting narrower and as 1ts*Wldth gets down to be the 
size of K, we define that to be the decay time. We find that 

^ Kor(t0) = 0(l). This means that oR(t0), which Is the width of 
k 0 

G(Ar,t)Í3r roughly the mean distance the particle diffuses with resoect to 
the mean flow In time t0). Is on the order of 1/K. 

Typical flow meters run with K's around 104 or 10s inverse 
centimeters. This roughly means that oR(t0), Is less than or equal to 
about 10 1 centimeters, in other words, by the time your particles dif¬ 
fuses about 10 4 centimeters, the function R^j has started to decay sig¬ 
nificantly. What we decided to do was to compare the decay time for a 
particle diffusing distance aR(t0) to a typical time scale In the turbu¬ 
lence. We made a very crude approximation here, but I think It works 
pretty well. We said 

That is a very good approximation for very short times compared to 
Lagranglan Integral time scale and 1s very conservative for large ones, 
but nevertheless, it gives you the ball park. 

(7) 

Equation 7 relates the Integral length scale to the time scale. 
The best we could tell, these length scales are on the order of the shear 
dimensions In the system. In other words, for pipe flow this number will 
be somehwere on the order of magnitude of the radius. If we shove this 
relation back Into the previous relation we find t (the decay time for 
R^) divided by the Lagranglan time scale Is on the order of l/KA. You 

recall K is about 104 cm 1 and t's are typically around a centimeter at 
the smallest, but let us assume it is a millimeter or so. You can still 
see this number (l/KA) Is on the order of 10‘2 or 10”3, so the decay time 
for R^ (the autocorrelation of the light signal) Is very small compared 

45 



t0 T¿• Essentially all we have said is that this term contributes to 
a decay in the autocorrelation of the signal that is essentially inde¬ 
pendent of finite transit time term, and that the decay on this term can 
indeed be very fast. It turqs out, for instance, if you are working with 
a very large sample volume, Q would turn out to be a very narrow function 
so the decay rate for finite transit time effects would be very slow. You 
can get situations where x0 would then completely dominate. I will show 
you that In a little more detail. What we did was assume a situation where 
the time when we can observe the particles was very short compared to t„. 
Now using a Batchelor type model for G(Ar,T), basically whatever a ^ 
particle's doing when we start to observe it, it will continue to do as 
long as we continue to observe it. In other words, it won't change its 
velocity significantly over the time that we observe it. 

(8) 

G(Ar,T) = F (~) 

Using that approximation, get this form for G(Ar,T), i.e., G(Ar,r) 
is essentially 1/t times t. a probability density function for a turbulent 
fluctuation. F(v') is probability density function for a turbulent 
fluctuation with respect to the mean flow. Plugging that in, you get an 
approximation for G(Ar,T) that appeared in the earlier equations. 

Having done that, and plugging that result into the expression 
for R^, we get 

Rji = I E(K't) exp [»IK • VT] Q0 (K-K') dK' (9) 
T 

From R„, since R^. is the time Fourier transform of the spectrun, we 

can just take the time transform formal!v and get the spectrum of the 
signal. 

(10) 

(10a) 

This term is the spectrum ygu would get from a system that was 
running at a velocity V+x. The term Q , is just the spectrum you could 
get from laminar flow for a particle moving at velocity 7+x. That spectrum 
you see is weighted by the probability density function for a turbulent 
fluctuation. If you consider a very large sample volume, simply make Q 
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s: rt.'s; ■r“11 w» s¡» ¡s*~ 
?ÕÍ " 9waf “ Wh c"Ä y^d0 9et tl18 >r°hb'"'y Äh 
rather nicely rSJ dlfha™ raiST^i5 8 ‘ï0 bei,st- » “rks 
pretty confldpnt thaf Iuí^ÍÍ6 r?îh?r large samPle volumes, so we are 
the system at the opposite extremp'whpr»^^ Inadvertently we have run 
volumes where this term can artnanî!^6^^^? ^ncrec^ly small sample 
the effect of that term I think In. be.Sl?rn1nanJ and y°u cannot even see 

slide where we calculate the Ülrioïs steílsHcs of 1n ‘MS 

The .irst thing we calculate Is the mean doppler shift. 

MEAN = K • y (ID 

înun r^tS;1. 

VAR 1 + P + (12) 

of the spÄ°\“ sle^wireÂ^Æ.“^' ^ 

V2 

,s the f1n1te transit time component, this (K^v77) ts essentially 

the straight turbulent broadening which Is due to fluctuations In the 

direction of the K vector, and this strange tem (^), which really 

SJïr - - - 
»rry about It too Âr^eX^sl^dÂMÂl? 

We were also able to calculate an excess term for the spectrum. 

EXCESS = 

to 

3F2- 

.fcrtfcr* (KITT7] 
(13) 
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DISCUSSION 

GEORGE: I like this presentation. I think It's well done. I 
think this Is the way to look at this problem. My first comment is a 
minor one. When you talked about the double summation you made the same 
comment that I've seen In the literature a number of times, that is, 
that you never have to worry about this double summation unless you 
have a large number of particles. That's exactly opposite of the true 
case. If you have a large number of particles the phases, being random 
because of their random locations, tend to cancel out. In fact you can 
show that If you have more than ten particles Its a 1% contribution. 
The problem comes In when you have very few particles (one or two) 
because then that double summation makes a contribution right In the 
doppler band and can be very significant. 

EDWARDS: That depends on the following. Notice I never say 
anything about the number of particles. That Is because there 1s an 
implicit assumption In the whole analysis that you do the averaging 
procedure, whatever It Is, well enough to believe the statistics. If 
you believe that the ergodlc assumption applies to this system, then 
essentially what we're saying Is either you have to average for a long 
time (so that effectively you're looking at many particles even If there 
are only a few In the system). Or you are looking at a large enough 
chunk of the system with many particles In It. So that term Is not 
zero, but over a long time average the ratio of the mn term (the pair 
term) is small in comparison to the contribution of the other term. 
It's never exactly zero I agree. 

GEORGE: My point Is, If you have a standard LDV where you sit 
there and look at the frequency track signal you can very well have a 
sizable contribution when you have only one or two particles in the 
system. Now my other comment relates to the last r.lide. There is a 
term missing. 

EDWARDS: We realize there's i term missing but it's small. 

GEORGE: No it isn't small. When I give my presentation 
tomorrow I'll show you where it comes from. You remember you treated 
the inner particle correlation. This is what you called P(Ar). You 
showed that that gave rise to this term. But there's another term. 
Let me show you. You have a scattering volume and suppose you're In 
uniform turbulence and have a flow coming in like this. This particle 
is going to contribute. Any doppler veloclmeter averages the velocities. 

EDWARDS: Right. 
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GEORGE: It defines what we call the average velocity 
persistency. 

EDWARDS: Right. 

GEORGE: Each of these particles deviates. And they deviate 
from each other. That gives rise to another term, another broadening 
term which is not related to that one. This is really, as you pointed 
out, a transit time term which is small. But you get another term 
something like (e/u)^ which is related to the Inverse time scale of 
turbulence, the microscale. This term can be dominant for large 
scattering volumes. 

EDWARDS: I hate to disagree. Basically the idea is this. 
At any one time I agree that you have to know the position of all the 
particles to know the signal and that they do Interact at any one time. 
The point is that each of these particles is statistically Independent. 
At any one time I agree you're exactly correct, but over a long period 
these terms don't matter because the particles are statistically inde¬ 
pendent. 

GEORGE: The particle's velocity is evolving in time. 

EDWARDS: Right. 

GEORGE: The changes in particle velocities in terms of the 
volume contribute a significant broadening effect. I have data to back 
it up. 

EDWARDS: Let me just point out the fol1owing. We say es¬ 
sentially that the measurement length scale for the LDV measurements 
(looking at the light spectrum) is essentially the fringe spacing. Once 
a particle wanders more than say three fringes then we have lost corre¬ 
lation with that particle and for all Intents and purposes it's a new 
particle. So we predict that above a given size in the sample volume 
which is say 100 fringes long, you will see absolutely no change in 
effect if you don't have a gradient in the mean flow or a gradient in 
the turbulence intensity. 

PIKE: There is an experiment that we published some time ago 
in which we showed some of the things that Dr. Edwards is talking about, 
where the width of the spectrum is a function of the spacial volume 
you look at. This is an experiment in a tube of about one centimeter 
diameter. You have size of the observation volume as a ratio with dia¬ 
meter of the tube. You see that the doppler spectrum is a function of 
volume in the way you expect it to be. The turbulence that appears in 
the middle has recently been of Interest and was discussed in a Physical 
Review letter in the last week or two by Bruce Barriden. They are in 
fact specifically Interested in just this term. It's small in laser 
doppler circles but large in other circles. The analysis that goes with 
this paper looks very similar to yours. 
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EDWARDS: I have not looked at the other paper In detail. 
We got at this In a very funny way. We were worried about distortion 
that turns up in the spectrum when you're looking at Brownian motion. 
That's now this all started. When we hit this G(r,t) function It 
finally occurred to us that this thing had to be general In the sense 
that given a correlation It has to exist. 

DUNNING. I might point out that we got Into the analysis of 
this from a neutron scattering point of view which gave us this G(r,t) 
type function rather than a velocity point of view which sometimes leads 
to trouble. I guess we've Introduced a new term, a particle sequence 
position meter, which Is really what It Is. 

PIKE: Perhaps I could make this last comment on the general 
question of the theoretical basis of this subject. There Is of course 
a tremendous amount of theory In X-ray scattering on how the form of a 
scattered beam (even though of higher frequencies) depends on the actual 
density of the scattering centers. I think It's only a fairly trivial 
extension to apply that theory here. 
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A TWO-COMPONENT, DUAL-SCATTER LASER DOPPLER VELOCIMETER 
WITH FREQUENCY BURST SIGNAL READOUT* 

D. B. Brayton, H. T. Kalb and F. L. Crosswy 

Experimental Research/Technical Staff 
Office of the Managing Director 

ARO, Inc. 
Arnold Air Force Station, Tennessee 37389 

ABSTRACT 

A dual scatter laser Doppler velocimeter 
(LDV) system, designed for measuring wind tunnel 
flow velocity is described. the system simulta¬ 
neously measures two orthogonal velocity components of a 
flowing fluid at a common point in the flow. Essential single 
velocity component dual-scatter concepts are presented to 
simplify the description of the more sophisticated two com¬ 
ponent system. To implement the two component system three 
laser beams with a 0°, 45° and 90° polarization plane 
relationship are focused to a common point in the flow by 
the system transmitting optics. The beams interfere to 
form two perpendicular sets of interference fringe planes 
which are orthogonally polarized. The system receiving 
optics collect and separate the orthogonally polarized com¬ 
ponents of laser radiation scattered from micron size 
particles moving with the flowing fluid through thé fringes. 
The system requires no artificial seeding since intrinsic 
test section aerosols are utilized for radiation scattering. 
The passage of each scatter particle through the interference 
fringes simultaneously produces two frequency burst type 
photo-detected signals, the frequencies of which are directly 
proportional to two perpendicular components of particle 
velocity. The system photodetection, signal conditioning and 
data acquisition instrumentation is specifically designed to 
process the frequency burst information in the time domain as 
opposed to spectrum analysis or frequency domain processing. 
The system was initially evaluated in an AEDC wind tunnel 
operating over a Mach number range from 0.6 to 1.5. The 
LDV and calculated wind tunnel mean velocity data agreed to 
within 1.25 percent; flow direction deviations of a few 
milliradians were resolved. 

* The research reported in this paper was sponsored by Arnold 
Engineering Development Center, Air Force Systems Command, 
Arnold Air Force Station, Tennessee, under Contract No. F40600- 
72-C-0003 with ARO, Inc. Further reproduction is authorized 
to satisfy the needs of the U. S. Government. 
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I. INTRODUCTION 

The merits of laser Doppler shift instrumentation 

for fluid flow velocity measurements as compared to material 

probe techniques are well documented.^ ® The more outstand¬ 

ing features are (1) the velocity is measured directly 

rather than by measuring a function of velocity, (2) the 

optical ptobe, laser radiation, is practically perturbâtion^ 

less as compared to material probes, (3) the detection 

volume can be as small as 10 ^ cc, (4) the frequency res¬ 

ponse can readily reach the 100 MHz range and, (5) measure¬ 

ments can be made in areas inaccessible to and/or not 

practical for material probes. The laser Doppler velocimeter, 

hereafter referred to as laser veloclmeter, velocimeter or 

LDV, is being applied at AEDC to obtain velocity data pre¬ 

viously unattainable by other techniques. 

The first velocimeters,^ ^ reference beam 

types, measured velocity by detecting the Doppler frequency 

skl^'t of laser radiation scattered from contaminant parti¬ 

cles moving with a flowing fluid. This type velocimeter has 

been extensively applied4“5 and has been simplified opti- 

1, 6-8 
cally so that it is (1) an operational instrument,(2) 

insensitive to vibrational disturbance,and (3) requires only 

trivial setup and alignment procedures. However, the signal- 

to-noise ratio of the reference beam velocimeter is inferior 

to the dual-scatter type under low scatter particle density 
9 

conditions. These conditions are encountered when 



utilizing Intrinsic test section aerosols for radiation 

scattering. The inpetus to develop LDV systems utilizing 

Intrinsic aerosols is to obviate contamination of wind 

tunnel instrumentation and the test environment by the 

commonly used seeding materials (smoke, kerosene vapor, 

polystyrene spheres, etc.). For tnese reasons the dual¬ 

scatter LDV has been extensively developed at AEDC over the 

past several years. 

The remainder of this paper discusses the funda¬ 

mentals of op*> and two-velocity-component, dual-scatter, 

velocimetry, the operational characteristics of a time domain, 

electronic, signal processor and the initial transonic wind 

tunnel evaluation of a two-velocity-component, dual-scatter, 

velocimeter, signal processor and data acquisition system. 

54 



II. S INGLE-VELOCITY-COUPON ENT, DUAL-SCATTER, LASER VELOCIMETER 

This section presents single velocity component 

dual scatter veloclaeter fundamentals. Some of the material 

presented In subsections II.A and II.C has been previously 

publlsheá7’®'10, ^and is recapitulated here for complete¬ 

ness. The remainder of the material is derived from recent 

wind tvinnel applications experience and analyses. This 

section also provides a basis for the subsequent descrip¬ 

tion of the more sophisticated two-velocity component 

dual scatter velocimeter system. 

A. Dual Scatter Fundamentals 

Conventional single velocity component dual 

scatter concepts are presented in Refs. 7, 8, 10 an.! 11 

whereas the self aligning optical design concepts are 

presented in Refs. 6, 7 and 10 and will be briefly reviewed. 

In the optics system diagrammed in Figs, la and lb, 

the input laser beam 1 is assumed to be collimated, plane 

polarized, of Gaussian intensity distribution (i.e., TEM 
oo 

spacial mode), and to contain,within a few gigahertz 

bandwidth, many axial or longitudinal modes of a single 

laser color. Other spacial modes (e.g., TEMQ^) can also 

be effectively employed; however, for analytical convenience 

the TEM00 mode will be assumed. Beam 1 impinges on the 

beam splitting glass blocks 2a and 2b with its polarization 
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plane either parallel or perpendicular to the plane of 

incidence. The plane parallel working surfaces of the 

blocks automatically split the input beam into two equal 

power, parallel path, output beams 3 and 4 which have 

traveled similar total optical pathlengths. Pathlength 

matching becomes critical when a short coherence length 

laser is employed. Lens 5 causes the parallel path beams 

3 and 4 to simultaneously focus and intercept at a common 

point F. Near F each beam focuses to a diffraction 

limited "spot" or "beam waist" containing planar radiation 

12 12 
wavefronts . The minimum beam diameter, D, is 

4 * 
T Aã ’ 

(1) 

where "K, the radiation wavelength, and AG, the beam con¬ 

vergence angle are indicated in Figs, lb and la, respec¬ 

tively. Near F the two plane-wave radiations interfere 

constructively and destructively to produce parallel planes 

of adjacently bright and dim illumination or interference 

fringes. Because the two beams are (1) spacially and 

temporally coherent, (2) of similar power, and (3) 

identically plane polarized, the fringe system generated 

will be of high contrast ratio. 

By inspection of Fig. lb, noting that a bright 

fringe plane is defined by two wave crests which propagate 
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in phase with or.3 another, it is seen that adjacent planes 

of maximum illumination are separated by a distance 

DF " 2 sin S/2 
(2) 

where X and 9 are known typically to within .001% and 

1%,respectively. When a small light scattering particle 

of maximum dimension 

DS.C. i DF 
(particles much larger than a fringe spacing cannot be 

used to accurately locate a particular fringe position) 

passes through the beam cross region, it will intercept 

the fringes at a rate 

. _ Vo _ 2Vo sl" (3) 

df * 

where V0 is the velocity component normal to the fringes 

and Eq. (2) has been substituted. The velocity component 

VQ is measured by electro-optically collecting and detect¬ 

ing the intensity of light scattered from the fringe 

region by moving scatter particles. The detected signal 

frequency is then proportional to the particle velocity 

component VQ as given by Eq. (3). 

Photomultiplier tubes are usually employed for 

scattered light detection. To eliminate extraneous signals, 

scattered light is collected only from the beam crossover 
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region by imaging the crossover region onto a pinhole aperture 

as indicated in Fig. la. 

Typical photodetector output signals (current vs. 

position or time) due to the passage of a single scatter 

particle through the detection region are shown in Fig. 2. 

The signal amplitude is proportional to the intensity illumina¬ 

ting the particle and therefore also represents the spacial 

intensity distribution existing within the detection volume. 

An important characteristic peculiar to only the one- 

component dual-scatter LV is that provided the angle between 

the illuminating beams is small, any scattered light direction 

or range of scattering directions can be effectively employed 

to detect the signal, regardless of the fact that the scattered 

light is generally elliptically polarized. For spherical 

particles, he scattered light will remain linearly polarized 

only for either (1) small angle (paraxial) ¿ront or back 

scattering, or for (2) the electric vector either parallel or 

13 
perpendicular to the plane of observation. The plane of 

observation is defined as the plane containing both the 

illuminating ray and the scattered ray. For nonspherical 

particles there is generally a polarization change on scatter¬ 

ing even in directions making small angles with the incident 

beam axis.14 Two colinear elliptically polarized rays scattered 

from the two illuminating beams in a particular direction add 

in phase (reinforce one another when the scatter center is 
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on a bright fringe and add out of phase (cancel one another) 

when on a dark fringe. Such a polarization situation, 

however, would Introduce cross talk Into the two-component 

dual-scatter LDV of Section III as that system employs 

selection of linear polarization orientation to eliminate 

cross talk. The system of Section III will perform most 

effectively with spherical particles and for either (1) small 

angle front or small angle back scattered radiation collection, 

or (2) the polarization plane of each set of fringes oriented 

either orthogonal or parallel to plane of observation. 

The laser power level must be sufficient to scatter 

at least in the order of one photon into the photodetector 

as a scatter center moves a distance equal to one fringe 

spacing, or otherwise the oscillatory signal could not be 

well defined. Note that this defines a threshold laser power 

level that is directly proportional to velocity and inversely 

proportional to the solid angle of radiation collection. 

Experience has shown that if only residual aerosol contaminant 

parti?les are used as a signal source and if the velocity is 

subsonic, then a few milliwatts of laser power in the visible 

spectrum is sufficient for detection using front scattered 

collection, while a few hundred milliwatts is sufficient 

for similar back scattered collection. 
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B. Alignment 

Proper positioning of the pinhole aperture and 

the scattered radiation collection lens (Fig. la) are 

the only critical optical alignments required, as the 

focused, crossed beam condition of the illuminating beams 

is achieved automatically via the self-aligning optical 

components. The pinhole aperture and photodetector are 

usually mounted on a precision adjustable, three- 

dimensional traverse to facilitate positioning. 

A typical surface parallelism specification 

for the beam splitting blocks (2) of Fig. 1 is one arc 

second. This is necessary to insure that the illuminating 

beams will overlap at the beam crossover. It is easily 

shown that the beam centerline separation distance will 

not exceed 10% of the focal diameter if the illuminating 

beams are initially directed parallel to within ±0.127 */D 
o 

radians, where X is the wavelength and Dq (Fig. 1) is the 

initial laser beam diameter. 

Ordinary plate glass and plexiglas windows 

generally deviate the direction of one illuminating beam 

with respect to the other in a random manner which can 

cause the beams to intersect poorly. However, such windows 

can be used efficiently provided the illuminating beams 

are located approximately normal to the window surfaces 
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(within a few degrees for most applications) and provided 

the distance separating the illuminating beams at the 

window, Dw, satisfies the relationship15 

Dw « °-5 nF cm (4) 

where NF is the number of fringes contained within the 

detection volume (Eq.9). Because N? *20, typically, 

the beam splitting glass blocks (component 4 of Fig. 3) 

are designed to provide a nominal output beam separation 

distance of 2.5 cm, thereby satisfying Eq. (4) and 

insuring a satisfactory beam intersection even though 

ordinary, nonflat windows are employed. 



C. Probe Volume Size 

The laser velocimeter probe volume is that region 

in space from which the Doppler signal Information originates. 

Analyses and measurements of probe volume size are obviously 

important since these dimensions specify the spacial resolu¬ 

tion characteristics of a particular velocimeter system. 

The probe volume can be formally defined to be that 

region of space within which the A.C. Doppler signal amplitude 

6 10 16 
is at least exp (-2) - 0.135 of its peak value. ’ ’ The 

peak signal amplitude occurs as a scatter particle passes 

through the geometrical center of the beam crossover region 

(0,0,0) as discussed previously. Two effects contribute 

to the spacial variation of signal amplitude: (1) the 

gaussian spacial intensity variation of the illuminating 

beams, and (2) a variation in the scatter collection 

efficiency of the receiving optics for different points 

in space. 

When a scatter center is located on the ellipsoid 

(5) 

16 
it can be shown that the signal current is reduced in 

amplitude to exp (-a) of its peak value due to effect (1). 

Therefore, if a very large pinhole aperture is employed 

(see Fig. la) so that the radiation collection efficiency 

(effect (2) above) is spacially constant, Eq. (5), together 
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mmm 

with the previou- definition of the "probe volume," dictates 

that the maximum dimensions of the probe volume are: 

4 > (6) \z ~ 

(7) 
7tA0 cos^/2) 

(8) 
7tA0 sin (0/2) 

Note that by inspection of Fig. lb these x-y-z dimensions 

of the unapertured probe volume are equal to the x, y, z 

dimensions of the beam crossover region formed by the 

-2 
intersection of the two cylindrical e relative beam 

intensity contours. 

The number of fringes, Ny, contained within the 

unapertured probe volume (or alternatively within the beam 

crossover region) is obtained by dividing the width of 

this region (Eq. (7)) by the fringe spacing (Eq. (2)). 

(9) 

Assuming > - 5x10 ^ cm, Nj. “ 10, 0 “ 30°, Eqs. (6), 

(7), (8) and (9) then yield 

Ay - Az - .001 cm 

Ax - .004 cm 

as minimum dimensions of the beam crossover region attain¬ 

able with self-aligning optics. 
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Referent*'' 16 describes radiation collection tech¬ 

niques which effectively reduce the maximum or x-dlmenslon 

of the probe volume without altering the electrical char¬ 

acteristics of the signal (number of oscillations, amplitude, 

and frequency). This i.a accomplished by collecting light 

from only the centermost or x ■ 0 portion of the probe 
o 

volume. This can be done either coaxially (0S “ 0, 180 , 

Fig. la) by collecting large amounts of light (A0S » 0, 

Fig. la) or by employing off-axis collection (0S > 0 and 

180° - 0O > 0). For coaxial collection assuming 

(A 0g 0)16 

Ax' effective probe volume x-dim. _ e0 

Ä3E ~ unapei cured or maximum probe volume x-dim. 

lg 
while for off-axis collection 

Ax' - 2 tan (9/2) 

Ax tan 0g 

where e - 2.71828 is the natural logarithm base. 
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D. Accuracy. Flow Direction Dead Zones 

Figure 2 Illustrates that the angle ^ between the 

particle trajectory and the normal to the fringe plane 

Influences the number of signal oscillations above a 

specified amplitude. For an arbitrary particle trajectory 

path through any point In the yz plane, the number of 

fringes intercepted with Intensity at lease 13.5% 
2 

(1/e = 0.135) of the peak fringe intensity experienced 

minimum) is 

N_' = N cos P 
F f (ID 

where Nj. is given by Kq. (7) and P (Fig. 2) is the angle 

of the particle trajectory with respect to the y-axls. 

As indicated by Eq. (11) and as illustrated in Fig. 2, 

as the particle trajectory angle P increases from 0° to 90° 

the number cf signal oscillations above a certain relative 

level continually decreases. 

A signal processor of the type described in 

Section IV.B suirples a fixed number of cycles, Ne> of 

signal information to determine frequency, rnd thus to 

detect the velocity of a scatter particle the following 

condition must be satisfied: 

nf/ = NF cos ^ - Ni e (12) 
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As discMssed in Section IV, this fixed cycle sampler 

will measure the period of a Doppler burst within an error 

specification typically df/f - ± 0.2% provided the Doppler 

burst contains a large number of oscillations and is of 

high signal to noise ratio. The net relative velocity 

component measurement error, 

d Vp d£ d 9 

Vo f 2 tan (0/2) ’ 

obtained by differentiating Eq. (3), is dependent upon the 

relative measurement errors of both frequency and angle. 

Both df/f and d0/0 can be made as small as ¿ 0.2%. 

To obtain velocity component information for 

trajectories nearly parallel to the fringe planes (i.e., 

as p approaches 90°), NF must be increased and/or the 

electronic readout mu^t be designed to accommodate very 

few signal oscillations. For this purpose an electronic 

signal processor is being designed which will accommodate 

four cycles of Doppler information. As previously discussed 

this can be accomplished only with a loss of accuracy. 

However, when used with an optical system that generates 

twenty for forty) usable fringes, so that N-, - 20 
r 

(or Nj. = 40), Eq. (12) predicts that velocity component 

information can be obtained for all particle trajectories 

except those that make an angle with the fringe planes 
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less than 14.5° (nr 5.7°). Thus a single-component dual¬ 

scatter LV contains "dead zones" of flow direction for 

which velocity component information cannot b* extracted. 

The dead zones appear only when the detected velocity 

component amplitude comprises only a small portion ci 

the total velocity amplitude. The dead zones can be 

minimized by sacrificing velocity component measurement 

accuracy. 
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III. TWO-COMPONENT DUAL-SCATFER LASER VELOCIMETER 

A two-component, dual-scatter, LV detection 

system will now be described which Instantaneously and 

simultaneously measures two orthogonal components of 

fluid velocity within a small region of space. The 

system consists basically of two one-component LV 

systems Identical to the type previously dencribed, 

with two sets of fringe planes specially superimposed 

and located orthogonal to one another. Selective light 

polarization is employed to discriminate between the 

two sets of fringes and separately measure two orthogonal 

velocity components. 

An alternate fringe set discrimination technique 

is to employ two laser colors, one color for each set 

of fringes. 

A. Description 

In Fig. 3, the plane polarized laser beam 3 

emitted by the laser 1 intercepts the beam expanding and 

collimating lenses 2 to render it approximately collimated 

and of suitable diameter. The beam then intercepts three 

parallel working surface, beam splitting glass blocks 4, 

which produce three identically piare polarized, parallel 
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path, optical pathlength compensated, output beams 

5, 6' and 7’ propagating parallel to the x-axis. As 

indicated in Pig. 4 these oeams are polarized parallel 

to the z-axis, form a right triangle beam pattern with 

the most intense beam (beam 6*containing 50% of the 

laser power) located on the vertex of the right 

triangle pattern, and with the other two beams each 

containing 25% of the laser power. After the beams reflect 

off mirrors 8 and 9, beams 6' and 7’ then intercept 

the polarization rotators 10a and 10b respectively, which 

rotate the plane of polarization of linearly polarized 

light around the transmission axis without changing 

either the degree of polarization, the intensity, or 

the transmission direction of the light. The polar¬ 

ization rotators (also called polarization rotation 

plates and circular retarders) are specially designed 

plates of crystal quartz, cut with their faces normal 

to the optic axis and of thickness required to produce 

a specified rotation at a specified wavelength; their 

faces are polished plane-parallel so as not to deviate 

the transmission direction. Rotators 10a and 10 b rotate 

the polarizar ion planes by 45° and 90° 

respectively, and thereby generate (as shown 

in Fig. 4 ) three parallel path beams 5, 6 and 7 with 

a 0 , 45 , and 90° polarization plane relationship, 

respectively. Collimating type lens 11 is 
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Posaune, SUCH that lts >xl8 „ 

line l3 both p.r.Uol t0 the lnput bo>mH Rn<( int#r_ 

cepts the bisector o, the hypotenuse o, the right 

mangle beam pattern as shown in Pig. 4. JJ 

causes the three beams to cross and f 
io cross and focus at point 13 

Relatively Mat surface, win,ows 12 may be present. 

Collimating type ieo3es 15 and 16 focua ^ s|i9r(¡iy 

image the ra,latlon 14 soattere, from the cross- 

POint 13 onto the pinhole aperture 18, while an opague 

light stop IV is employe, to block the transmitted 

illuminating beams 5, 6 an, 7. Lens 19 collimates the 

scattered radiation into a small bundle which inter¬ 

cepts the (Glan-Poucault, air spaced type) polarization 

separat ion prism 20. The polarization-eepara,ion prism 

IS assumed to be properly positioned via rotation 

-out its tra^tsslon „is or the a-aris of the figure 

it win transmit only the y-axls polarization 

component of the input radiation and will internally 

reflect only the z-axis component. 

The y and z polarized components of scattered 

radiation thusly separated are directed onto the photo- 

multiplier tube photodetectors 24 and 25, respectively 

'« is a well-known fact» th>, 

cither forward or backward (approximately parallel or 
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paraxial to the illumination direction) from a plane 

polarized illuminating beam is also plane polarized 

with its polarization plane oriented parallel to that 

of the illuminating beam. Thus all of the (y-axis 

polarized) raoiation scattered from beam 7 (which is 

derived from 25% o* the total laser power) and the 

y-axis polarized component of the radiation scattered 

from beam 6 (which is derived from 50% of the power 

of beam « and thusly from 25% of the total laser power) 

are directed cato phototube 24. Both of these scattered 

radiations of course originate only from scatter centers 

located within the beam crossover region due to the 

presence of pinhole aperture 18. Similarly, the z-axis 

polarized radiations scattered from beams 5 and 6 and by 

scatter centers located within the beam crossover 

region are collected by lenses 15 and 16 and directed 

onto phototube 25. 

A review of the previous discussion concerning 

the one compouent dual scatter LV system together with 

the preceding discussion regarding polarization separa¬ 

tion will reveal that two separate one component 

velocimeter systems are simultaneously in operation. 

Beam pairs 5-6 and 6-7 each form plane polarized sets 

of interference fringes at the crossover point. 

The two sets of fringe planes are generated by 
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orthogonally polarized radiations and the planes of 

one set of fringes are located orthogonal to those of 

the other. Beams 5 and 7, which are orthogonally 

polarized, cannot interfere to form a third set of 

fringe planes. For either front scatter or back 

scatter (paraxial) radiation collection, the radiation 

scattered from one set of fringes is cross polarized 

will that scattered from the other set. The two 

scattered radiations can thus be easily discriminated 

using the described polarization separation techniques. 

For the two component system described in 

Fig. 3 and 4, beams 5 and 6 interfere at the crossover 

point la to generate fringe planes orthogonal to the 

z axis (Figs. 4 and 5), and beams 6 and 7 generate 

fringes orthogonal to the y' axis. The two velocity 

components detected are thus parallel to the z' and y' 

axes . 

Preliminary Proof—of-.principle Measurements 

Figure 6 shows simultaneous recordings of the 

two signals generated by a single low velocity scatter 

particle passing through the two orthogonal sets of 

fringe planes of the two component, dual scatter, LDV 

system previously described and shown in Fig. 3. 

The signals wore simultaneously recorded on a dual 

trace oscilloscope euploying a single electron beam 

alternating between the two signal channels at a 1 MHz 
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rate The 1 MHz signal switching rate is evident in the 

photographs. 

The slight evidences of cross talk indicated in 

the photographs of Fig. 6 could not be experimentally reduced 

below the level shown (-20 db typically). As discussed in 

Section 11a, such cross talk is attributable to the non¬ 

linearity or ellipticity of the polarization state of the 

scattered radiation. Such non-linearity is caused in part 

by the existence of each of the following conditions: 

(1) non-spherica1 scatter centers, (2) relatively large 

off-axis (non-paraxial) collection of scattered radiation 

with the plane of observation not being restricted to an 

orientation approximately either parallel or perpendicular 

to the polarizatkn plane of either set of fringes. 

C. Two Component. Vibration Insensitive. Back Scatter 
Detection 

To obtain two component velocity information by 

collecting back scattered radiation, scattered radiation 

14' of Fig. 3 is collimated by lens 11, reflected by mirror 9 

and focused by lens 16' onto pinhole aperture 18'. The 

remaining optical components 19' through 29’ (not shown) 

are assumed to be present (similar to components 19 through 

29 for the front scatter) to process the two components of 

back scattered signal information. The advantage of having 

ail the optical components except the beam positioning mirror 

10 and the focusing lens 11 located near the laser source 

is that they can be mounted to a common mechanical frame 
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to virtually elimínate misalignment and resulting 

signal deterioration due to vibrational disturbances. 

Note that additional large mirrors 9 could 

be used to translate the position of the probe volume 

13 throughout a three dimensional space. It is assumed, 

of course, that such positioning mirrors would be 

properly oriented with illuminating raciation 

polarization of beams 5 snd 7 either parallel or 

perpendicular to the plane of incidence» in order to 

perserve the linear polarization state of firstly the 

illuminating beams 5 and 7 and secondly of the detected 

radiations 14' individually scattered from beams 5 and 7. 

Mirrors 10, lens 11, and vindows 12 could then be vibrated 

through relatively large amplitudes and the backscattered 

detection system would convlnue to detect signal, but now 

with the position of the probe volume oscillating or 

moving in space. 



D- A-gomEgrison °l Front and Back Scatter Detection 

The front scatter design consists of two specially 

separated optical systems individually concentrating on 

two different small regions of space. It is only when these 

two regions coincide that signal information can be processed 

Vibrational disturbances can cause an intermittent loss of 

signal and reduce the rate of data acquisition (generally the 

illuminated region and the collection region will overlap 

during some portion of the vibrational cycle). 

Generally it has been found that the front scatter 

system is very easy to set up on small wind tunnels, simple 

to align, and relatively inexpensive. Furthermore, a non- 

rigidly mounted front scatter system will perform excellently 

on medium size tunnels with moderate vibrational levels. 

For example, for the front scatter LDV application of Sec. V, 

vibrational disturbances caused the system to be misaligned 

approximately 50% of the time, causing a 50% reduction in the 

data rate. 

The basic advantages of the backscatter system are 

derived from the fact that its optical components can be 

constructed into a single integral unit. Such a design is 

potentially more versatile, potentially provides improved 

performance in a vibrational environment, and may be more 

economically applicable to large wind tunnels (the cost of 

two traverse systems may be greater than the cost of one 

traverse system and a higher power laser). Extraneously 
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reflected and scattered laser rarfi ., 
Dr . , adlatlons can create substantial 

problems with backscatter units, however Be 
Intensity .« '“'»ever. Because the scattered 

nsl y la approximately two orders of magnitude reduced 

back scattering in comparison to front scattering, higher 

power lasers must be employed. This increases the level of 

-raneousi, scattered and reflected laser radiations reaching 

he Ph0,0det— — —ns cannot be optically 

andpass fntered because they are essentially the same fre¬ 

quency as the signal To „„a 
• reduce extraneous radiations, 

I; yPeS °f baCkSCatter — — »re being investigated.. 

» off axis backscatter system employing separate optical 

— for illumination and collection purposes, and <2)a 

co-axial backscatter system with Ugh, baffles. The off-axis 

design provides much better re1ect,o„ . 
etter rejection of extraneous laser 

radiation, while the co-axial design lends itself sinpU. 

Ud techniques of alignment and of traversing the probe 

volume. 

E- -^"Simultaneous Detection 

11 Sinulta"eous time detection of the two velocity 

components is not required, the flow direction dead zones 

-non 10, can be Virtually eliminated. This is accomplished 

V 1 lowing three similarly polarised laser beams to illUmi„ate 

e Pr°be VOlU"e and USln(! one photodetector, oata is taken 

lor a particular velocity componen, with one of the three beams 

ocked, such that two illuminating beams remain. By alternately 
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blocking each of the three beams, one can obtain three non- 

orthogonal components of velocity all parallel to a common 

plane. If the total velocity vector is approximately parallel 

to this plane and is allowed to rotate 360° within this plane, 

at least two of the three velocity components will remain 

active at all times. That is, only one component at a time 

will be in a "dead zone." The two active components can be 

used to calculate two orthogonal components of velocity. 
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TV. PHCTODETECTTON, SIGNAL CONDITIONING AND DATA 
ACQUISITION SYSTEMS 

The electronic components discussed in this 

section were designed primarily to accommodate the short 

time duration, frequency burst type signals commonly en¬ 

countered with the dual scatter type LDV. However, they 

have been routinely used with continuous wave signals 

produced by either the reference beam or dual scatter 

type LDV systems. 

A. Photodetection Electronics 

The photodetector assembly consists of a photo¬ 

multiplier (PM) tube with magnetic, electrostatic and 

electromagnetic shielding and a wideband amplifier- 

transmission line driver. An S-20 photocathode was 

selected to provide a radiant sensitivity range which 

accommodates either the helium-neon or argon laser. The 

—9 
PM tube pulse rise time specification is 2 (10 ) seconds. 

The PM tube anode is terminated by the 100 ohm input 

resistance of the wideband amplifier. 

The wideband amplifier-transmission line driver 

3 db bandwidth is 10 KHz-220 MHz. The gain is set at a 

modest 10 db level. Electronic system bulk gain is then 

provided by bandpass amplifiers in the signal conditioning 

instrument. 
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B- Frequency Burat Signal Processing and Data 
Acquisition Electronics 

The frequency burst signal processing elec¬ 

tronics system shown in Fig. 7 is a hybrid analog-digital 

signal conditioning and processing instrument termed a 

Doppler Data Processor (DDP). The functions of the DDP 

are (1) to filter out extraneous noise, (2) to determine 

the average period of eight cycles of the Doppler shift 

signal, (3) to negate a data recording cycle when the 

period of eight cycles is not equal to twice the period 

of the first four cycles, and (4) to provide a visual 

display and a binary coded decimal output of the period 

of the Doppler signal. The data acquisition system 

employs a paper tape digital printer for immediate access 

to the data and an incremental magnetic tape system for 

mass data recording and compatibility with subsequent 

digital computer computations. 

The photodetector signal for a small scatter 

particle passing near the geometric center of the probe 

volume is indicated in Fig. 2. Ideally, the D.C. shift 

of the signal (see Fig. 2) is comparable in magnitude to 

the A.C. or Doppler signal portion; however, this is not 

the case for unequal illuminating beam intensif! for 

particles larger than the fringe spacing or for particles 

passing through the z-axir (Fig. 1) peripheries of the 
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probe volume. P^otodetector shot noise generated by the 

D.C. shift as well as background radiation tends to obscure 

the Doppler signal information. A bandpass amplifier is 

used to remove much of this D.C. shift and to minimize 

the associated shot noise. 

A representative signal introduced at the input 

to the DDP is shown in Fig. 8a. The bandpass amplifier 

(Fig. 7) output signal is shown in Fig. 8b. The Schmitt 

trigger (Fig. 7) output signal is shown in Fig. 8c. An 

oscilloscope triggered gate (Fig. 7) at the output of 

the Schmitt trigger prevents passage of pulses to the 

A-B-C-D ripple counter when the signal level at the 

oscilloscope is below a certain selectable trigger point. 

This technique has proven to be a valuable means of signal 

level selection and noise rejection. 

The gated signal applied to the A-B-C-D binary 

ripple counter produces a single rectangular wave signal 

or "pulse" at the D Binary output (Fig. 8f) with a time 

duration equal to th? total period of the first eight 

pulses in the gated pulse train. At this point binary D 

is inhibited from further toggling by Binary I until a 

recycle control pulse is received. The D Binary pulse 

becomes the gating signal for the main gate pulse 

stretcher (Fig. 8g) which produces a resultant pulse 

precisely stretched in time by 125 times the D Binary 
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pulse. Precision current sources contained within the 

pulse stretcher permit very precise time duration exten- 

tion of the D Binary pulse width. The stretched pulse 

controls the main gate of a conventional frequency 

counter. During the stretched pulse interval, precisely 

timed clock pulses from a crystal controlled oscillator 

pass through the main gate and accumulate in the counter 

decimal counting units (Fig. 7). The resultant counter 

visual display reads the average period of the Doppler 

signal information in nanosecond units. The pulse 

stretching technique is useful for short burst signal 

period determination at frequencies extending from 100 KHz 

to 100 MHz. At lower frequencies the main gate pulse 

stretcher is not required. 

The circuits described thus far measure the 

average period of both periodic and non-periodic signals. 

When the signal pulse train becomes non-periodic during 

this time period due to included noise spikes, peak 

fringe intensity irregularities, or large fluctuations 

in peak signal amplitude, it becomes necessary to detect 

this condition and prevent the recording of a data 

point. A digital pulse rate filter consisting of pulse 

stretchers and error logic circuitry functions as such 

a detector. 
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The operation of the digital pulse rate filter 

can be explained by referring to Fig. 7. The first four 

pulses of the sampled pulse train are applied to the 

A binary. This binary Is inhibited after the fourth 

sampled pulse and produces a gating pulse (Fig. 8j) to 

dual pulse stretchers designated as Al and a2. The time 

stretch ratio of these pulse stretchers, nominally 250/1, 

is adjusted to produce output pulses (Figs. 8h and 8i) 

that bracket the main gate pulse stretcher output pulse 

(Fig. 8g) when sampling a pulse train of uniform period. 

The three pulse stretcher waveforms are initiated at the 

same instant in time. The Al and a2 pulse time durations 

are set greater than and less than, respectively, the 

main gate pulse duration. This produces a "window" at 

the trailing edge of the Al and a2 pulses (Figs. 8g-i). 

The window width is the time difference between the Al 

and a2 pulses and can be as narrow as the stability of 

the two pulse stretchers permit, typically + 0.5% of the 

main gate pulse duration. AND and NOR logic blocks (Fig. 7) 

are employed to monitor this window. If the main gate 

pulse trailing edge occurs within the window time span, 

no corrective action is initiated and a data point is 

recorded. Termination of the main gate pulse outside the 

window, indicating a non-periodic pulse train, produces 

a reset pulse which negates this data point and resets 

the entire instrument. 
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The pulae stretchers function through the aedlus 

of constant current sources charging and discharging tlslng 

capacitors. The resultant ramp voltage waveform excur~ 

slons possess optimum minimum and maximum limit values 

that should not be exceeded for linear operation. Over¬ 

range detectors In the form of digital comparators sense 

the presence of Input pulse data that would cause pulse 

stretcher limiting. 

The DDP main gate pulse stretcher will measure the 

period of a standard oscillator signal source with a long 

term accuracy of + 0.2%. If the Doppler signal is of large 

signal to noise ratio, Is highly periodic, and contains a 

large number of oscillations (e.g., 15 or more), the DDP 

should also record Its period to Í 0.2%. At worst, i.e., 

with poor signal conditions, the accuracy of the DDP should 

approximately equal the pulse stretcher window width, which 

is usually set at + 2%. 

A + 2% window width will increase the data acquisi¬ 

tion rate substantially over a 1 ¿% window width, with the 

possibility of a slight loss in accuracy. Included noise In 

the signal will cause the Schmitt trigger (which is essen¬ 

tially a level crossing detector) output period to be non- 

uniform. Also very few cycles or large D.C. shift will 

cause substantial D.C. shift to pass through the bandpass 

amplifier with the Doppler signal; these conditions will 
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•Iso, in general, cause the Schmitt trigger output pulse 

train period to be nonuniform. The period nonuniformities 

caused by included noise and/or D.C. shift are largely 

rejected with a 1 window and largely passed with a 

1 2% window. 

The Doppler Data Processor sampling rate is 

dependent upon the Doppler frequency, the repetition 

rate of the incoming burst data, and the counter recycle 

time. The counter recycle time (present minimum 2 milli¬ 

seconds) limits the DDP sample rate to a maximum of 500 

samples per second. 

Further processing of the information stored 

in the counter is accomplished by standard digital equip¬ 

ment as shown in Fig. 7. For a two velocity component 

system, burst data at two different Doppler frequencies 

must be processed together with position and time informa¬ 

tion. A digital scanner is employed to sequentially direct 

the data from each source to a digital line printer and 

to an incremental digital tape recorder. The tape system 

offers the significant advantage of direct compatibility 

with a digital computer whereby rapid data reduction may 

be accomplished. 

The sampling circuits In the DDP sake extensive 

use cl emitter coupled logic Integrated circuits. 
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V. APPLICATION to a transonic wind tunnel 

A. General 

Reference 17 describee in det.ll the successful 

utilization o, a two-ccponent dual-scatter LDV to „ensure 

velocity in a transonic wind tunnel located at the Arnold 

Engineering Developnent Center. this evaluation test, 

,729 Individual data points were recorded in approximately 

urs run time, at various test section positions, and 

over a Mach number range of 0.6 to 1.5. No artificial 

seeding of flor was employed. Flow angularities as a 

function of tunnel position were detected to within a few 

mllllradians. The magnitude of the U,v velocities that 

were measured at the tunnel centerline averaged 1.25% higher 

than predicted by aerodynamic calculations.17 This dis¬ 

crepancy can be attributed to systematic errors of either 

or both the LDV and the aerodynamic velocity measurement 

instrumentation used. 

During the test, individual particle Doppler burst 

signals were simultaneously recorded on both a CRT storage 

oscilloscope and by the Doppler Data Processor. Examples 

Of real time CRT oscilloscope signal photographs and the 

corresponding period recorded by the Doppler signal processor 

are shown in Fig. 9. The trigger gate output of the oscillo¬ 

scope was used to trigger the Doppler Data Processor ,» 
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this way, two Independent period neaeuremente of the .lg„ai 

generated by the same scatter center were compared. It was 

found that the discrepancy between the signal processor data 

and signal period calculations from the oscilloscope photo¬ 

graphs was within ± 2% for each frequency burst type Doppler 

signal from 4.0 to 20.0 MHz. 

B. System Design Conalderatinn« 

This section discusses the general considerations 

led to the particular system design employed for the 

LDV instrument evaluation * 
xlon test in the transonic wind tunnel 

Figure 3 Is a scale drawing of the system used, 

with different scale factors for the x and y axes. Figures 

4 and 5 are expanded cross-sectional views of certain features 

of Fig. 3. Figures 3, 4 and 5 completely describe the final 

LDV optical system design. All Important dimensions such 

as beam diameter and spacing, lens focal length and diameter 

Pinhole aperture diameter, etc., are either drawn to scale 

or specified In the figure descriptions. 

Referring to Figs. 3, 4 and 5, the two sets of 

fringe planes were each located at 45“ with respect to the 

-y directed flow. This permitted two velocity components 

to be simultaneously monitored such that the amplitude and 

direction of the total velocity vector could be calculated. 

It was decided to use front scattered radiation collection 

to maximize the signal and signal to noise ratio. The size 

Of the tunnel and tunnel obstructions dictated that the 
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Illuminating and receiving optics could not be mechanically 

connected and simultaneously traversed. On-axls rather 

off axis radiation collection was chosen to facilitate 

realignment of the two optical units as the test section 

was traversed. 

The probe volume position was changed by first 

moving the illuminating optics (component 11 for an 

X-traverse and components 9. 10 and 11 simultaneously for a 

/ 1 traveree). Optical realignment was then accomplished with 

the opaque stop 17 removed; components 18, 19 and 20 were 

simultaneously x-y traversed until the transmitted illumi¬ 

nating beams focused on the pinhole aperture 18. The opaque 

stop 17 was then reinserted. Pinal alignment adjustments 

were accomplished by observing and maximizing signal ampli¬ 

tude on the oscilloscope while simultaneously y-z traversing 

components 18, 19 and 20. 

The information contained in Pigs. 3, 4 and 5 

along with Eqs. 4-10 can be used to show that (within the 

measurement precision of the scaled quantities): 

(1) For each velocity component approximately 

21 fringes (Eq. 7) were contained within the 

probe volume. 

(2) For each velocity component approximately 

15 of these fringes (Eq. 8) were crossed by 

a y-directed particle. This number is suf¬ 

ficiently large (Eq. 9) to permit operation 

of the Doppler signal processor. 
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The nominal calibration constants for each 

velocity component were (Eq. 4) 

Vo/f = 16.7 meter • sec’* • MHz’* 

The diameter and length of each beam crossover 

region were (Eq. 5, 6 and 7) 

Ay = Az = 0.35 mm 

Ax = 70 mm 

The effective length of each probe volume was 

reduced because the radiation collecting L»ns 

subtends a larger angle than the angle between 

the illuminating beams. This limits the x 

dimension of each probe volume to (Eq. 10) 

Ax' = 32 mm 
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Peak D.C. Shift 
Voltage Level — 

1 

2 —^ 

1/e and 1/e2 Relative 

Beam Intensity and Relative 
Peak Fringe Intensity Contours 

4-.^aAAa 4 
Fig. 2 Signal Amplitude versus Particle Position nearX • Ofor a 

Number of Particle Trajectories. The indicated fringe 
width is proportional to the local peak fringe intensity 
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Condition: 6.6-1-101 

DDP: 76.86 nsec

Fig. 9 Six CRT photographed signal bursts at Mach 
No. 1.0 with the corresponding period recorded 

by the Doppler Data Processor (DDP). Vertical 
sensitivity: 2.3 x 10'^ cathode amp/cm.
(S-20 response). Horizontal: 0.2 p sedm.
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DISCUSSION 

ASHER: How do you compare the separation of polarlxatlon 
directions with, for instance, using a total reflecting mirror and a 
multi-color laser output and then using spike filters in front of 
your detector? 

BRAYTON: We are using both now. The two color system is 
more efficient. It's also better with regard to cross talk. But this 
scheme is very easily Implemented and cross talk isn't really that 
much of a problem. 

BOUTIER: Don't you think you will have a problem of depolar¬ 
ization by particles that are very small? 

BRAYTON: For a spherical particle at least, there is no 
depolarization on axis. Born and Wolf define a plane of observation 
which contains the illuminating ray and the scatter ray. If you have 
your polarization cither parallel to this plane or perpendicular to 
it such that your scattered rays lie in the plane of observation, then 
the scattered light Is polarized identically parallel to the illumi¬ 
nating light. The data typically shows no cross talk. 

100. & 



TECHNICAL SESSION III - SIGNAL PROCESSING 

Session Chairman: H. Reynolds 

3 



LASER DOPPLER ANEMOMETRY: 
A SIGNAL PROCESSING PROBLEM 

By= Robert w. Smid. staff Engineer 

Orsa-s&B, me., Franklin Lakes, Naw Jersey 

abstract 

Ubo OoppîerïïÔJoicy?OV?Mshr.P^ler detection of 
ration of the veloc^y of ^ry sÏÏÎ in an Prosen- 

the £1Uid- des^" o£ * frequency^tracke^will^be*described^ 

velocity fluctuations^n^this^ill be^e^0 t° measure tu*'bdlent 
ment of oscillatory flow generated from nstrated by the measure- 

basis of Practical experience wíth f! V°rteX shedding. On a 
studies of water and air flow i£ íÍ !ho an®™>metry applied to the 

of this new measuring technique extend at fUture aPPlications 
either been very difficult or imooaa->>i ° of those that have 
hot film anemometers. ^possible v*en using hot wire and 
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The signal we obtain from the photodetector of a Laser Doppler 
Anemometer contains the desired information in the form of a center 
frequency corresponding to the mean flow and frequency modulation 
about this center frequency which contains the turbulence informa¬ 
tion. Detect.ron. of this signal in the best possible way is necessary 
to optimize tlw- usefulness of the entire system. At present, there 
are basically four methods of processing the Doppler signal. These 
systems all have their own relative merits and short comings. Disa 
has just introduced a new frequency tracker as part of a total system 
of Laser Doppler Anemometry. The usefulness of this system can be 
more clearly seen when this method of detection is contrasted with 
other existing methods of detection. 

The first, and perhaps'the most common, method is to employ a 
commercially available spectrum analyzer. This system presents, 
usually on an oscilloscope type instrument, the response to the 
Doppler signal of a tuned narrow band filter whose center frequency 
is swept slowly through the spectral region of interest. This 
system, while offering simplicity, does not efficiently use the 
available information since the filter can resolve only a small 
portion of the total signal spectrum at any instant. Turbulence 
is difficult to process as the analyzer can only indicate the mag¬ 
nitude of frequency fluctuations (modulation) due to turbulence 
but not their modulation frequency or frequency distribution. A 
great deal of difficulty and controversy, is also encountered when 
such a system is used when the experiment requires flow correlation. 

A possible alternative system is to use a frequency-sensitive 
discriminator which is band-pass tuned for the frequency range of 
interest. This provides an analog voltage of the Doppler frequency 
only if the signal is somewhat idealized. The Doppler signal will, 
unfortunately, disappear as a result of some random event in the 
flow stream which is usually referred to as "drop-out". Additional 
difficulties arise in the selection of an appropriate setting of the 
bandpass filter and discriminator range. An increase in the dynamic 
range will result in an increase of noise and a loss of frequency- 
voltage resolution. 

The best solution to date for the demodulation of the Doppler 
signal is the frequency tracker. In this system the incoming fre¬ 
quency is compared'with a local oscillator. The resulting difference 
in frequency is then used as an error voltage in a servo loop which 
keeps the frequency of the voltage-controlled local oscillator very 
close to the incoming Doppler frequency. This system allows accurate 
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measurement of the Doppler frequency in apite of high signal-to- 
noise ratios and total loss of signal, both common to the Doppler 
signal. For these reasons, Disa has used this type of detection 
in its Laser system. 

A far more complex system is possible using an arrangement 
frequency counters, digital logic and a digital computer. This 

system in detail in other papers presented later in this conference. 
This technique seems justifiable in experiments where the scattering 
density must be extremely low and data reguarding the phenomena can 
be taken for extended periods of time. 

Figure 1 is a block diagram of Disa 55L20 Frequency Tracker. 
The Doppler signal from the -photodetector is amplified and band¬ 
pass filtered in the preamplifier »tage. The filter is automati¬ 
cally adjusted by the frequency range switch. The signal is then 
combined with the output of a voltage-controlled local oscillator 
in a mixer stage. The difference frequency appearing at the mixer 
output is narrow-band pass filtered and amplified by the I.F. stage 
to remove as much noise as possible, then passed through the Limiter 
in order to remove the amplitude fluctuations in the signal, and 
thence to a sensitive frequency discriminator. This provides a D.C. 
output voltage proportional to I.F. frequency deviation from a 
fixed center value f0; after suitable smoothing, with a long time 
constant, this voltage is fed back to the control input of the VCO. 
The result of the feedback is that, provided a suitable value of 
loop gain is chosen, the oscillator frequency tracks that of the 
Doppler signal maintaining a nearly constant difference equal to 
I.F. frequency. Thus, the VCO control voltage provides an electrical 
analogue of instantaneous Doppler frequency, and hence of flow velocity. 

The frequency discriminator consists of a second I.F. stage 
also tuned to f0 together with the Limiter and a Phase Comparator. 
(See Figure 2.) This second I.F. stage selects only the fundamental 
component of the rectangular waveforms delivered by the first Limiter. 
The circuit is arranged so that its output lags its input by 90° at 
resonance and by more at higher frequencies or less at lower fre¬ 
quencies, the phase lag approaching zero at low frequencies and 
lb0° at high frequencies. The Limiter in the discriminator generates 
a rectangular wave form of defined amplitude, similar to that from 
the first Limiter, and the Phase Comparator performs a simple ana¬ 
logue multiplication of the discriminator input and the second 
Limiter; its output is therefore a rectangular wave, fundamentally 
at twice the I.F. frequency, whose mark/space ratio varies with 
the phase difference of the inputs. The mean D.C. level of the 
output voltage is positive for I.F. frequencies below resonance, 
negative for frequencies above resonance and zero at resonance. 
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0^llat°r grates at a frequency higher than the Doppler 
•C3?!1' h amplified (non-inverted) VCO control voltage is then 
in Mie correct sense to give overall feedback, at least for rlow 
modulation of the Doppler frequency. 

Range switching is accomplished by switching the oscillator 
íwnqTepCV?nge slinultaneously with the resonant frequency of the 

I.F. filters and also, (for reasons which will appear), the 
capacitor value in the R-C integrator. (Table 1 gives the fre! 
luTli ran^es of fD. fose and also the value of f0, for each of 
^he seven ranges.) A voltage derived from the oscillator control 

a!ad!ate¿VPP if* t0 the Unit' Which has an outPut meter 
loltTal Í ï/" tern,S °f DOppler freq^ncy, and the same 

=n?9 13 available at two- parallel output sockets for oscillographic 
display and/or further processing. ->.uy^pnic 

bandw^rn/^ÍS.COTnÍent t0 be able t0 vary the acceptance bandwidth of the tracker, defined by the Q of the first I F suaae 
to suit different signal/noise conditions. The twin I.F.Vallow ' 
this to be done without altering the D.C. loop gain; it is, however 
necessary to vary the resistance value in the r!c integral sW?' 
taneously with the damping resistor in the first I.F. stage in order 

of al|níhln °Pt^Um transient loop characteristics. The total effect 
of all this is that, not surprisingly, narrow bandwidth settings of 

can fin« K® Q.;Lnevitably restrict the rate at which the tracker 
n follow a changing input frequency, and consequently the optimum 

ÍrÍmLT£L0f the trrker in a Practical situation is always a com! 
promise between speed of response and satisfactory rejection of 
noise. J 

There are two different types of bandwidth limitations, i.e. 
the small signal bandwidth and the large signal bandwidth. ’ 

The small signal bandwidth arises because the tracker acts as 
a low-pass filter. By measurements with simulated Doppler signals 
ix. is found that the measured values are about 1/3 below the theor- 

of0??* therefore, possible to state a conservative 
/ï V!? Vlgnal bandwidth' 10* of the first I.F.1 s band- 

ranges 
(In Table 2 is given the value of fcc for all the tracker 
and for two different bandwidth settings.) 

For the large signal response of the tracker, we consider the 
input Doppler frequency with a large sinusoidal modulation. This 
can be written as: 

f = f(3 (1 + k sin ui t) 

where 
104 



- mean Doppler frequency 

k = modulation index 

= modulation frequency (signal frequency) 

When the modulation is increased, one gets to a point where 

the phase comparator in Fig. 1 saturates. The signal from the 

phase comparator will have its maximum positive or negative value 

depending on in what direction the Doppler frequency is changing. 

The control voltage to the VCO, and thereby the frequency analog 

output, will be a positive or negative going ramp, the slope of 
which we will designate the Slew-Rate. 

• 

If we assume the above mentioned sinusoidal modulation, the 

maximum rate of change of the Doppler signal is the product of 

the mean Doppler frequency, the modulation constant and the modu¬ 
lation frequency. That is: 

ft I ,»*. = - <k> 

This rate of change shall be less than the one that can be obtained 

from the VCO when a ramp voltage of maximum Slew-Rate is imposed. 

If the modulation frequency is made bigger than the maximum, the 
demodulated output will first become triangular in shape; and if 
it is still increased, the tracker will go out of lock. (See Note 
#1 for details.) 

When there is noise in the input signal, and it is heavily 

amplitude modulated, as is the case for genuine Doppler signals 

the performance is derated. This has been tested with artificial 

Doppler signals. Derating factor as function of the signal-to- 
noise ratio is shown in Fig. 3. 

The amplitude modulation is 95% normal amplitude modulation, 
and the noise added is white, gaussian noise. 

It is seen that decreasing the signal-to-noise ratio increases 
the derating factor, and that an increase in the modulation constant 

also increases the derating factor. The quantitative values on the 

above figure are specific only for this one type of amplitude modu¬ 
lation. 

Normally any Doppler signal will contain drop-outs or short 

intervals when the signal level is insufficient. In general, 

there will be related periods when the l.F. signal also falls to 
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low levels and fails to trigger Limiter 1. When this happens, 
the product output of the Phase Comparator is always large and 
positive, giving a positive-going ramp of voltage on the capacitor 
of the T0-integrator, which may cause loss of lock by the time the 
Doppler signal amplitude recovers. To minimize the likelihood of 
this happening, a special drop-out circuit is incorporated which 
detects when the I.F. signal disappears and immediately isolates 
the integrating capacitor, by switching off a normally-conducting 
field effect transistor connected in series, The capacitor thus 
retains a voltage, equivalent to the last known value of Doppler 
frequency, until the signal reappears. A rectangular logic wave¬ 
form, generated simultaneously, is fed to an output socket, for 
gating external signal processing equipment. 

■Off 
f 

The circuit has been designed in such a way that the detector 
activates upon a loss of signal. It is not reactivated until a 
signal, with the appropriate period for the expected Doppler, 
appears. By detecting of the signal period, we have reduced the 
possibility of noise triggering the drop-out detector. 

Operation of the Tracker requires selecting the appropriate 
frequency range, preliminary manual tuning, using a panel control 
with che feedback loop opened by means of a panel switch.(See 
Figure 4.) When the Doppler frequency has been found, as indicated 
by the presence of an I.F. signal, the loop is closed and the tracker 
should then remain locked to the Doppler signal. If it does not, 
this may be because of inability to track a rapidly varying Doppler 
frequency, in which case a wider bandwidth setting should be used; 
on the other hand, it may be due to insufficient signal/noise ratio, 
in which case a narrower bandwidth should improve matters, unless 
the Doppler signal itself has excessive (ambiguity) bandwidth. 

The Disa tracker covers a total Doppler frequency range of 
2.5 KHz to 15 MHz. This total range is divided into 7 overlapping 
ranges within which the Doppler frequency is tracked automatically. 
Figure 5 shows the flow range as a function of scattering angle for 
a Helium-Neon laser (6328Ã). The standard optical unit 55L01 in 
the Disa system permits the selection of beam angles from 24° to 
1.7° corresponding to a flow range of 3mm per sec. to 320 meters 
per second with the He-Ne Laser. A practical experiment with 
oscillating water flc » was designed as a means of testing the 
performance of the total Laser Anemometer System. 

Normal tap water without any addition of scattering particles 
was pumped through a 13mm diameter glass tube in which a wedge- 
shaped body with a flat front was set up across the flow to generate 
,an oscillating flow by vortex shedding. (See Figure 6c). 



From previous measurements with hot film sensors we knew that 
the vortex shedding at the edge of the body creates an almost sinu¬ 
soidal velocity variation in the boundary layer on the front of the 
body even at high Reynolds numbers. 

The reference beam method was used with a scattering angle of 
12.6° and the boam was focused to a diameter of about 100 ju.m in 
their point of intersection. 

The velocity fluctuations were first measured in the axial 
direction of the tube between the wall and the vortex generating 
body. The D.C. coupled output directly from the Tracker is shown 
in Fig. 6 together with the.corresponding spectrum of the Doppler 
frequency. The vortex frequency appears as a 55 Hz oscillation with 
nigher frequency turbulence and noise superimposed. 

Measurements were then taken in the oscillating boundary layer 
in front of the body. The radial velocity was measured in a point 
0.3 mm from the surface of the body and 1 mm from the edge. The 
body itself was 3.1 mm wide. The measuring point was chosen out- 
aide the oscillation zone of the stagnation line in order to avoid 
reverse flow since the present Laser Anemometer is unable to in¬ 
dicate flow direction. 

The spectrum of the Doppler signal, which covers a frequency 
band of 50-220 KHz, ip shown in Figure 7(a), and the time variations 
of the Doppler frequency represented by the 100 Hz low-pass filtered 
output from the Frequency Tracker is shown in Figure 7(b). The 
75-500 KHz range of the Tracker was used in both cases, and in this 
particular boundary layer experiment, the Tracker was, therefore, 
operating close to the lower limit of the range. Figure 7(c) shows 
an example of the distortion of the velocity measurement, when the 
Doppler frequency sweeps below the range. In order tc make use of 
the full capability of .e Tracker to track frequency variations of 
_ 70% about the mean, one may shift the Doppler frequency by beating 
it with a local oscillator or by changing the scattering angle, 
thereby shifting the center of the Doppler frequency in one of the 
operating ranges of the Tracker. 

To check the function of the drop-out detection facility, a 
series of measurements were taken in an oscillating air flow. The 
oscillations were generated as edge tone vortices and the flow was 
seeded with an Ammonium Chloride fume (particle diameter 0.1 - 
3 ¿4 m) , (3). The optical unit was operated in the fringe differential 
mods with a conversion factor of 0.50 MHz per m/sec. an«.1 the scattering 
volume was measured to be approximately 100 m m. 
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Figure 8 presentís the output signal from the frequency tracker 
for different sensitivity settings of the Limiter. In (a), the 
sensitivity is so high that the tracker will track an electronic 
noise during short periods of low signal to noise ratio and in (d), 
the sensitivity is so low that only the large amplitude Doppler 
signal bursts are detected. (b) and (c) correspond to intermediate 
sensitivity settings. 

The Tracker thus provides the user with a comparatively simple 
system which will permit measurements in various applications in 
research and industry. The entire system permits the researcher 
to cope with various measuring problems and adds to his arsenal of 
measuring equipment. 
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Fig.2 Block Diagram of The Frequency Discriminator of 

55L20 Doppler Signal Processor 

56L20 Dooptor Signal Procawor 

Fig. 4 
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TAULE 1 

Rrtnye £. 
d 

1 2.25 - 15 KHz 

2 8 - 50 KHz 

3 2.5 - 150 .KHz 

4 80 - 500 KHz 

5 0.225- 1.5 KHz 

6 0.8-5 MHz 

7 2.25 - 15 MHz 

1.5 KHz 

5 KHz 

15 KHz 

50 KHz 

150 KHz 

• 500 KHz 

1.5 KHz 

TABLE 2. 

4 

13 

40 

130 

0.4 

1.3 

4 

Range 

%BW ISKHz 50KHZ 

8 0.133 0.4*5 

V/msec V/msec 

0.5 6.65 , 0.022 

V/msoc V/msec 

pco' the small signal 
settings. 

TABLE 3. 

Range 

*BW 15KHz 50KHZ 

8 116Hz 388Hz 

0.5 5.8Hz 19Hz 

150KHZ 500KHZ 1.5MHz 

1*33 4.45 13.3 

V/msec V/msec V/msec 

0.066 0.22 0.665 

V/msec V/mscc V/msec 

bandwidth at different ranges 

150KHz 500KHZ 1.5MHz 

1.16KHZ 3.88KHZ 11.6KHZ 

58 Hz 193 Hz 580 Hz 

*06C 

- 16.5 KHz 

- 55 KHz 

- 165 KHz 

- 550 KHz 

1.65 MHz 

5.5 MHz 

- 16.5 MHz 

5MHz 15MHz 

44.5 133 

V/msec V/msec 

2.32 6.65 

V/msec V/msec 

and bandwidth 

5MHz 15MHz 

38.8KHZ 116KHZ 

1.93KHZ S.8KHZ 
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NOTE #1 

The following is a derivation of the values shown in Table 3: 

If we assume the above mentioned sinusoidal modulation, 
rate of change of the Doppler signa.’, is:' 

the maximum 

dt/ max 
fd k 

from the6vrn Sha11 bß leSS than the one there can be obtained 
rom the VCO when a ramp voltage of maximum Slew-Rate is imposed. 

X • 6 • • 

fd ^ 

F max 
^vco (Slew-Rate) 

= ^vco (Slew—Rate) 

where kvco - V.C.O. control constant in Hz/Volt. If the modulation 

frequency is made bigger than f , the demodulated output will 

Snd if iC iS ‘—a the 

The theoretical value of the Slew-Rate is given by 

Slew-Rate = 0.6 f a f y, 

kvco 

By measurements on simulated Doppler signals, it is 

Slew-Rate is better than 2/3 the theoretical value, 

gram is given the maximum modulation frequency f 

k = 0.1. For another value of k, say k , f "'is 

f max “ ^max (0*1)• 

k 

found that the 

On the nomo- 

for a modulation 
given by 

In table 3 is given the Slew-Rate for all the 
for two different bandwidths. 

tracker ranges. and 
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DISCUSSION 

MEYERS: What is the signal-to-noise requirement for tracking? 

.v.r „r„ 231“: “e've success«)y tracked signals with just a little 
over zero db signal/noise ratio. 

MEYERS: What was the bandwidth? 

the spectrfí?:the°Souê? ^ ^ ba"<lw1dth the tracker or “"«t was 

noise bandwidth^1 IF bandw1dth of)°uir discriminator controls the 

width. 
SMID: We set that on the minimum. That would be 1/2% band- 

range. 

MEYERS: What was the measurable deviation of doppler frequency? 

SMID: It's plus or minus 70% if you are in the center of the 

MEYERS: What is the modulation rate possible? 

SMID: I tried to point out that for small signal turbulence 
you can go up to well in excess of 100 KHZ. Your large signal response 

Jltail*™ S&U2 me °f the traClter- Th,s U «escribir 

MEYERS: What is the duty cycle required? 

SMID: You mean the time of the burst? 

- «. MEYERS: Duty cycle, the way I define it, is the percentage 
of time that you have a doppler signal versus the time that you do Sot. 

SMiD: If you define it that way, it will track the small 
bursts that you gt if you had, let's say, 99% dropout. We have a dropout 

percent Panel WhÍCh 1nd1cates the relative time of dropouMn 

h..rC* fha*MrERS: !n 0ther you're say1n9 that if y°u got a data 

andSstillthold0?ock?CrOSeCOnd °n9' y°U Can be °ff n1nety-n1ne microseconds 
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«rnnH nr- mînîeJî J111 îh® doppler signal in that one micro¬ 
second or millisecond and hold it for the next ninety-nine until the 

S 9üaLr!appears' *t,s not t0° far a«ay from the last value, it will pick that up. 

MEYERS: 
your tracker will 
noise spike. 

So you're saying that if your duty cycle goes down 
hold the last known value and not drift off to a 

SMID: Right. 

DUNNING: Jim forgot to ask the most important and obvious 
question - what is the price? 

SMID: Well the traJcer costs just a little undtr $7,000. 

CROSSWY: Could you comment on the relationship between the 
dropout percentage and the resultant accuracy in frequency range of a 
power spectrum measurements which you track. I realize this is sort of 

that. 
SMID: I wouldn't care to comment on that. We haven't checked 

CROSSWY: Would your literature answer this question? 

SMID: It will start to. It won't give you the total answer. 

GEORGE: You make a comment that the frequency tracker will 
respond to turbulent fluctuations up to 100 KHz. I would correct that, 
it will respond to fluctuations in the doppler frequencies up to 100 
kilocycles. I don't think anyone would contení that there is measurable 
turbulence at that frequency. Certainly it is well obscured in doppler 

SMID: The reason I say it's in excess of 100 KHz is because 
we have developed a doppler signal simulator in which we have noise and 
then we can amplitude modulate some signal with the noise on it. 

: risk a question. As I understand you said 
when 3 burst comes through on the tracker, you have a gated system. When 
the burst comes through it tracks during the burst and then retains the 
value. Essentially you have a track and hold. Does it merely retain 
the voltage or does your voltage controlled oscillator remember the 
last frequency? 

SMID: What happens is when the dropout sensor detects dropout, 
we have a gate (in reality a FET) which opens the circuit to this capaci¬ 
tor integrator which then holds the control voltage :o the VCD. What 
happens is that the VCD stays at the same frequency ¡t was, because the 
controlling voltage is still the same. 
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WELCH: It 
the VCO Is set up In 
error condition. By 
the prior frequency, 
other frequency. 

appears to me that. If you hold the prior voltage, 
such a way that It would drive the Input to zero 
holding this prior voltage rather than remembering 
what you might be doing Is driving It off to some 

SMID: We are opening the loop, so there Is no net change. 

WELCH: OK, so you're letting It free run at Its last frequency. 

SMIO: Right. The error voltage Is not then red through the 

- WELCH: OK, so you take It oit, there Is no voltage going In and 

KÄi r'Ä"“th,s s'st“ ^ 

s . . SMID: Ves It has. There have been quite a few experiments in 
IenHlSÏÏetMâSUrem?ntS‘ 1°”* °f th* exPer1ments that Dr. Whitelaw mentioned this morning used the tracker. 

which vou J’0 :ik* î° several P01"15- The bandwidth, track, 1* no good anyway once the probability of negative 
thl^ íht Sü UM!nJSSS y®? ve 90tk some kind of frequency shifting on 
s^íhiíí ÎÎ turbulence Intensity you can measure Is 
ÎÏÏÜth T? 11ke 30*: The second p°1nt <s on dropout. This Is a personal 
ïthïr ti*rirlery ï2h;Ppy tracking with dropout with this tracker or any 
fím ♦•Thdt S p?rt]y Pr*Jodice. My unhappiness doesn't sten/ 
ís°T ?ÎÎÎÎ;9hÜÎ ^«o/eioclty, but rather these rms quantities. There 
if I ¿el ï Plck “P as19nal and a ^nite time to lose the signal, 
eníí 00t at hat haPP*ns with the tracker we made ourselves we find 
IÎomÎ TJ! Â*0 p1îk “p th* '¡S"*1- These «Dntribute to the rms 
„f"îlî soTS*" «'"Pout becomes significant I'm dubious about the 
rî3U!î?* The th1rd point 1 "OO^ »"ake is one that applies to all trackers 
and this one too. There aren't any Idiots here, but If you think iZ ctn 
y to “«.«.tTecker successfully, you're wrong. One of my goíS Ph 0. 
students used this Instrument to measure the turbulence Intensity down 

the centerline of a jet and got ridiculous results. The point Is It's 
that Slírí0 tMCk/ n0lSe s1snal unl®ss you know what you're doing. But 
lerl happy’wlth lt5 * ^ -0nven1ent 1nstr«*^ to use and we ha?e been 

were the cSVoí^ «l«l]o“ y0,,r ” freqUenCy ,S *"d what 

from 1 *; fieiI|T fre<luency 1s a function of the range. It varies 
rrilii? ï ° /ï® l®***51/*"9« t0 1-5 MHz on the highest range. The 
criteria we used In the selection was that you wanted a freauenev which 

WOÄ allow you to operate your VCO In a suitable range - al« ÎSe Baron¬ 
es. Of course, the time lag or the frequency response of the tracker as 

121 



better^t^the rl^Z U ^ 

or tole- 
frequency of the VCO, then when Joi. ^J1 d6Cay toward the fr^ running’ 
ways be off due to the fact thîÆ.T ^! mean vel°c1ty you should al¬ 
ten with a clipper, for example* i? Whe" ^u have i sys- 
For fnstan«. If your u °",y ?ne 
when it drops out the system win 0W theLfree running frequency 
frequency and your averÎqe^ï<^îV° back t0 the free ruSi 
was curious. With your ?yc?fm Xn ^equency will always be high Î 
drops out or do youyZeTnteRC filter?*"631^ hCld 14 ^ ^eadfwhen it 

SMID: Yes. 
We hold the last known value steady. 

case is an integrator if ?f^track and hold which in your 
depending on what kind offfíequeníymí«men that ^aPacitor can be^hanged 
inXîk înï hold does have a droop in itSP Thf Í°U desire- Normally 
^dieted that It did not have dcop.^r^Je^lV^^Edwards 

»IO-' Ves. It has a droop, but with a very long decay time. 

>ong time toZe 

Ä^-an?a"^ fr 

»»,1. ASHER: In 0ther wrds- leakage off that capacitor is very 

with normal dropoutfyvc™are not goina'tn1« sca,e you're talking about 
As soon as that FET conducU. you have th" dri„a?yt,,1n9 of the decay. ' 
nator. ^ you nave th« driving power of the discrimi- 
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AN AUTOMATIC DATA PROCESSING SYSTEM FOR LASER ANEMOMETERS 

H. D. vom Stein 

and 
H. J. Pfeifer 

Institut Franco-Allemand 

de Recherches de St. Louis 

St. Louis, France 

A new data evaluation procedure will be described. It Is 
based on the usage of two counters and a data processor and It allows 
to determine the mean velocity value and Its fluctuations. Beside the 
higher accuracy compared with the data acquisition procedures known so 
far it 1s well suited for small particle densities and extremely small 
turbulence degrees. 

During recent years laser veloclmeters have been used 
extensively for turbulence studies 1n gas and liquid flows (1, 2, 3). 
The reasons are the complete absence of flow disturbances, the high 
temporal and spatial resolution as well as the possibility of ap¬ 
plying these methods at high temperatures and at vélocités of hundreds 
of meters per second. At low particle density and extremely small 
turbulence degrees, all the different kinds of laser anemometry suf- 
fured from the disadvantage that data acquisition and evaluation was 
too time consuming or Inaccurate. In this paper an automatic data 
processing system will be described which enables us to overcome 
these difficulties. One of the advantages of this technique Is that 
the natural Impurities present 1n many flow fields serve as scattering 
particles. Thus the selection of an artlflcal tracer material and a 
method of entrainment 1n the flow field can be avoided. 
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.m mmm - 

In order to demonstrate the ranges of aonl iratinn 

dMaWratf0**3 proc®s5in9 system the so called doppler difference or 
L C\tter1n? meîh?d wa^ used which. for better understanding will 

reVird This Procedure is based on the frLencl 
coherent electromagnetic waves scattered or reflected bv 

Srd?Ia ?lUL^ -Íe deteCtor w':n be a ve^ acc^äte measure of veîlcUv 
^ velocity measurement in flow fields, the CW laser serves as y' 

scatterJgncent£s ^ ^11 particles imbedded in the flow field as 

0n,„-uaia +Wltj the aid of an opfio31 interferometer, a completely 
can be aiîpn ^en,more simPl? explanation of this measuring procedure 
can be given. The beam emanating from a high power laser is sol it uo 
by means of a Köster prism into two parts intersecting each other in 

frinne?SUrrh9 PU6 to the mutual coherence they form parallel 
fringes. The relation between the separation of the fringes D and the 
angle of intersection 2ß and the laser wavelength a is given bv the 
simple formula D = a/2 sin 0. The particle passing ihroigh the fringe 
system becomes bright and dark according to its position In conse-9 

freguencv Pho^od®Ject;r picks |¡p a burst from each tracer involving a 
theqfHnLrD l ?61n9 the velocity component perpendicular to 
the fringes. The useful number of cycles in each burst is determined 

signSie-toU-noisefraft1on9eS °f Ínten5Íty high 3nough to 9uara^ee sufficient 

Many efforts have been made to define an optimum evaluation 
procedure for these bursts. In this connection the following points are 

fhn°ted*K AS accuracy of the electronic data processing Aereases 
ã L ?hiT 0f fnn9?s• 1î is "e«ssa--y t» produce as many f^ges 
as possible. Moreover, in order to avoid too high values of the doooler 
^r®9u®ney (and thus expensive electronic equipment) the fringe distance 
should be adapted to the interesting velocity range according to the 

s2UsiÍIn tRat Pvpñ f°n î-eh°îheP îand the obser,vation volume^hould be 
variatinnwiLi hí9h turbuleice degrees, no perceptible velocity 
nf ilth+Í Íhl-S VOlume occurs' Under the condition that the time 
of flTght in the fringe system for each particle is short enough the 

cTnni!)yhW1Hh!n each b^rst is constant, and the velocity fluctuation 
can only be determined by a great number of particles. Up to now, 
many different data processing methods have been used in the doppler 
thíffrnCe-meth0d whí?h* without going into detail, may be divided in 
the foUowing way First, the frequency of the signal is picked up 

and the S19na! is directly sent to a frequency 
constant!6 thl freqtu^y analyzf[ 0)- In spite of the long time 
constants, these methods are well suited for the acquisition of the 
mean velocity value and its fluctuation. They require, however, a very 

Ïh2îpfnrî1ïle COn5?ntraîio[î in order t0 9et a continuous signal and 
therefore the seeding of the flow field with tracers is necessary. 
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Additionally, due to the possible destructive Interference when 
are ^¡multaneously present in the measurement volume, 

the signal-to-noise ratio can be diminished. 

nx-i.»» it se^on<* method, mainly developed for low particle density 
primarily determines not the frequency of the signal, but the time ^ 
interval between equal phase points. This can be done by examining an 
oïrn wn9 the í°9pler d1ffer*ence signal by means of an image retaining 
funíílnn^f6;* ThiS procedure has the Vantage that the signal asa 9 
thït on îhn lme ían^be c?ntrolled- By th1s method n Is guaranteed 
that, on the one hand, only particles producing a good signal-to-noise 

siîlaurchlnf Ude? ÍKitheuresult and’ on the other band, that all 
in?orÍLSh0WÍn9íVÍSÍb e*phase discontinuities due to destructive 
™nMc^eni85 ^several particles may be excluded. To improvl the 
nrnîlHt1Cated 3nd ext®ns1ve evaluation method, a semi-automatic data 

WaS proposed;. Here the time interval for a given number of 

Dossîhiî?tüenfUred< ^ThlS Can be d0ne w1th a11 counters offering the 
Í peri0d ^sûrement. To obtain maximum accuracy, the 

acSSis1tioSyofeîowU!î beiaf hl9? aS P°ss1ble- In order to minimize the 
rSJho .lowusi9nal-to-no1se ratio data a certain trigger level 

sian^i Hwd'h ï°!ÎeV?r the automatic decision is carried out if the 
1s.disturbed by destructive Interference. In addition, under 

arfíírín*CÍrC!íSitanCefíithe time e1ement between successive bursts from 
adjacent particles will be Included in the indicated value. Thus iï 

taininn^Hii0 monit°r th® doppler difference signal on an image re- 
counter.°SC1 0SC0PC t09ether with the start and stop pulse of the 

anH A but analo9-digital device is described by Iten 
and mastner (7). Here the probability of false data is diminished 
because only the time interval of one cycle with a good signal-to-noise 

J^aTT1- Buî’ nevertbeless, all of these methods suîfSr 
from the disadvantages that either they are time consuming or 

The methnriCT ¿?ii0t suffícient for extremely small turbulence degrees. 
I"® Jeth°d 1 will present now overcomes these difficulties. It is 
based on the second above mentioned method - the period measurement of 

XeaLTbrn0f Cyï,es 1n the burst of a a'"9lePparî?cïe 
alse data, two counters are used which are triggered successively or 

at the same Instant. The first method is illustrated in Figure 2. 

,.. _ ^ this case the two counters determine consecutively the 
periods Ti for nj and T„ for n« cycles respectively. The criteria 

rSiîîîn 1s Pr^cessed or not, is the validity of the 
elation writttn here n^/T, = no/T«. In the upper part of this the 

calculated signal of a single partfcle is sketched. In this case this 
formula 1s strictly fulfilled. For the signal In the lower pan lí 
has been assumed that two particles are moving at the same velocity onlv 
separated from each other by approximately half the fringe system dia- y 

ÏÏÎ!fi*a*DÎJe í° tbe rffultin9 1:111,6 difference At, this value may be 
eliminated, for in this case, this condition is not fulfilled. 
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The same condition as indicated here holds also when both 
counters are triggered at the sa™ Instant, and are sto ped after í, 

eS As a result of this logic decision it }s 
possible, in contrast to most of the other methods of evaluation to 

vêïocitv îalS l ' CyC,?hS of ?urst fe dltliñuiJÍ’of’oíe 

counters concerning the count Llguity the timabas! tabifftv 
dossÍS?. ?^r err0r’ 3 ri90rous aPP”cation of ?h1s Ration Is’not 
ÎScnwî* 1 at *ea?f a certain deviation equal to njn, - T°/T the 
absolute value of which is termed e must be admitted^hfch in inv 

ible“ »d?™ mer„fr tJe,expected ve1o<:1ty variation. A* * 
p“l 'D!e I!0" diagram of our data acquisition and processino svstan K 
shown in Figure 3. The signal from the photodetector is f£d intn^ 

hoists ¡¡"?h S hiSh iîanïïaIiilîra9erea 9Jte' ™s assures tha» »"ly nïcc Z ;:n * n1?, s19nal amplitude and thus good siqnal-to-noise ratin 

flSans°l ^respect! veïyCâl TheSe ~ ^ Ä“'0 

the differiüt^/ü“! TÍí ^ di?ita1 sorter de9ides if ™<lulus of 
value of e. If th?s is^rue thecal up1 nf*1? 1$ smaller tlian the chose 
processor and independently,’if the condition nS/nCCePre/Tby thp ?3ta 
or not, the digita? sorte/íese^boÍS^S^r^ío^síall^n^ c^íí!160 

values of ^¡n^r aIS °fA îhe fringe seParat1on (the value D) and the 
values of elch 2arliïïp îh process?r finally calculates the velocity 

standard'deviation,1 the*histogram ^ °f Part1C,eS’ the 

been applied % ÎÂirltÂ^.'^lïïrîJ ^fh??s 
f ! Unfortunately, the interfac¿ between the two counters and 

3 9 îa was not yet available to us, so that the data f?Sm 
eh *ta display of the counter were fed into the digital sorter 

y and. A small nozzle (diameter of 35 mm) produced an air jet with 
mean velocity to 16 meters per second. Just at the exiî of ?he Joz- 

a efiiometPr3]« °L?e fluctuation measured with the hot wire 
beïow l^ilíhprt^^'rh^6 fre^ency spectrum of the turbulence was 
nfc?* 1 1 ert?\ The velocity of a great number of micron sized 
dust particles, imbedded in the air jet (natural impurities) was 
a cTïrnnnSÎ6 Point with the laser anemometer. As a light source 
Thp H?r90; r*u1th 3 power of watt at 488 nanometers wai used 
Ihont^n6'?1" °f îhe tW0 laser beams was about 1 'To1* the fringe distance 
about 50 micrometers, and the observation volume was limited to about 

oTh^ ¥ TCanS 0f.tt,e ^ Arming systTo? Ihe d¿í«t“. oïe 
frequency characteristics of the flow, it is safe to con- 

t me of fHahtPofCîhoablet-aiiatî0n of the vel°city occurs during the 
.. flight of the particles in the fringe system. Accordino to 
the mean velocity of 16 m/s and the size ofthe frirme Astern thP 

tw^counters hjjfî £he part1cle! was about microsecond^. The two counters hâve a time accuracy of about .02 microseconds Corrp* 
ponding to these values the precision is mainly Influenced by the 
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signal-to-nolse ratio and the quality of the optical fringe system. 

In order to improve the signal-to-noise ratio, and to 
minimize the trigger errors of the counter, the scheme of Figure 4 is 
used. The signal at the output of the photodetector consists of 
amplitude modulated bursts according to the Gaussian intensity distri¬ 
bution of the two laser beams. 

After the filter, the dc component is rejected resulting in 
a signal symmetrical to the zero line. By means of the trigger level 
(of the gate) only signals with amplitudes at least 25 db above noise 
level entered the counters. 

The influence of the low frequency amplitude modulation 
can be reduced by measuring the time interval between 10 and 20 zero 
axis crossings respectively. As a result of the error in trigger 
level caused by the signal-to-nolse ratio, the corresponding time 
error is less than .1% for signals free of destructive interferences. 

An accurate measurement of the error arising from a possible 
distortion of the fringe system is very difficult. To get an idea of 
the upper limit of distortion the fringe system was enlarged by means 
of an objective to a diameter of about 20 centimeters. Even with this 
additional optical component, the error in reading maximum variation 
of the fringe separation is less than .2%. As stated, for a data 
acquisition and processing example, the second method I described was 
used. That means both counters were triggered at the same instant. 
The first one measures the time period for 10 cycles of the doppler 
difference signal and the second one for 20 cycles. From a total num¬ 
ber of 135 values, first of all, only those were selected for which 
ni/ru and T,^ differ by an amount of less than .1%. The velocity 
variation calculated from the forty-six values fulfilling this condi¬ 
tion was .34% and in good agreement with the above mentioned hot wire 
results. Now allowing a maximum deviation of the value e of 35% 
between the difference of the two coefficients, the velocity fluctua¬ 
tion calculated on the basis of 103 values was .38%. 

In order to illustrate this procedure, the doppler difference 
signal together with the stop pulse of the second counter is shown in 
Figure 5. In the upper part of this figure, the deviation of both 
quotients with respect to each other was .2%, whereas it was for the 
disturbed signal in the lower part 5.4%. That means this signal has 
to be neglected and the first signal can be used with a certain value 
e of let's say .3%. 

With the same wind tunnel, turbulence degrees up to 10% have 
been measured with the same good agreement between the laser and the 
hot wire anemometer. You will see some values in Figure 6. In this 
case the double counting method has been used at different points of 
the flow field indicated here as x and y. An extension of this data 
processing system to higher velocity values than reported with this 
example can be carried out without difficulty by the proper choice of 
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counters with higher resolution and by adapting the frinae distanrp anri 
observation volume to the interesting velocity range. Provided that d 
the interface between counters and digital sorters are available 
complete automatic data processing will be possible. To get an ’ 
™!a î1"1® pessary to measure, in this case, the mean velocity 
and the standard deviation, a particle density of about 1 per milli- 
meter cubed may be assumed. If the measuring volume is a cube of 1 

Tnl Jüet?r 3 !1de 3nd the flow velocity is 10 meters per second, then 
If Qn2PPJerhburSîS are ®Xailab1e Per second. Even with a drop out rate 

90% °f *he values, 103 doppler bursts will be picked up per second 
Thus all the substantial conditions will be fulfilled in order to im¬ 
prove the doppler difference method as an operational instrument for 
turbulence measurement. 

While other instrumentation systems have been employed for 
the came purpose, the system described here offers a particular 
advantage of eliminating false data by using a direct comparison of 
two independent time Intervals in a single burst. Because very low 
values can be selected for e, even in the case of turbulent flow, the 
accuracy of the system described here is very high. 
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DISCUSSION 

LAWRENCE: With regard to your statement that the laser 
flowmeter does not effect the flow, I'd like to point out a recent 
Scientific American article on the pressure of laser light on a small 
particle. I'm just wondering about the amount of time that particle 
can stay in that beam without getting some impulse. 

VOM STEIN: Yes, we have done some estimations. I think 
our observation volume is larger than the one quoted here. We have 
about one millimeter cube and a 1.4 watt laser. From our estimations, 
there is no influence due to the laser light on the small particles. 

MEYERS: Our measurement volume is about 0.6 x 2 millimeters. 
We calculate that due to radiation pressure you get a 0.003 percent 
velocity change and the change is not in the direction that you are 
measuring. 

VOM STEIN: Yes. Its perpendicular to the direction where 
you measure the flow velocity. 
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THE APPLICATION OF PHOTON-CORRELATION 

SPECTROSCOPY TO LASER DOPPLER VELOCIMETRY 

E. R. Pike 

RRE Malvern, England 

The Royal Radar Establishment has kept a very active watch on 
ä Potentlal radar devke since its inve"ïon Soie than a 

decide ago. In very early studies we came to grips with the oroblems of 
^°nh!¡r1C propa9^lon* ^turned signal power, heterodyne performance 
and photon noise effects. It was clear that rial applications iHh2 

^vSílaMS a^^r^ü' ani mre frequency uabie laseis ïian 
were available at that time and work was therefore confined to the 
laboratory for some years. A fundamental programme was started in 1964 

o characterise and investigate the noise properties of laser and other 

of9ÎÎi.rcü,CeS* part1cularly the most Perfect, coherent, gas lasers which 
of course, come closest to an ideal radar transmitter. * 

The first fruits of this work, reported in Puerto Rim in 

arnEï^n^d.Îhe b*9inn!n9 of an era wh1^ fist ldëin eleaioiScs was 
processin? of ]19ht signals in the form of statistical 

analysis of photon counting distributions. 

_4 , u this early work the quantity of interest was the so called 
single photon-counting distribution, that is the frequency histogram of 

f?fi!îUm^Tu p^°^0ns detected in a fixed time at a point in the radiation 
Tho e* Tîe of an optical detector is Illustrated in Figure 1 
d Ä *°?ent °r the.related relative variance of the photon counting 

blam b ÍS a commonly used measure of tha noise on a steady radiation 

K * ■ JF?r a Perfect laser the theoretical distribution is Poissonian 
but we had to wait until the development of small, single-mode stablp 
Users around this time before this theoretical peÆnce was’aDoíSii- 
rwted satisfactorily in practice with a real laser (Saía Phvsi?s 1191 
On the other hand, an Ideally incoherent or "Gaussian" source gives rise 
to a geometric, rather than Poisson, distribution with correspondingly 
^9her noise. The theory was developed for arbitrary light fields also 

«Jî Ln'ÎÏÏ’ mai",y by ?,íuber at ^vard, and we reported slmfaa^y 
experimental agreement with the theory up to the sixth moments fnr ^ 
laser and Gaussian light (produced by randomly scattering laser light) in 



;(2) Paris in 1966 With the situation with regard to the single probabil¬ 
ity distributions of fluctuations in good shape, we moved on to the 
problem of the spectral analysis of general optical signals, which is one 
concerned with the correlation of photon-counting fluctuations at 
different times. This is Illustrated in Figure 2. The statistical and 
spectral properties of scattered laser light were of dominating interest 
and our theoretical and practical knowledge of Gaussian light in 
particular led us to look forward to a whole new field of photon-corre¬ 
lation spectroscopy in which optical studies of phenomena in the fre¬ 
quency range below 108Hz would provide a means of analysis quite un¬ 
available previously. An idea of the scope of the new techniques and 
t.,e relationship to other techniques is given in Figure 3. 

Of course, we were not alone in realizing the potential appli¬ 
cations of laser scattering spectroscopy and, among others well-known 
groups at Johns Hopkins, M.I.T., and Columbia were making rapid progress. 
With our background in statistical processing, however, our own approach 
was somewhat different from that of these other groups in its emphasis 
on the digital nature of the optical signal or photon flux and the 
consequences of this for signal processing arrangements. 

If one considers the general problem of signal processing one 
may identify four distinct major methods of spectral analysis. These 
are the combinations of single channel or parallel channel processing 
in the frequency or time domains. See Table 1 (Frequency tracking would 
fall somewhere between single and (arallel channel processing in the 
frequency domain.) 

X. Domain 

Type 

Time Frequency 

Single 

channel 

Delayed 

coincidence 

Wave 

Analyser 

Parallel 

Channels 
Autocorrelator 

— 

Bank of 

fi1ters 

TABLE 1 Different spectral analysis 
techniques which can be applied to the 
photodetector output signal. 
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The full parallel channel methods are clearly superior in infor¬ 
mation usage. The bank of filters is not as flexible or convenient as one 
would like although it can be effective for single purpose instruments on 
occasion. The parallel correlation is, therefore, of particular interest. 

To implement parallel correlation of the train of photon pulses 
constituting an optical signal in principle requires multiplying integers 
in real tir.ie and storing. We require to construct the function 

(t) c < n (t) n (o) > 

where n(t) is the number of photons detected in a fixed time T, small 
compared with the Inverse bandwidths of Interest. Such a real-time 
computer would be limited in its highest frequency performance and 
would be expensive. Fortunately, we have been able to overcome these 
practical problems by making use of known results of radar theory and 
transposing them into optics. It was shown, in fact, by Van Vleck and 
Middleton in 1943'*; that a Gaussian radar signal may be processed by 
hard limiting or "clipping" and autocorrelating the remaining zero- 
crossing positions. T.t. multiplications now involve only single bits 
and may be performed with simple gate circuits. In radar this is known 
as one-bit correlation. The corresponding theorums in optical signal 
processing have been developed by Dr. Jakeman and myself at RREV , 
taking advantage also of £he digital nature of the photons. We find 
that, for Instance, if the signal n(t) is represented by a clipped 
signal n (t) which 1- one zero accordingly as n is above or below its 
mean valfie, then the cross correlation of this clipped signal with the 
original gives a true representation of the spectrum. Such "single- 
clipped" correlation is illustrated tt Fig.,4» The formula for the 
single-clipped autocorrelation function is'4' 

9^(t) 1 + 
1 ♦ k 
l+<n> 9^(t) 2 

where <n> is the mean count rate, k the clipping level, a ? (x) the 
normalised Intensity or photon correlation function and guy(x) the 
optical correlation function or field spectrum. 

The hardware necessary for such processing is very simple in 
concept, although still expensive if very fast real time operation is 
required. A block diagram is shown in Figure 5. Our method has been 
widely adopted and correlators for this type have been constructed, 
working at various speeds, for instance at the Ecole Normale, NYU, Johns 
Hopkins, Harvard, MIT, and Columbia. A commercial version is now avail¬ 
able and has been installed in various laboratories, Including several 
British Universities and also two laboratories in Israel. 
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This optimum method JfRop^ah scattering0^"111^311003^• 
impact to date In the fields of R®y 9 undergoing Brownian motion. 
flSids and from solutions ofumacro,!ol^ul^ X%of the optical signals 
It is perfectly íPPjlf^pid O^ iriginal iíteíest in LDV dates back 
which arise in the LDV ^e^: uarWell9in 1967 which has led to the 
to our collaboration with ÄERE Harwell ^ i described at this meeting. 

rr.rvCeUrirttÄ -r0«te:htlCohn to the use of photon-correUtion 

measurements in LDV. 

To determine the s^dy^^^onK^lS^olUboration 
this field we have made an experimental study,., ln wh1ch a Malvern 
^ K7023°CorTeíator^wa^compared wUh three othe^methodsjf signal 

=1¾ simple'wave^analysert^The s1gn,rwas derived from an onseeded 

air flow, in a rectangular duct. 
In an Initial expend with lOmW »f ^CdUser^ower using 

f 2.8 optics in backscatter at one meter th f,ve aoppler cycles, 
individual photons arrlvlng at a rate 0 ler frequency was 0.5MHz 
An oscillogram Is shown In Figure 6. could be obtained in 

one1"second!^The ‘co^a^olTunct^n ?s9shown In Figure 7. 

This signal level w« Insufficient ^^STcaSer6 Thet 
to operate and so the same mlthodPfailed to give satisfactory 
2.8 lens was stopped down e his con(iition were recorded. The 
performance and the photon not straightforward and we are 
exact evaluation of the ®xperi^ conclusions, however, can be 
still studying the r®Jult^;niIÏÏ® ®0¡nter is only suitable for very high 
stated roughly that the required, the wave analyser 
signal strengths if accurate results are m analysis time and the 
requires either high signal strengths or 1°J|se ^ still required 
frequency tracker was magnitude larger than the 
signal strengths some one °rt^0c°^ercially available analogue signal 
photon correlator. None of the commercia^y ir this experiment 
correlators available (e.g. HP, saico ; frequencies and 
bSt these ere reel ‘’'“/fïH^ much cheÎp^weve iralyser; In other 
would give results similar to mu one p ^ SOT(e tw0 orders of 
magnltude^lowei^than0the“FtólvernfInstrument in the higher frequency 

region. . . 

A description of our own freq“®J£ylaterkin this conference, 
discussion of our C02 laser anemometry work later in 

To conclude, Photon. ^erfthrfïeqSeicies^rfwithin 

Urrinr^^Â^t mcdern electronics this should be sufflclen 
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for all flows encountered In practice save perhaps for the hlah suoer- 
sonlc regime. The Fabry-Perot Interferometer will then be the best 

íünírUI!^nt t0 US<\ Î Special Projects Division at RAE Farnborough is 
conduct ng research Into LDV Instrumentation of their wind tunnels with 
our collaboration and a major objective In the near future will bl to 
decide at what velocities unseeded backscatter LDV should be perfoníed 

beamapow¡rsr0t ^ by Ph°t0n correlation‘ Qlven existing laser 
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Mt) PHOTODETECTIONS 

nT(t) 

Autocorrelation function of nj(t) is 

COUNTS 

oajt) nT(n> 
«(2,(»-t') = <nT(t)>^ 

For Gaussian statistics 

fl<2,(t.t') = 1 ♦ g*1,(t.t') 
2 

(Siegert) 

Figure 2 Correlation of photon counting fluctuations 
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Figure 4. Single clipped photon correlation 
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MR 
---- 

discussion 

the Hewlett-Packard a^belnq^n^nííín ÍÜ J6^1 oology. You refer to 
that It takes an analog input One sti?lVhpfiand 1 *ssume y°u mean 
Is proportional to the number of nhntíl! believes that the current 
really say it was a m * Photons per second. Couldn't you 
thinkwaYt e íe^us¡díS Q? 
correlator. the dec1si°n level in your one bit 

take the ,¾ «»"erent. One would have to 

EDWARDS: The SAICOR for instance digitizes. 

need to goPfrom theSinpîtys1qnaltlZeThP h" b?Ck end* In fact y°u 
that it is digital It's nn? fw,’ Ibe ^eauty the optical signal is 
which accepts volt¿ and then tu™ î^iSt^pîîs«! U Ínt0 9 deVÍCe 

tnat they haí^^s'deilgne^to'do'exact!^whît des19ner an<l in tact one 
They don't bother to g’o 

H«: I hope they look after our patent rights, 

one bit correlator. °UrS Such that 0"a '»'»""a’ Is essentially a 

least Important fácet^VouZfn ílUire rea,,J' concentrating on the 
need to change the signal “ntJ pSl«:PL9?h.°^ the fact ‘hat y°u 
most important thing is that thP r«!? ^ th Îîer way around- The 
an audio decay rate. Whereas ours nnot1m+ 5^c^ng sPeed corresponds to 
a vast difference. S 90 s at 50 nan0 seconds. There is 

EDWARDS: The new SAICOR is about 100 nanoseconds. 

rate. 
tion. The cycle rateM^udîô. ^are^al'^n^lbo tie cycle »«lu. we are talking about signal u:111za- 

ponds to the Fourier ^transformai co'*relat‘,on Function corres- 
signal Itself? tra"sform of the spectrum. How do you get the 

correlat1on*functíon*from dlffpJpnt''?"6^0^ detail on the form of the 
arlthmlc decrement Sf ^ J lí^í fe,?' '"P“» signal. The log- 
freguency width due to 
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î°"'l4hav® ^ transform It. All the data can be taken from the time 

wînHrîj.aJaSÎC21]# ca? set up an ®xPer1ment, for Instance In a 
windstream, and 1f there Is no turbulence present the correlation 
function will be just a continuous sine wave without decay. If you 
then blow another fan across to cause a mlxup, you Immediately see 
the correlation function damp out and the decay time Is then propor- 
tlonal to the mean square turbulence. I didn't mention anything 

în0ïîaîracïink Hf1?1 îy?e of s19nal processing. We haven't got on 
yet* buJ In principle one Is accepting photons from the signal 

and they are going Into usable places. One should be able to dig 

íact* the mach1ne that 1 Illustrated there (the 
commercial machine) has computer Interfacing and Farnborough will 
hooK it directly onto the computer. They probably won't bother with 
doing any Interpretation on the side. I'm sure that If necessary 
boxes could be put on top to present the signal frequency. 

LAWRENCE: Who manufactures the machine you showed? 

PIKE: This 1s manufactured by a firm called Precision 
Devlcles and Systems Malvern Link, England, I have a number of their 
brochures In back. Unfortunately, I have no financial stake In this. 
It is sponsored by our National Research & Development Corporation. 

VOM STEIN: 
correlator. 

I'm astonished at the precision of your one bit 

PIKE: This Is well known In radar. You lose very little 
with one bit correlation. In fact Its 2/tt or something like that. 

MAZUMDER: What 1s the maximum doppler frequency you can 
count? 

cn PIK?: ,Th1s Particular Instrument, as It Is sold, has a 
50 nano second time — sampling time. So the answer to your question 
depends on how many "spots" you want on the sine wave. It would be 
typically five or ten megacycles. This Is not the fastest possible, 
ou can go faster than that In fact with more expensive electronics. 

ripe *i/anÜKiïM?E5:*k0fîen we hav? P¡"?blems wbere there are few parti¬ 
cles available and the frequency Is high. You would think that photon 
counting would be a good choice, but the number of photons that 
are available per cycle becomes very low. 

PIKE: The beauty of this method Is that you just sit back 
and wait. It doesn't matter how many photons per doppler cycle you 

Ï2Met.i,ï0ïkJU5t4.wa1tTunt11 the P1cture 1s smooth enough and then 
WL j ? îhe da^a* Tbere are n0 knobs, you just plug It In. It's not 
like driving a frequency tracker. By the way, frequency tracking can 

V!ry L1mPle- Our frequency tracker which I'll discuss tomorrow 
has only one knob on the front. Of course that's a question of how 
much money you want to spend. 
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Hata application would you consider that your 

spectrÄC“^ e SU,f1Clent t0 P,0t °Ut~n* a powery°Ur 

that coines^out except CUrVe 

function theTiriloÄt^^ur^il” aUt0C<,rrelat,°" 

PIKE: Yes. 

autocorrel^ oneksl1d®» ^ have a term that I assume was the 
1/n term in^ronr th nu,nber of counts with 1tse1^ and there is a 

n. PIKE: No there was a (1+q/l+n) which is unity for all ÏÏ if 

taHnn 1 was ^ust wonder1n9 if there is any advantage in 

g“ÎÎS9.™JnS the aJîî^inSït 3 St0|,S ,n fr0nt of than- and just 

e-u« 4 *. ^0U a C^®aper laser for simple applications that's 
qppH?n!nt* How®v®r».1f y°u go to Farnborough they say we don't want 
it d v2n th Want bîîk scatter1n9 and we want to get a mile away from 
it. You then use the most powerful laser you have and the most 
powerful signal processing you have. 
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ODOS-ANO-ENOS RELATING TO APPLICATION OF LASER VELOCIHETER 

by Jeff Asher 

General Electric Corporation 

use at General Electric.1 There^re^few pJrticle seed 
90 Into « we,,, and tSen 

bed of part1cles^thatrwereS"bollpH"nht^e4reCeníí*:,ast us^n9 a fluidized 
having those particles Inlect-oH Wn y air !rus5|n9 through, and then 
of various d1¿me{eís Ind takpn ^°nKUr m?1n flow* We've ^ed alumina 
alumina powder (swclfîc aîavîtîT Ph?^crographs of them. For 

relaxation time In^îÎîoseconds'ls g^e X ^ ^ deduced 
of how well this type of particle win fniîJ/Üù I5is 91ves an Idea 
and studies by J Mevers (nasù 1.--1 follow the fluid. From this work 

going to b! ;í.;¿„S*í|ríTls fJnyLTl?-lIa"ta (N0L) wh,ch are 
0.3 microns size alumina powder with^ÍÍíVÍ 1 necessary to use 0.1 to 
have some data which Ml present tom^rr« 

substances^'water^whííh'hfí Wi11 9!ïî you a" 1dea °f other types of 
díamete? of a£?Í? Õ filero, hasSaP??. r?h9ra''ity °f and for ? 
relaxation time T f?6' "üî,'îers of a "'orosecond 
If anyone has used t. they ?îw ?haî i? £ïï.hi9h Spec1f,c 9rav,t>' a"d 

n 10 the J“a‘ tò índícatfthaMt^as aVath^poor^hoice! ^ 

at this tll?ereL?ï'sS??|î? lí?arasJ?¡!9 (’“¡"tslwould like to bring up 

happen to your laser output (Flq 3) y Thîcr?ft1!!9+pïenoni?na that m19ht 
mode or a doughnut shape >¿od1¿ tiik líííJí ^ ^ called a 
for various reasons. This is one ífthnc? Î doPP1er dropout occurrMg 
how much havoc this would play If a oartlcl^haní5’ wA?d yOU can ima9fne 
doughnut or missing frlngepattern P?t^ ÎmÏ m 3edpt0 pa?s throu9h tbl 
referring to when I say to peopîe that °f problem that I,m 
you use your laser. Normalfy thl Íem haoSenl .^J®^ caut1ous when 
been able to reproduce It very nicelv°Jt ?nEPn« at.hi9h power, but I've 
laser beam misaligned w th reíoSct tí ^ Po^'er just by having the 
caution should be used h® Ce,lter of the bore- So due 
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For those of you that have used the laser veloclmeter a bit 
and you may have realized that the statistical sample that you are 
generating may be biased In several ways. One of those ways was re- 
cently brought to rny attention (P. Mossey, General Electric, Evendale, 
Ohio). The typical histograms (shown as Figures 3 to 5 In the last 
paper in Technical Session V) were sampled for a long enough time and 
thus we can say that the statistical sample Is time Independent. So 
we now have particle velocities versus probability of occurrence. As 
an example, for a potential flow Inside a jet core we find the velo¬ 
city distribution Is quite peaked while In the turbulent region we have 

L!ÎIïJ!T«1strl!îutÎon: Statistically, you find that the standard 
deviation defines the turbulence levels In both of these cases. The 
question that I would raise Is, should we welghtour distributions so 
tbatslow particles are weighted upward In establishing their population 
in the histogram, since their slower speed requires them to pass less 
frequently through the scattering volume. 

That's one bias that I would like to mention. There are 
others. For Instance, let's take the case where we have an air jet. 
Outside the jet boundary we entrain air. When one probes within the 
jet flow you have total Isolation from the entrained air, but when you 
are in the region near the boundary, you may have, In the entrained 
air, a different population density of seed particles. You begin to 
wonder if you are biasing your data towards the higher speed particles 
by looking at the boundary and seeing entrained air without particulates 
versus looking at the jet boundary where you have a large amount of 
particulates from within the jet flow. So the mixing phenomena perhaps 
Is not being seen as it should. An equal seeding of the jet and en¬ 
trained flows Is therefore required. 

One other point concerns the fringe patterns. Normally to 
reduce our probe volume length as much as possible the collector optics 
have aperture slits. Let's say you have a slit length that has been 
reduced. If you have a particle (and this Is especially true in the 
counter) going through at a large angle with respect to the fringes 
Us possible, for a count of four or eight, that the particle would go 
through and this particle's velocity would be completely omitted from 
further analysis because It would not satisfy the counter. So we are 
omitting a subset of data, of particles that may be highly skewed with 
respect to the fringes. That data depends on the length of the slit 
you are using. In other words, the smaller the slit, the more you are 
restricting your data to the particles that are coming perpendicular to 
the fringes. So It s possible that you will be losing low velocity data 
and again your distribution would be biased. 

j would like to see in the future refraction effects under¬ 
stood as it applies to the laser veloclmeter. We've found it a little 
bit perplexing. I know there are rules of thumb but I don't think we 
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understand enough of how to utilize the LDV in heated flows where 
refraction effects should be present in a steady and unsteady manner. 
There may be beam movement. I've observed that. I found that for a 
propane torch and with oxygen supplement there was hardly any movement 
of my scattering volume. As we reduced the oxygen supplement (and the 
temperature decreases) the scattering volume did move as 1t started to 
follow the large scale convection patterns. Velocity data in this latter 
circumstance. If obtainable, would yield Incorrect results to be sure. 

DISCUSSION 

LENNERT: We have run across the particular condition In making 
our flow measurements; Don (Brayton) brought that out 1n h1s paper this 
morning. What we have done in trying to overcome this particular dead 
spot problem is to (of course depending on the angle and the aperture 
size as you pointed out) modulate using a Bragg cell. We get direction¬ 
ality from this, but It also enhances the number of fringes. I think by 
properly designing the system, you can cut the dead spot down to a very 
small angle. I think one of the exercises he mentioned was about 7 degrees 
or 5 degrees for the dead spot angle. 

BRAYTON: This is if you upconvert the frequency. 

ASHER: That I'm saying is we both demand a certain number of 
counts. In our case 4 and 8, I don't know exactly what you are using. 
The point 1s if your particle becomes sufficiently skewed for instance if 
it came parallel to the fringes it would not cross any fringes at all so 
you'd get no count. So if there is a sltuattn which certainly will exist 
where you've cut off most of the scattering volume there 1s a good possi¬ 
bility that those particles that are going slow and slanted to the fringe 
pattern won't be counted at all. In other words they will start but not 
complete a count. 

LENNERT: Yes but you minimize that by upconverting so you put 
moving fringes in there. 

BRAYTON: If you frequency offset one beam where you normally 
get two or three cycles (not enough to process) you can get as many as 
you like. 

LENNERT: Say you had a doppler frequency of a megahertz and 
you put a carrier on at 30 megahertz so you wind up with 39 net effective 
fringes in your system. 

BRAYTON: Then you can fix up what would Initially be an In¬ 
accurate measurement due to too few cycles even If you were initially 
measuring only one or two cycles. 

LENNERT: We have found that to be trur». In fact as I've said 
we have quite a bit of success with It. This is one of the things we are 
Incorporating Into our system. 
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»„«.i a W?th resPect t0 your beam fluctuation. We have 
noticed this with the LDV In water also, particularly salt water. I 
am not sure the problem Is one of movement of the probe volume Itself 
but rather the fluctuation of the fringes within the volume. These 
fringes really wander. 

ASHER: That's true, 
wandering away from the slit, 
well. 

I was only being attentive to the spot 
You can also change the fringe spacing as 

YANTA: In comparison I think It's a really serious problem. 

uinniH a ^e s^0u^ be cautious and I would hope that someone 
would do that kind of work. 

C?0S5W!: have one comment regarding the problem you 
mentioned about the bias due to seeding. In some of our experiments 
we used the Intr ,¡s1c aerosols of the air for our scattering so that If 

Honcííl°ü*Set!íP w?s der1v?d irorn laboratory air, you would have the same 
SltL° k?‘ral in y°ur core region as you would In entrained 

air. io this Is a solution. 

ASHER: This Is true. Our problem Is that we are developing 
a system here that Is for turbulence spectrum measurements so we are 
boosting up our acquisition rate and It's no longer possible to rely on 
what's available In our air. (We have real clean al? In SchenectadJ.) 

™f^,<UÂH!/MÎ!HREï: ,We have done some calculations In reference to the 
reÍKfíÍüJnie¡¡ bu?1r,ess °n a 2»900 degree cent,grade flame study using 
h;»íl'íenent1al d°Pplar system. With a 20 degree crossing angle you only 

T ?erSenî error du? t0 the refraction effects. However If you go 
STplicenf error“11* 1 1ncreases’ let's use 3 de9rees and you get 

kfnki *. These results I think would be the opposite for a 
Ä1yktur?ulent At a larger Intersection angle the beam passes 
through a,larger portion of the flame. There's also another thing. I 
think you 11 find If you had reduced the temperature you would then start 
» more Probl6,1,5. The changes of the Index of refraction change« 
pIîSrdMrSlSy ahe greaîest at l0,fer temPeratures. What Is the percent 9 * 
error Mr. Humphrey referred to In terms of? 

HUMPHREY: It's a percentage of the flame diameter. 

niH 1 had a 9u«sî1on regarding Bill Yanta's conment. 
Did you make some measurements with a specific angle between the beams? 
it so, what was It? 

YANTA: I don't recall - something like 5 degrees. 
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that Improved the°situat1on?U ^ reduc1ng the beam an9le to see If 

YANTA: No. 

The influence on uslng^the^ack-scatter 2uestioJ or mal(- a statement, 
minimize the refractive effect coSldíI «I forward*scatter to 

done anything on thtt I would like Jery «uch^TÍiw^t u.'"'1'0"6 has 

number of »rTcrJsIwSf „"“ii?9 ^'"9« f^tem to Increase the 
obvious that you do”! fose Jut hüÎJ^ lî9, buî U ^«dlately 
Pier cycle goes down and therefore thp*^îîe«!Uîîer of photons Per dop- 
a given signal goes up. 6 S1ze of tbe part,lcles you need foi 

BRAYTON. I don't think that's a limitation. 

Ä-1-- S 1¾ frequency ^ 

PIKE: But this specific application Is to atmospheric work. 

done Is try^ascertalnWhether'!! lLmatn,y 111 tunnels and what we've 
we've had success. What we have exîen<1 the ran9e and 
si.personic flow we had problemi We tried^n^on*^ th? seed‘ With 
please clean up their tunnels Thpv a»w»ed Î bunnel people to 
discriminate against the small’ particles.96^9 ar96 part1cles and tbey 
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SIGNAL PROCESSING WITH A FREQUENCY TRACKER 

James F. Meyers 

NASA Langley Research Center 

Hampton, Virginia 

Work on the Laser Doppler Velocimeter at NASA Langley began with the goal 

of measuring the turbulence power spectrum in the boundary layer of the Mach 6 

high Reynolds number facility. This entailed, 2 years ago, finding a readout 

system that would work and give us power spectrum measurements. At the time 

there was only one instrument so designed, the wide-band frequency tracker made 

by Raytheon. 

I he main part of this informal talk is to indicate that trackers work. 

They work well, but they lie just as well. You have to be very careful with 

what you use for output data. Case in point: You have a Doppler signal which 

is not continuous (which you have most of the time in wind tunnels) riding on 

the 200 MHz noise you get from a photomultiplier tube that is shot noise 

limited. This noise is essentially white until it goes to the first stage 

amplifier where it may be subject to possible change. If it changes and gives 

you a noise spike, you have something that is a good Doppler signal plus a little 

noise spike. This is no problem. You put it into your tracker. You lock on 

the Doppler signal. You get good results. Fine, then you look at the edge of 

the flow. Duty cycle drops - then what? The tracker will take an average 

between the Doppler signal and that noise spike. Since the instrument locks 

onto the signal with the highest time average signal-to-noise, it will shift 

irom the Doppler signal to the noise spike as the Doppler duty cycle drops. You 

have to be very careful since this does show up in the data. 
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Let me a how you on Figure 1, two power spectra taken directly From the 

photomultiplier tube in a subsonic pipe flow jet that exited into the room. 

The flat noise level looks nice and clean from the photomultiplier tube, but 

again the amplifier isn't in the circuit. We have the Gaussian-shaped signal, 

which is a histogram of the frequencies, on the noise level. The left spectrum 

was made at the centerline of the pipe. Each of the little spikes is one par¬ 

ticle that comes through just when the scanning filter is at the right frequency. 

This gives you a certain signal-to-noise ratio. Since the vertical scale is 

logarithmic, the Doppler signal has about a 30 dB signal-to-noise ratio. This 

is very high, but the tracker doesn't depend on instantaneous signal-to-noise 

ratio as the counter does. It depends on the average signal-to-noise ratio, 

which is much less. Signals like this aie still very good. You can obtain 

mean velocity, turbulent intensity, turbulence power spectra, auto correlations, 

or whatever you desire. This makes a tracker more valuable than a counter for 

these measurements because the counter, unless it is an extremely fast counter, 

will not give you power spectrum measurements. Also you must seed your flow, 

because according to statistics, in order to detect a sine wave you must have 

two points per cycle. If you don't seed your tunnel you have a long time 

between data points which means that you can't describe irequencies which are 

very high. This tracker will work down to approximately a 10# duty cycle which, 

at the velocity we are talking about here, is about a 1 microsecond signal with 

9 microseconds "off" time. This data rate yields, through statistics, a fre- 

nuency spectrum to 50 kHz. If you have a fast enough counter, it can also do 

this. I believe Jeff Asher has one, but for other counters that I know about, 

156 



pwpumi, hum I IIUIjUiMHIIMWIWIWWIIIII Pi _ 

this is not the case. This is the reason we bought, the tracker, which works 

quite well if this condition* is satisfied. This is the point to be careful of. 

The spectrum on the right of Figure 1 was made at the edge of the flow. 

You can see the mean velocity has shifted down and the spectrum spread out. It 

indicates high turbulence intensity, but notice the duty cycle and therefore 

the average signal-to-noise ratio is down also. In some of the things I will 

present tomorrow you will see where the tracker continues on its way on a noise 

spike. These are just a few words of caution on a tracker. I think it is a 

good instrument. I think it can give you valuable information that you cannot 

obtain other ways, but be careful with it. 

*Average signal-to-noise ratio greater than .15 dE. 
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DISCUSSION 

BERMÍK: I vas vondaring, in your spectrum near the edge, can you comment 

on ho. long an averaging time you think you need in order to get something 

which is reasonable. 

MEYERS: Define averaging time. 

BERMAN: Were you just showing one sweep? 

MEYHiS* No it wasn't one sweep, hut several sweeps. I think the exposure 

time on the fils, „as a hundredth of a second. It is an integration, a long- 

time integration. It is not one sweep. 

BERMAN: With a high turbulence intensity, you need quite a long time to 

get a reasonable average don't youî It doesn't look to me that you had enough 

on that particular slide to draw any conclusions. 

MEYERS: Do you mean that the turbulence intensity is wide? 

BERMAN: Right, you couldn't see it all. 

MEYERS: Both exposures were made at the same exposure rate. What I'm 

saying is that the duty cycle at the edge of the flow was down. From the high 

spike over on one aide to the high spike on the other side was a lot wider than 

at the centerline. All I'm saying is that the turbulence intensity at that 

point was higher than it was at the center. This can be correlated with hot 

wires or whatever instrumentation you want. 

HERMAN: Wouldn't you need more lata though and more time for your averages 

to determine anything from the spectrum? 

MEYERS: This is just for illustration. We can't use measurements from 

the Doppler spectrum at all. 
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BERMAN; OK. I just wanted to make sure. From what you said earlier, I 

thought ycu were taking your information right from plots like that. 

MEYERS No. This is just to let us know what the duty cycle is and what 

the signal-to-noise ratio looks like. It's purely diagnostic. 

WELCH: I'd like to make a comment on the comparison of different types of 

electronic systems. What you’re saying about trackers of course is true. You 

can also say the same thing about a counter system or any other system. If the 

tracker goes astray, then you get a reading out that is ambiguous, whereas in 

the other systems, sometimes this is not the case. Bm. suppose we use a counter 

system for example, or if we use phase lock loop or a frequency lock loop, one 

of these three type tracking systems. Anything like this that we use, it seems 

to me first of all what we have to do is decide when you have "a good signal 

condition" and "a not good signal condition." You have to be able to use some 

logic so that you can decide this. When you have a good signal condition you 

have to obtain some voltage conversion or some signal with a comparable fre¬ 

quency which you can count or make some other measurements from like running 

through a correlator. It appears to me that the two basic things that are 

required, regardless of what you have for an electronics system, is a "good 

signal condition" with a logic circuit to decide this and then a track and hold. 

With these two ingredients, I think you can make any of these electronic systems 

get out reasonably good data. Now of course some have advantages over others. 

With a phase lock loop, for example, in the case where you only have one par¬ 

ticle at a time floating through the sampling volume you have a tremendous 

problem of acquisition. You have too few cycles to acquire. But if you use a 

frequency lock using a frequency band to get your discrimination to control or 

use a track and hold then you can use the same type of precision circuitry that 
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you use in all the other systems. I think this doctoring, if you want to call 

it that, is required in any electronic system that you use. Apparently, the 

way I look at it, when you have these problems in an electronic system, it 

means you don't have proper doctoring. 

MEYERS: My question here is, in a counter system you have comparison v.*r- 
% 

cuitry so that random noise does not enter the system. In a frequency domain 

instrument, a Doppler signal looks just like a noise signal to the instrument. 

It's a fact of life. You can't say that a Doppler burst comes in, a system 

hooks on to that and if it goes away for long periods of time, its going to sit 

there. We have locking systems on ours, but the thing does wander off. 

WELCH: Yes, but let us auppose you do this. Forget about the locking 

system. Suppose you use a discriminator and you use the same decision cir¬ 

cuitry in front of it and track and hold the voltage output. Now you are only 

looking at voltage output during the time that the signal is good enough to 

give you the proper result and you hold it through the remainder of the time 

unxil another burst comes through. Actually the counter itself is a track and 

held system. 

MEYERS: I'd like to know your definition of a good signal. 

WELCH: Well that's true. This is the problem. 

MEYERS: I think a narrow band section of noise looks just as good as a 

Doppler signal. 

WELCH: Well it does. You can't do that of course. You can't narrow band 

a system because you get into bad trouble. 

MEYERS: Well what I am saying is that some amplifiers will do this to 

you. For example, the particular noise spike we have to be careful of is only 

2 MHz wide. 
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»KH: Well then you 're in trouble. 1’ll agree with you there. 

MEYIRS: All I'm saying is be careful. 

MKE: There are two point, that very auch alaplliy this problem. There 

can’t really be that much difference particularly If the narrou band m the 

tracker 1. aufflclently narrow, the nol.e you get thro^h 1. white and It will 

wander around In the low p... filter. The other point 1., why doe. It wander 

off anywhere - there is no need for it +„? o 
d for it to? Secondly, why does it have to 

integrate? 

Maras: Why do you put AFC circuitry In home .tero receiver.? 

M“: N°’ n°” th“t,S r11“- ^ - certainly make a tracker which 

second within a kHz. That's not long. We aren't worried about that 

thing. We have a tracker that sits perfectly until the next signal 

come, along . not much different irom a frequency counter. 

MKmS: Well then I don't quite under.tand your tracker, I don't have an 

answer j that. 

OOSSWY^ Aa I understand the DISA tracker, you have a variable threshold. 

PJKÍ.: a in not talking about the DISA tracker. 

CR0SSW: 0lt’ any tr*Cl“r- The O“ I obsei ved out here in the hall, the 

santiamén demonstrated, ha. a variable threshold adjustment which X think might 

aolve the problem you are talking about. In that It will not Indicate a lock 

unless the IF slgnal ls about , c„tal„ leval. „ you hive a slgnU.to.nolse 

rat ° that 13 ^ aDOU«h th0t looking at the bypass filtered 

white noise . you know It win appear a. a signal of varying frequency end 

amplitude (Slightly varying frequency) about the center ^equency of the band- 

pass amplifier, go If you have this variable threshold feat.e It appears that 

ÏOU might be able to use that to solve the problem you're talking about. 
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MEYERS: This variable threshold feature is on the tracker. It does do 

the job - that is one of the answers, but if your seeding density happens to 

change, it also effects your signal-to-noise ratio, so you could defeat yourself 

on the threshold. 

PIKE: That's not right because you can have broad-band AVC. You can put 

50 dB of AVC on. 

MEYERS: Define AVC please. 

PIKE: Automatic voltage control. You have the discrimination threshold 

controlled by the actual broad-band signal strength and not the narrow band 

signal strength. This is how we make an automatic acquisition system. You 

couldn't do it any other way. It all boils down to the same point. You aren't 

very different from a frequency counter. In fact you've got a very sophisticated 

frequency counter. 

MEYERS: I guess I'm not understanding what you are saying. When I talk 

about a threshold I'm saying that if we put a threshold at a voltage level then 

we would not lock on any signals below that noise. We'll only see something 

above it. But if your seeding density does happen to change as you move from 

point to point, this noise could conceivably come above it. 

PIKE: No, because the threshold is tied to the broad-band level. 

MEYERS: But with more particles scattering light more often, your shot 

noise is going to go up in proportion. 

PIKE: But if you eure tied to the actual shot noise level over the broad¬ 

band then you are alright. 

WHITLAW: I would just like to comment that all Jim says is true and I 

would agree with him on the basis of the trackers we’ve played with. 

163 



What I'm saying is that 
PIKE: They are not a very sophisticated tracker. 

you can make a tracker which is more or less a very sophisticated frequency 

counter. 

WHITLAW: That’s right, but what Jim's saying is true. I think it is 

largely right on the basis of the instrument we've used. As far as the gentle¬ 

man back here is concerned, I think he is right too. You must make sure you 

get a good signal-to-noise coming through by adjusting the optics. Then you 

start with the problem of the particular tracker. 

PIKE: You are never interested in a case where you've got lots of signal 

to monitor - that's kid stuff. 

MAZUMDER: From your experience, have you found an average signal-to-noise 

ratio with which you could work successfully with the tracker? 

MEYERS: About I5 dB. 
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COMMENTS ON WAVE BROADENING 

J. C. Angus 

Case Western Reserve University 

Cleveland, Ohio 

I would like to only spend two minutes to try to bury an old 
chestnut. This Is the matter of two kinds of broadening - finite 
transit time broadening and the uncertainty In wave vector broadening. 
It's been known that those two types of broadening are equivalent for 
some time. All I want to do Is present a simple physical argument 
which I think will be convincing to the doubters. This argument should 
hold true for every kind of laser doppler system - dual beam, reference 
beam, or what have you - If you have a radiation field which Is deter¬ 
mined by the transmitting optics and another radiation field which Is 
determined by the collecting optics. One way of handling this problem 
Is to model the fields by a linear superposition of plane waves. In 
fact that's the classic way of handling radiation problems. What one 
does 1s model the Input radiation field by linear superposition of 
plane waves. One does exactly the same thing In the receiving optics. 
Then the calculation proceeds trlvally. One calculates the doppler 
shift that one gets from each possible pair of plane waves, adds them 
all together and one obviously gets a distribution of doppler frequencies 
out of this calculation. This, by the way, Is what you would call the 
uncertainty 1n wave vector broadening. Now some people would like to 
add on to this the finite transit time broadening. One could try to do 
that; however, notice the following. We are doing this all from the 
linear superposition of plane waves, each one of which has a well de¬ 
fined wave vector. Therefore It Is of Infinite lateral extent and can 
contribute no finite transit time broadening. Therefore there Is no 
finite transit time broadening when one Is using this node! to calculate 
the broadening. One can do exactly the equivalent calculation If 
instead of thinking In K space one likes to think In real space. One 
can model the radiation field directly In real space and do the calcu¬ 
lations on that basis. In that case you would speak of the effect as 
finite transit time broadening and there 1s no uncertainty In wave 
vector broadening. It simply doesn't enter Into the calculation. 
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DISCUSSION 

GEORGE: I think the key point is if you define the samp! 
volume in terms of the doppler current that you receive there is 
only one kind of broadening. 

e 

ANGUS: I tried to make this general so that it applies to 
every kind of a velocimeter; differential velocimeter, reference beam, 
kinds that are going to be Invented in the future. It applies to all. 

GEORGE: The problem comes in when people try to define the 
sample volume in terms of the input optics and they look at the spectrum 
and say gee whiz it's broader than it should be. That's because their 
output optics are not looking at the whole sample volume. 

ANGUS: I also find plenty of data in the literature to support 
my point. Data on the broadening from a rotating disc, for example. 
Also the theory has been presented in different ways and quite awhile 
ago by a number of people. Yeh, who invented the first flow meter, has 
done equivalent calculations for the case of Brillion scattering where 
the photons are moving through a finite sample volume. He did the cal¬ 
culation in K space. 

PIKE: I just want to make a corrment that I think part of the 
origin of this misconception is the paper of Goldstein and Hagen where 
they forgot that the laser beam has a plane wave front at the waist. 
They drew a picture like geometric optics. 

ANGUS: My ar9ument also holds true for the case of very 
small f/number optics where you actually have curved wavefronts in the 
sample volume. You're simply in the region analogous to Fresnel 
diffraction where you can still use linear superposition. 
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ANALYSIS OF TURBULENT FLOW MEASUREMENTS FROM LDV DATA 

W. K. George 

Pennsylvania State University 

« 4 rather give this talk In the turbulence session but 

píirí?üately t0 understaicl1ng the Doppler ambiguity5 So 
II give essentially what amounts to the first half of whát I am 
nrnM t0 toro°!"row "lornlng. What I'm Interested In Is the classical 
problem In turbulence measurement: What Is your probe measurlna? How 

does It relate to the fluid flow? It's the problem that Sot-w ?e 
anemometry people have been looking at for a long time The analvsls that 

Ion nn°th t0 in so,ne ^ remlnlscen^of ^¿t doSe lian 
5® 0;jfí)s¡;cial r?so;«^on of a hot wlre-and more recSSSirSí y 
spectra I will tÜii^K^/î the effect on the "«asurement of turbulent spectra. I will talk about Instantaneous velocities orlinarllv Tn th« 

bSrî'lî Lde,e,0pTOnt- 'T have ‘0 »Iso til IbSui Do 1er mb gSlty but I 11 try to reserve most of that until tomorrow morning. If I can 

is known .MîSitii;» íiSCUSS,°" ,s 

«‘^^afsTi^^i'îo'u^i^xrsirteVti^.... 
coord,n.te^"ysF^ruesL2lbiSC(^?fái"»^system I used--exact,y that 

«rt^b.U4^r5entre0;reViiÄ,,9"ed ^ ^ 

fr(x".yM.z",t) = Er(x",y",2")eJ2Trft 

and the scattering beam by 
(D 

Ej (x1 ,y',z',t) = Êj(x1 ,y',z')e^27T^ (2) 

frequenEy?nd El represent the complex amplitudes, and f represents the 
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The total current Is given by the Integral of the Intensity 
over the surface of the photomultiplier tube. 

1toUl*"lEr + î 

= "{ErEr* + ErE Eî, * Er* E Es, + ^ dfl <3) 

These terms may be raognized as the interaction of the reference beam 
with Itself, the interaction of the reference beam with the scattering 
particles, and the multiple interacttn term. 

Following Mayo1969, we can define a complex current as 
just that part that contributes to Doppler signal current 

1 
ff 

Er* ‘SI 
dA (4) 

This is just the amplitude of the scattering particle multiplied by the 
complex amplitude of the reference beam and then summed over all 
scattering particles and these amplitudes are integrated over the surface 
of the photomultiplier tube. It Immediately follows that 

where 

i 
sp 'si 

dA (6) 

Thus the signal current is just the sum of the currents generated by the 
individual particles. 

The calculation of Mayo assumes the following things: the 
particle radiation is spherical and all apertures block negligible 
intensity. Mayo showed that the current can be represented as just a 
product of the amplitude of the laser light near the focal point (at the 
center of the flow) and the equivale.it reference beam at that location. 

The equivalent reference beam at the center of the flow is most 
easily determined by simply focussing it there to start with. By 
assuming the beams are Gaussian, a relation for the Doppler current for a 
single scattering particle as a function of the location of the particle 
is easily obtained. 
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(7) 
1 OC EF 

°r °1 
,'fe? * 5^- * 5¾ 

cos K X 

co"nuWPd0i?{4CcÒstei"9 15 def,ned a,,d the D°PPler Sh1ft 1s 

I »ill pick™ to^e theUtnitiaî MifHr1Cie*herfect1y track the f,ow- 
the particle velocîtv Thl niitüil ^ .îÎ the part,c,e ^ U will be 
» fonction of where li started and it? vèfwftJ hUtoíy"* íh¡? °b'',0USly 

U 

«(s.t) = g + J ff (a.t!) dti 
(8) 

arS: sia S S -a 

8(t) if yii.tiidt, 

si ' («•*) 

(9) 

(10) 

This is precisely the operation performed by a zero-counting device, 

see? The 
»re In the volume at any insiall? ?9|. ve'oc,ties »f «>» P»rticles whi< 

o0(t) 
VO 

u(§.t) g(§) da 
ume of Initial position s 

(11) 

displacement X by looking at the history of Sis life??lS J?îo?ît? 
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X(t) = I u0(t1) dti (12) 

o 

Now the position of an Individual particle may be represented 
In terms of the Initial position of the particle, the effective velocity 
averaged over all the particles In the beam at any Instant, plus the 
local deviation of that particular particle, say A(a,t). 

x(a,t) *-• a + J(t) + A(a,t) (13) 

where 

t 

o 

I'll have more to say about A(g,t) tomorrow; for now we will 
concentrate on u (t), the effective velocity or the particle-averaged 
velocity. 0 

Recall that the Doppler signal current 1s the sum of the 
currents due to the Individual scattering particles. Using the expression 
for the current generated by a single particle It 1s easy to show that 
the current may be reduced to 

where 

<{> = tan"1 jj- (16) 

Recall that J Is the particle averaged position. 

A typical detector differentiates the phase and gives an output 
proportional to frequency, say uj, where 

(17) 

The term 4»' Is of no interest to us at this point, but clearly will 
contribute to random velocity-like flictuations since it Includes all the 
random phase effects—the particle Initial positions, gradients of mean 
velocity, and fluctuating velocities across the scattering point. I'll 
talk about this In the morning. 
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The IDV responds to^partlcîe^vifônp^S^S<t^le who^e point of this, 
velocity that mî9ht Se «ísuíld K ,¾ n0^’,^ '"l Eu,eHan 

o°ff ,SC?Ä" ‘he"1« 
velocity, may be Identified as thf»’aufirathecaier?9e Part,*cle averaged 
over the scaïterlnp ^ ?s%¿±'VX%% 

Vu/u » d (18) 

scale characteristic 0f thc1nL>.0 UTO|d1menSl0rl- Vu/“ ,s ä longth 
not be the velocity offthi cCTt^ofnthíy«r,?í’te(that “o(t) still may ,,. 
pointed out very nicely; fof 2«mo?í ,f í"11«;'1"« Psrilcle as Edwards'51 
velocity profile. y exsisple, If there Is curvature In the mean 

fluctuating velocities since the 
Lumley'6^ that was presented In U!ing the analys1s of 
In 1963 and assuming Incompresslbllltv holln! cJ¡!ference o* turbulence 
Isotropy, it can be show^tha? thl íity,a.hoT?9eneity' stationary, and 
Obviously thesenth1 ngs°ere^never^sa11 eiMnnn»va*1?C^es are 
up with Is a length crlterfen that thl h!1? P^î1?6* so what one ends 

^measured velocitleí SÍSS^cTíl^ “ ^ u^lly 

What Is the spatial rocni1[t1nn nf thr , nv- 

defined by^ d,"*"s1onal turbulence spectrum ♦„(!<„ k2, kl) ,s 

jjj ikiihv.kj) dkj dk¡ dkj (19) 

given by Í$ the turbulent energy. The one dimensional spectrum Is 

Fn'(ki) = if iu (k,,k2,k3) dk2 dk3 

signal Is U^6 and^^Íven^ measured from*ie Instantaneous LDV 

(20) 
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í’u (ki,k2,k3) W(ki,k2,k3) dkidk2dk3 (21) 

Thfrn ís the Foijrier transform of the scattering volume, 
fashion ^51°^1 measured spectrum F()(k1) is defined in an analogous 

given by 

Fo<k*> = Jj (kx,k2,k3) Wik^kz.ks) dk2 dk3 (22) 

For a Gaussian scattering volume (which is often the case) is 

W(k) 1 L2ar 2o2 
3/2 

(2ïï) a1a203 

(23) 

where 

m 

1/^ oj 

1/Æ 02 

lift a3 

(24) 

intensities'03 ar6 ^ standard deviations of the scattering volume 

assuming an/isotropic form for the three dimensional 
thP att«r,nïîxUSln? ï!0 S 7 spectrum for the turbulence, we may compute 
îfef?îke?Uaîion 0f the sPectrum for the turbulence due to the averaging 
are^hSwn^n ler t?an îhe scatterin9 volume. The results 
micros?^ Salino :2:.SeVeral values of m*n where ^ is the Kolmogoro 
volume m*n lar?er coresP^ds to a smaller scatterin 

1t 1s , ®r^that the scattering volume must be smaller than the 
Kolmogorov scale if the entire spectrum is to be measured. 

uaw /rj By P]ottin9 the ratio cfthe measured spectral value to actual 
and thic ?Urek4 * *e may def1ne a scattering volume transfer function 
is the ?a™p!î0ï? seveïal values of n^=m*n. It is assumed that a2 
for^Lii ?r!hdl™nS1°? 0f the scatterin9 volume as is always the case 
dpipddpIJo u,nes- From Figure {5) H can be seen that the 
very weak f ^ ha f P°Wer attenuation Point on scattering angle is 
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4 ^ Fí9ur? ^],1s a spectrum measured in laminar flow. The roll 
off is due to the filter. You'll notice it's flat. Figure (7) represents 

ÍLÍÜr5ülenCe sPect£um Insured in a grid turbulence The points actually1 

ïh!dnîreiSeen Î? f]atten °ut as they should according to our theory 
for the Doppler ambiguity, the results of which will appear tomorrow 7 

If the Doppler ambiguity is subtracted out (Figure 8), the 
spectra are seen to lie close to Pao's. There's about a 10% calibration 

conJiHprilü 11e1'ji9ht on f*30'5 values which is surprising 
n?níldfrln9 the ^ RTolds number* The attenuated spectrum is an example 
of what happens when the scattering volume gets too big. In this P 

Eirîlcrlîl ca5e* the scatterin9 volume was smaller than the Kolmogorov 
5 ariD y0U can.se? indeed the turbulence was significantly 

attenuated. Because of the low Reynolds number I couldn't really verify 
the transfer function I showed you earlier. 

DISCUSSION 

than nr* J!/St 0,16 duest1on- If measuring volume is larger 

íSí Jüld h«e this effect! “ 6 °f turl,u1e"“- U »'»vlous that 

partoftheG^^íc^,íh.1^,r!;S.tedH^í!í;bJLtUïrv:ïotcî5îVa^^entS 
to thê ïs'n™ o£vtouh|y CaUSe 3 Si9n,flCant «"‘rfbutfon 

BENNETT: 
microscale? 

With what precision did you measure the Kolmogorov 

» i Very close, because I'm working in a well-known turbulen 
I4.m ïorking 1n homogeneous grid turbulence. I've measured the 

d?îky rîî? downstream. In fact, the measurements of decay rate were made 
with a hot-film probe. In other words, the flow is very weil knoSi 

j j was ‘*ust wonde>"^ng whether ambiguity is reallv a verv 
good word for this effect. I believe that I Invented it. * 

GEORGE: I think you did, yes. 

PIKE: I had in mind the radar case where there Is a soread nf 
frequency. In fact, as you've shown, and as I've said ear 1e? tSdav 
one can actually take this ambiguity out. y’ 

contrary. 
GEORGE: No, I disagree. I didn't dow that—quite the 
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PIKE: You subtracted it out, so it's not ambiguous anymore. 

in «nit* Irüu’ *5 does turn out that 1n most turbulent flows 
it'sPuîcorreîSteda5ithhit thífa!lnl9UÍtí ÍS dependent on the turbulence, IT atea^w1th 1t# If y°u work In a turbulent flow which i* 
th1s t<!^?í«.rKmGi"1SS a" that lnay not be ture- ''n say "»re abolt 

wtrtKtNLti 

(1) St?uaüí¿ ¿Íth'ltot9«?ü¿s“"MeiSUren?,'VÍ ^all-Seale Turbulence 
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<2) If- Krf]J (1967>- “Turbulent Flow Measure- 
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Figure 2. Scattering Volume Coordinates 
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Figure 7. Measured Spectrum in Turbulent Flow 
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Figure 8. Corrected Turbulence Spectra 
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DESCRIPTION OF THE DISA SYSTEM 

R. L. Humphrey 

DISA-SB, Inc. 

Franklin Lane, New Jersey 

I will give a brief explanation of how we set up the DISA 
system for the different modes. To set up a crossbeam system, we 
start out with the optical bench laid out, put our laser on, and mount 
the optics unit. After that we focus the beam crossing on the micro¬ 
scope objective and thus provide a simple means of aligning the optics 
at the measuring point that we are interested in. If the optics are 
out of alignment, we have an adjustment screw to bring them in. You 
get two circles and bring them to overlapping. If you'v. done it pro¬ 
perly, you see the fringe pattern which tells you that you have things 
properly adjusted. We then replace the microscope objective with our 
measuring section. Then we use one of these two pieces with the pin 
hole aperture in front of the photomultiplier. In this particular case 
we are using a 0.2 millimeter pin hole. We focus (using the eye piece) 
on the photomultiplier tube to actually focus the beam crossing that I 
previously showed you onto the pin hole aperture. We have fine ad¬ 
justment points in the back of the photomultiplier tube to adjust the 
beam crossing at the pin hole. Then, open the shutter. (We have a 
shutter inside to prevent the photomultiplier from getting an overdose 
of light before it's ready.) When the power supply has been adjusted 
properly for approximately 500 volts input, the photomultiplier will 
draw from 40-50 micro amps. We will then be able to set our pre¬ 
amplifier level and begin to process the signal. This is usually what 
we will have - a frequency-amplitude modulated signal from the photo¬ 
multiplier tube. We can see this signal from the monitor output of 
our doppler signal processor. The tracker shoi J be manually turned on 
as previously discussed by Mr. Smid, and the frequency read off the 
meter. As part of the system we have included a D. C. voltmeter and 
true RMS voltmeter with 100 second averaging. This allows us to read 
the mean and turbulent flow velocity. In addition to these items 
a signal conditioner offers variable gain and band-pass filtering. 
We go through a similar technique with the reference beam system. 
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However, In this particular case we'd use a neutral density filter to 
bring the reference beam down to near the power level of the scattered 
beam light. This is an attachment that fits right onto our lens 
system. 

^or employment of two scattered beams when we want to do 
two-dimensional workt we have another attachment where we use a variety 
of pin holes for the beams to pass through at 90° with respect to one 
another. We have a facility for a beam splitter to mount to the rear 
of our optical unit so that we can simultaneously look at the u and the 
V components. 

Finally we can use the back scattering in the system. We've 
used the system that is set up outside the room with tap water to do 
back scattering work under very marginal conditions with a five milliwatt 
laser. However, the adjustments are quite delicate. What we've done 
for back scattering is provide a path through the optical unit to the 
detector. Then we get the scattered light back through the optical unit 
to the photomultiplier tube. 
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LDV MEASUREMENTS IN ROTATING MACHINERY 

W. M. Shafferncoker 
General Electric Company 

Cincinnati, Ohio 

Jeff Asher will talk about out data processing system tomorrow. I'm 
going to present a few slides today to show some of the hardware we have 
developed in two different areas. We are impatient to use the laser veloci- 
meter. We have two fairly significant problems that will utilize the Laser 
velocimeter. One of them is flow field investigation in rotating blade rows, 
particularly in highspeed fans and compressors. The other area is high 
temperature nozzle turbulence measurements. Our particular problem right 
now is to environmentally condition the hardware to find out what our 

ncn1!mSi^eJuhen.we take this de1icate instrumentation into the real world 
j .to 160 db noise levels and various temperatures depending on the local) 

and try to design out its sensitivity to temperature gradients and noise 
levels. I think we've had some success along that line. The first program 
was to look at the velocities within a rotating blade row on a low-speed 
research compressor (see Figure 1). In order to do this we used a one per 
revolution pulse from the rotor itself with a time delay generator to pulse 
the laser. The time delay was introduced so that we could pulse it at various 
positions in the flow passage. Ours is a back scatter two beam system and 
we process the signal based on individual particles in the sensitive volume 
one at a time. 

Figure 2 shows the physical layout. The laser itself was incapsulated 
in a support. The beam came forward, was bent at two right angles and then 
projected into the blade row. The collection optics collected the light from 
the individual particles back into the photomultiplier tube mounted in the 
same physical configuration. We had provided for two-direction mechanical 
actuation so we could move the beam in and out of the compressor radius. 
(This compressor is a vertical low speed compressor). We also had provision 
so that we could mechanically turn the laser system so that we could orient 
the fringes in two d.fferent directions to give us a mechanical adjustment on 
the velocity component. This shows the compressor approximately 36 inches in 
diameter. This is the laser beam optical system with its power supply. This 
is the projection optics and the receiving photomultiplier tube. 

Now a closer view (Figure 3) six inch collecting optics, the window in 
the compressor casing, the photomultiplier tube, and the electronics. This 
picture shows the blade passages that we were actually projecting the beam 
into. The data we got from this test were the local velocity direction magni¬ 
tudes. We did make some measurements ahead and behind the rotating blade row 
and compared it with hot film to give us some confidence in the correlation 
of the two types of data. As I said before we could make the velocity measure¬ 
ments at the hub and the tip. We still have some problems with reflection from 
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surfaces that we need to lick when we go into high speed machinery, but 
we think we know how to do that. 

When we went to the nozzle, we had to repackage the laser system 
because tho noise levels were going to be a lot higher. We used basically 
the same type of construction though - the laser mounted below and then 
the collection optics above (see Figure 4). We did some vibration isolation 
and soundproofing in the initial construction. Again we provided ourselves 
with two-direction actuation so we could look in the nozzle exit. Figure 5 
shows some more soundproofing. We put a lot of attention on soundproofing 
and I think it really did pay off for us in the final test demonstration. 
Temperature gradients were also a bit of a problem. Figure 5 shows the 
laser on site, mounted in the dog house. You see the beam projected out 
into the stream - a gas stream about 2 feet away from the front surface 
of the dog house. Plastic was put on because it rained during the week 
of testing on site. We had to provide some humidity protection for the 
system. Figure 6 shows an overall view of the outdoor facility. This is 
the nozzle and the combustion section ahead of it, sound silencer downstream, 
and then the dog house that housed the laser system. 

Figure 7 is a view from a different direction. The laser again was 
projected out into the stroam. Now we did our surveying along the axis of 
».he nozzle by changing transition pieces. We actually moved the nozzle 
back and forth and kept the laser system in position except for a very 
slight axial adjustment that the actuator would allow both axially and 
radially in the jet stream itself. 

Figure 8 shows the seeder that was used. As Jeff pointed out we used 
alumina powder in a fluidized bed and this worked out very well. We were 
able to get good, uniform density of the alumina particles. They were 
injected ahead of the burner, passed through the burner and then on out 
through the exhaust. The number of counts we got depended on the velocity 
and flow conditions but ranged from a thousand per second to ten thousand 
and we think we know how we can increase that number with some changes in 
the seeding density and the location of seeding. 

Figure 9 shows the electronics. Currently our equipment is packaged 
in small consoles. We hope to eventually get it into one five foot rack. 
This slide I think is injected into here to show that we had to make the 
electronics immune also to some of the environmental changes. We put a 
lot of attention in circuitry that didn't require extreme temperature, 
humidity or line voltage stabilization. When you are working in a real 
world, it's very important that you address yourself to that problem. 

Figure 10 is a night shot showing the nozzle in operation, the shock 
pattern itself, and then the laser beam being projected from the dog house. 
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DISCUSSION 

BRAYTON: What was the power of the laser? 

. SHAFFERNOCKER: There were two lasers Involved. The work tha* 
W« done in the rotating flew field was the Hughes 30-30-H pulsed Argon 

lS”k It's .Su? oSê«« '!0Z2,e WaS the SpeCträ-Phys,cs Ar3»"' 1 

BOUTIER: What kind of particles did you use in the coirpsessor? 

SHAFFERNOCKER: That was polystyrene particles in a water 

water was aífowlíd^r11016^1^^6/35 Sprayed int0 the a‘r and the water was allowed to evaporate away from the small particles. 

of the compressor? ^ y0U el1mi'nate ref1ect1°^ the walls 

SHAFFERNOCKER: We stayed away from them. 

BOUTIER: Did you polish them? 

SHAFFERNOCKER: No, they were painted black. We alwavs lookpd 

the°passage? PiSSi,9e S° ” °"ly had “ pa,nt ^ °f tTbî.J«IS 

them. 
BOUTIER: Wi' had the same problem. We solved it by polishing 

SHAFFERNOCKER: In other words by polishing you attemot to 
•ceep the beam from diffusing and just reflect it out of the area I 
gu«s you Mild do It aithor way. He were attenptïîg to aSsSSS ¿he 

* "jriNIN6: Have y°u considered sampling at a rapid enough rate 

’tÄfirÄrhistory frM your counter techni',ue 

SHAFFERNOCKER: We do real time. 

DUNNING: You get a time history? 

SHAFFERNOCKER: Yes. 
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DUNNING: So you could correlate that, for example with noise 
from your jet. 

SHAFFERNOCKER: Yes. We rely on a single particle in the 
sensitive volume at a time and then prepare a real time history from 
the individual velocity determinations. From there you can go to a 
spectrum analysis, histogram, or rms. 

DUNNING: And you can do it rapidly enough? 

SHAFFERNOCKER: Yes. That's a function of how many particles 
you put through. On the compressor I think we got something around 
20 or 30 particles per second because of the seeding technique. In 
the nozzle it was anywhere from 1,000 to 10,000. 

PFEIFER: Have you measured the diameter of the particles and 
do you know if they are spherical particles? 

SHAFFERNOCKER: My co-workers tell me they are one micrcn. 
The polystyrene particles were spherical. We tried two sizes on 
polystyrene - one micron and two microns just to see what the effect 
of the increased light intensity would be on the signal to noise 
ratio. There we were dealing with very low flow velocities - 100 feet 
per second. For the alumina used with the nozzle the average diameter 
(and it's not spherical) is on the order of 0.75 micron. 

HUMPHREY: What difference did you see in the signal to noise 
ratio with your polystyrene particles? 

SHAFFERNOCKER: The more light you get back, the better your 
signal to noise. 

HUMPHREY: No I meant did you see appreciable improvement? 

SHAFFERNOCKER: I don't think it was that significant. As it 
turned out with the Argon laser we were using the amount of modulation 
we had available to us it wasn't a significant contributing factor. We 
had enough to begin with, I guess that's the way to answer. It could 
be significant in some cases t’ough at high flow velocities. 

DUNNING: I am just going to comment on this question by Ron 
Humphrey. With one micron or three-quarter micron particles in Argon 
laser light you are already up under the little wiggles on the Mie 
scattering distribution and so one, two, or ten microns isn't going to 
make any difference. Below that it's going to start dropping off, but 
larger particles aren't going to affect it. 

SHAFFERNOCKER: Yes, I didn't think it was. We just had the 
opportunity with the two sizes so we ran that part of the experiment. 
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DOPPLER AMBIGUITY AND THE MEASUREMENT OF TURBULENCE 

W. K. George and J. L. Lumley 

The work I am going to talk about has existed in various forms 
for the last/tbree years, the first presentation being by John Lumlevxat 
Rolla in '68^. It has been modified a number of times since then'2'. 
This represents the latest version and, I hope, the final one. It has 
been submitted for publication' ; and should be available in a number of 
months. 

As a refresher for those who weren't here yesterday afternoon, 
the optical system that I am going to analyze in particular is a modified 
Goldstein system (see figure 1). Ours is a little different than most 
in that we have a polarization rotator at the laser, a polarizing beam 
flitter, and then another polarization rotator which may be adjusted so 
that both beams are vertically polarized. The idea is that by using the 
polarization rotator in combination with the polarized beam splitter, 
you never have to attenuate the light and can ge'-. maximum heterodying 
efficiency. 

There are no optics in the receiving end. It is just an open 
photomultiplier tube. We haven't had a problem with stray light. In 
the terminology used yesterday, this is input aligned optics. 

The scattering volume for Gaussian laser beams can be shown 
to be approximately Gaussian--that is, the surfaces of constant Intensity 
of the scattered current are Gaussian. The current from a single particle 
can be represented by 

i 
sp os K X (1) 

X = (x, y, z) represent the particle's position which is a function of 
time and oi, a2, a3 are measures of the scattering volume dimensions 
and are determined by the optical components used. K is the scattering 
wave number and is given by 
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K = — sin 0/2 (2) 

where 9 is the scattering angle and X is the wavelength of the light. 

I will assume the particles track the flow, so g is the 
Lagrangian position and is given by 

(3) 

o 

where a is the initial particle position and U(a,t) is the Lagrangian 
velocity field. Substituting this expression into the cosine term above 
you can see that you obtain a constant phase depending upon the i011)®1 
position of the particle, and a time-dependent phase depending upon the 
displacement of the particle-that is, the history of the velocity field. 
If one counts the zero-crossings due to this time-dependent phase, (i.e. 
differentiaties), a number proportion to the particle velocity is ob¬ 
tained. 

Now this is where the fun comes in. Snce there may be many 
particles in the scattering volume, what velocity is the velocimeter 
looking at? I say it is looking at an effective velocity, which Is Just 
an average over all particles in the volume at any instant. We call this 
velocity u0(t) and define it by 

, N(t) 
A _ V 

uo(t) = Nity -=1 u(âi’t) 
(4) 

It is more convenient to use the following integral definition for the 
effective velocity 

(5) 

N 
initial volume 

where g(a) is a random function which contributes wherever there is a 
scatterer and R is the expected number of scatterers. If we further 
define the scattering volume in terms of the spatial dependence of the 
current, we may write 
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where 

uo<t> £ I ^(a.t! g(a) H [x(a,t)J dj 

all space 

(6) 

W(x) =-j- e 
(2ir)3/2aia2a3 

(7) 

Using this effective velocity we can define an effective displacement 
which is the displacement experienced by a typical scattering particle. 

X(t) 
» 

u0(ti)dt1 

o 
(8) 

Now we can decompose the motion of each particle into its 
initial position, the displacement of the field as a whole (this is time- 
dependent and is averaged over only the scattering volume) plus the 
deviation of the single particle from the ftid as a whole which we 
will call A(a,t), that is, 

x(a,t) = a + X + A(a,t) (9) 

where 

A(a,t) [p'(a.ti) u0(tij] dtj (10) 

You can think of the scattering particles as moving through the volume 
somewhat randomly due to the turbulento. Each particle may be wandering 
slightly— A is the wandering effect, if you will. To find A, we just 
subtracted the velocity of the field as a whole from the velocity of the 
particle. 

Yesterday, I showed how, under certain restrictions u (t) 
could be related to the Eulerian velocity field which is what wê are 
usually after in this kind of measurement. I ch/eloped criteria for 
spacial resolution and showed how the spectrum was attenuated when the 
scattering volume was too large. Today, I am interested primarily in 
the deviations of the individu?’ particles from the volume average, that 
is A(a,t). 
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The Doppler signal current is given by the sum of the currents 
from the individual particles, that is 

i(t) = i(a,t) g(à) da (ID 
all space 

It is difficult, but straightforward, to show that the Doppler current 
can be written as 

i (t) = F(t) cos K X + G(t) sin K x (12) 

This representation is similar to that used K'j Rice for the shot effect. 
All of the random phase information has been incorporated into the F and 
G including the A 's. We may also write 

(13) 

where 

Recall that the velocity we would like to measure is contained 
in 7(t). We may recover the velocity by clipping to remove the amplitude 
information and keeping only the zero-crossing information. The result 
is proportional to frequency, say <*>i, and is given by 

Unfortunately, in addition to un(t), we've also obtained the extraneous 
random phase information. The random phase <j> includes the effects of the 
changing particle distribution, random velocities across the scattering 
volume, mean velocity gradients, and refractive index changes. We shall 
consider only the first two effects. 

• 

If the slewing rate of $ (t) were significantly different from 
u (t) we could build a detector to discriminate between the two and keep 
only the turbulence. Unfortunately, as we see later, the phase fluctua¬ 
tions are very broadband and, in fact, are almost white over the entire 
range of the turbulence. Thus we are always stuck with the random phase 
fluctuations. 
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We will compute the spectrum of the Doppler current. Let's 
assume that the turbulence (the effective displacement) and the 
particle derivations are independent. This can be justified as follows: 
first, they are uncorrelated by definition, second, we may take them to 
be statistically independent because fine scale turbulence is nearly 
independent of the large structure turbulence. We will assume that both 
the turbulent displacements X and the particle deviations have a Gaussian 
probability density. With these assumptions, we can compute the spectrum 
of the Doppler current. The result is shown in_figure (2) and consists 
of two peaks centered at plus and minus w0 = K uQ. 

w corresponds to the time average Doppler frequency corre- 
qaonding to ?he mean velocity. The width of this peak depends on two 
things. It depends first on what I call Aw which is proportional to 

o 
the turbulence intensity. (It is not the turtulence intensity when the 
probability density is significantly non-Gaussian). Secondly, the 
spectral width depends on Aw which is the Doppler ambiguity. The 
ambiquity broadenings that I will consider (and there are a number of 
them) are the transit time broadening and the broadening arising from 
the presence of velocity fluctuations across the scattering volume. 

The transit time broadening is given by 

Awl = 01//2 Ti0 (16) 

where u is the mean velocity and ai is the standard deviation of the 
sample 9olume in the direction of the flow. 

The broadening due to the finite resolution of the sampling 
volume (or turbulent broadening) Aw^ is given by 

(17) 

where e is the rate of dissipation of turbulent energy and v is the 
kinematic viscosity, (e/v)55 corresponds to the smallest dynamic scale 
of the turbulence and the linear dependence of Aw, on o2 is true only 
asympotically; the general dependence of Aw, on siattering volume size 
is shown in figure (3). It should be emphasized that Aw, arises from 
velocity fluctuation within the scattering volume. 

The total ambiguous broadening Aw is given by 
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(18) (Aw)2 = (Aa^)2 + (Awl)2 

(Note that the òuj broadening appears to add to Awu to make the total 

broadening minus the transit time broadening proportional to the turbulent 
energy*. This unfortunately is not true for the instantaneous signal.) 

This is where I think that John Lumley and I have made our 
major contribution as I know no other analysis that treats the instantaneous 
velocities. The detector output as I said, is given by 

ioa = Kuo(t) - $ (t) (19) 

It is not difficult to show that u and <j> are statistically independent, 
hence their spectra are additive, T.e. 

Output Spectrum = K2 FMw) + N(w) (20) 

where Fjl(w) is the velocity spectrum and N(w) is the spectrum of the 
phase fluctuations. The big question is then, what is N? Alternately, 
we may look at the correlation and ask, what is <£ (t) <J! (tT7)? 

On dimensional grounds we must have 

N(u) % Aw (21) 

since Aw is the only parameter in the syst; m. In other words, the 
ambiguity spectral height is proportional to the Doppler bandwidth Aw. 
In reference (2) it is shown that 

‘T2’ = °o (22) 

which implies that the correlation issingular at the origin. The infinite 
value of <p is a consequence of the non-stationarity of ¢. 

Computation shows that the height of N(w) at w=o is given by 

N(o) = 0.77 Aw (23) 

The spectrum may oe shown to be flat to a frequency of wrv/Aw and to fall 
ofr as inverse frequency thereafter. 

*Th1s point was missed in the oral presentation and resulted in the 
controversy with R. Edwards. 
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If one considers the effect of an additive electronic noise 
to the Doppler signal current, the expression above may be modified to 
Include the effect of the noise. The result: 

N(o) = 0.77 Aoj I 1 + ^^2j (24) 

where is the noise bandwidth and S is the signal to noise ratio. 

Figure (4) illustrates the shape of the ambiguity correlation 
(t)<f> (t+T). Figure (5) shows the corresponding ambiguity along with 

Pao's spectrum for the turbulence in a plot which utilizes Kolmogorov 
scaling. Figures (6), (7), (8), and (9) represent respectively spectral 
measurements in laminar flow, spectral meaurements in turbulent flow 
including ambiguity, corrected spectral measurements in turbulent flow, 
and finally the ambiguity spectral height in turbulent flow showing 
agreement with theory to within 10¾. Figure (10) illustrates the effect 
of the anbiguity on correlation measurements; the small time behavior 
Illustrates the effect of the low pass filtering on the ambiguity. 
The signal processing equipment used for these measurements is described 
in reference (2). 
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Figure 4. Correlation of Phase Fluctuations 
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Figure 8. Corrected Spectra in Turbulent Flow 
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DISCUSSION 

ASHER: You mentioned of course that you were assuming more 
than three particles in the scattering volume. For frequency trackers 
that would necessarily need a high duty cycle and therefore the possibil 
ity of having multiple particles. I presume that your analysis would 
pertain completely. 

GEORGE: Right. There is no difference between any of the 
frequency-voltage conversion techniques. I might point out that you 
have a little trouble understanding the noise bandwidth of the frequency 
tracker. Also, if you're working with a signal to noise ratio less 
than one or with low particle densities none of these effects is going 
to be very important. It's just the noise that's going to contribute 
this flat spectrum and the noise is going to vary the turbulence. 

ASHER: This signal to noise that you talk about. In the 
counter approach you are talking about an instantaneous large S/N of 
20 db where the average might go down to zero db. So you are way above 
the noise. I know from my own experience I can't even see the noise. 

GEORGE: What tío you mean by see - on the scope? 

ASHER: Y*s, on the scope. 

GEORGE: Well the thing is it is filtered noise and filtered 
noise looks exactly like turbulence. The doppler ambiguity looks that 
way. They are all on the same bandwidth - you have a narrow band 
signal. They all look alike. 

ASHER: Well I was talking about just spurious noise. 

GEORGE: Yes, but you've filtered out the spurious noise so it 
doesn't exist. 

ASHER: No, I'm talking about the raw signal. 

GEORGE: I'm saying how can you tell the difference? 

ASHER: Well one way to do it is to look on the scqe and just 
see the signal when you reduce the incident light. You notice very quickly 
that you are getting into the dark current of the photo multiplier. 
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GEORGE’ I've never gotten into the dark current of the 
photomultiplier, so I really don't think that's the problem. 

ASHER: It is the problem. 

GEORGE• I've used both reference beam and dual scatter systems. 
,..,. rfS cotter system, I've usually been limited by the input 
amiifier fSl owin^ photo diode. Now that's just lousy electronics 
féig!; ThlTÄ yo" just can't sec noise on a scope. 

dike- Emm vour early slide, your analysis was for the in- 

coherent S ^Äs? Ä5 

“'one polnt'the^urrent^ue lô ZuáZl particles so this must be 
the coherent case. 

rFORGF- No there isn't any difference. You can show that 

rth3lleToar^akt^r'0olrnrlCtl-Cs;rtldeP!tSChU:l.i:0^et1^^9 

really whether there is such a thing as coherent detection. 

PIKE* Let me explain my terms. By coherent ejection I 
the receiver is so small that the scattering volume forms one Airy ring 
at it! so every particle adds up being the same. Now your analysis does 
not apply in that case. 

GEORGE: I don't know. I still suspect that the transit time 
is going to be there. Probably if you get the scattering volume down 
small enough it's a different problem. 

PIKE- No I'm not talking about the scattering volume. I'm 
talking about whether it s coherent detection or not,which is a function 
of the receiver size anc the scattering volume. 

EDWARDS: I wanted to comment on the differences of results in 
analysis Perhaps we don't differ on this one. We essentially say 

X lenath'scale is we over the fringe spacing, not the sample volume 
live The s«ond thing we say is that the light from two different 
particles does not Interact to contribute to the heterodyne speotrum. 
The consequence of that is no cusps. 

GEORGE: I'm not saying the light from two particles interacts. 
I'm referring to the phase fluctuations. 

PIKE- Could I ask whether that means Dr. Edwards thinks that 
he had done the analysis for the coherent detection case or not. 
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EDWARDS: Yes. 

PIKE: Have you also done it for the incoherent detection case? 

EDWARDS: No. 

PIKE: So you have one incoherent and one coherent analysis. 

EDWARDS: But we get the same answer for some things. 

GEORGE: The only things we disagree on, by the way, is the 
existence of so called turbulent broadening due to the velocity gradients 
across the beam. We are in perfect agreement on everything else. 

PIKE: I would be surprised if they came out the same. 
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APPLICATION OF A LASER DOPPLER VELOCITY METER IN TURBULENCE CHARACTERIZATION 

M. K. Mazumder, P. C. McLeod, and M. K. Testerman 

Department of Electronics and Instrumentation 

University of Arkansas Graduate Institute of Technology 

Little Rock, Arkansas 72203 

Abstract 

A differential method of optical heterodyning of the Doppler shifted 

scattered laser radiation for localized fluid flow measurements and its 

application to the characterization of the structure of turbulence are 

described. Characteristics of the Doppler signal from a turbulent flow 

field and the effect of system parameters on the Instrumental spectral 

broadening and slgnal-to-nolse ratio are discussed. Typical values of 

the instrumental spectral broadening were approximately 0.8 percent of 

the center frequency of the Doppler signal, and the *.g„al-to-noise ratio 

was approximately 25 dB obtained from an air flow system using submicron 

dioctyl-phthalate scattering aerosol. An analysis on aerosol dynamics and 

scattering properties is given to determine the optimum particle size and 

concentration. The application of this method to the Investigation of the 

decay of grid generated turbulence in a wind tunnel is described. Experi¬ 

mental data on the measurement of statistical parameters of turbulence, and 

on the energy decay at the final decay period are presented. 



Introduction 

A laser Doppler velocity meter has the essential features of an ideal 

instrument to measure the structure of turbulent fluid flow. The method 

provides an absolute method of velocity measurement, and does not requre 

calibration. The flow field is not perturbed in the process of measurement. 

Its frequency response and spatial resolution are excellent. The method is 

applicable to both subsonic and supersonic flow regions. * In spite 

of these advantages over hot wire anemometers, a laser Doppler velocity 

meter has several limitations in its application to the characterization of 

turbulence. One of the problems encountered in turbulence characterization 

comes from the instantaneous frequency spread of the Doppler signal. In 

turbulence measurement, the frequency spread may lead to a large error in 

the measurement of velocity fluctuations. This instrumental spectral 

broadening results in a low spatial resolution and a poor SNR. Further, 

FM demodulation of the Doppler signal becomes a difficult problem. 

The receiving aperture broadening of the Doppler signal can be completely 

eliminated if a differential system^ of heterodyning employing two incident 

beams is used. An investigation on the effect of system parameters on the 

performance of a differential laser Doppler velocity meter is presented 

here. The primary objective was to reduce the instrumental frequency spread 

by employing an optimum configuration in transmission and receiving optics 

and an optimum size range of the scattering aerosol. The method has been 

applied to the measurement of the decay of grid generated turbulence. 

Instrumental Frequency Broadening 

Figure 1 shows an experimental arrangement of a symmetrical heterodyning 

system employing two incident beams. The spatial frequency gx of the inter- 
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ference fringes formed at the beam Intersection of the two Incident beams is 

given by 

gx ■ U/X0) sir 0/2 (,) 

Where X0 Is the wavelength of the Incident laser radiation. When a scattering 

particle passes through this fringe pattern, the scattered light will undergo 

amplitude fluctuation with a freguency fc given by the product of the spatial 

freguency gx and the component of the particle velocity along the direction 

of the fringe pattern. Thus, 

fc * U9X “ (2u/^0) sin 0/2. (2) 

The Doppler signal obtained in this method does not possess any receiving 

aperture broadening and the frequency fc is independent of the scattering 

angle.11 

The amplitude fluctuations of the scattered light will be simple harmonic 

in nature as an aerosol traverses through the interference fringe patcern 

formed by two parallel beams meeting at an angle 0. However in case of 

interference fringes formed by two converging beams, the resulting waveform 

will be distorted. This distortion will cause a frequency spread due to 

the finite convergence angle. Further, since each particle crosses the beam 

Intersection as a discrete event, a frequency spread will arise due to the 

finite signal lifetime. 

The major components of Instrumental frequency broadening in a differ- 

entiil heterodyning process are (1) transmission aperture broadening (if ), 

(2) freguency spread due to the finite lifetime of the signal (if ), and 



^ÜRP " 

(3) frequency spread arising from the velocity gradient present within the 

effective sensing volume (6fs). Reduction of the instrumental broadening of 

the Doppler signal will have two advantages: (1) it will increase the 

accuracy of the system in turbulence structure measurement, and (2) it will 

increase SNR and. hence, frequency-to-voltage conversion will be possible 

by a comparatively simple method. 

The transmission aperture broadening in a differential system can be 
written as11 

6Vfc s (2 sin o/2)(cot 0/2) (3) 

for velocity component U. Here 0 is the angle subtended by the two incident 

beams at the point of velocity measurement and o is the angle of convergence 

of the incident beam focused by the Vans Lr It is desirable that 0 should 

be large for a small aperture broadening. Increasing 0 also decreases the 

effective length [i) of the laser beam "probe" (sensing volume). This means 

that increasing 0 would also result in a decrease of 6fs, the frequency 

spread arising due to the presence of the spatial velocity gradient in the 

sensing volume. The frequency spread arising from the finite size of the 

sensing volume can be calculated by determining the effective sensitive 

length U) of the "probe", and from the expected average spatial velocity 

gradient (3u/3ycm/sec/cm) at the point of measurement. Assuming diffraction 

.imited optics, i can be approximated as 

* “ 2.44 y(2 sin a/2 sin 0/2) (4) 

and the frequency broadening can be expressed as ' 
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(5) 6Vfc “11 <(3u/3y)>/u 

where IT represents the average velocity along the longitudinal axis (x) of 

the wind tunnel and 6f$ represents the frequency spread arising from the 

average spatial velocity gradient <(3u/3y)> of the fluctuating velocity 

component u* (root means square value) along the lateral axis (y) of the 

wind tunnel. An expected value of this gradient can be computed by 

determining the Reynolds Number Re and the microscale of turbulence. 

Figure 2 shows the variation of 6f, and 6f as a function of a/2. A 
a S 

velocity gradient of 500 sec"^ in the flow field was assumed to calculate 

6fs. While the transmission aperture broadening decreases with the decrease 

of a/2, the spread due to the finite scattering volume increases. This is 

due to the increase of the sensing volume since the blur diameter at the 

focal point increases as the aperture size in front of the focusino lens 

decreases. For a known value of 0 and the average velocity gradient in the 

flow field, the convergence angle of '•he incident aperture diameter can be 

optimized. In Figure 2, a^ indicates such an optimum value of the convergence 

angle for 0 = 60°. 

Sensing Volume 

In turbulence characterization, the size of the laser beam "probe" within 

the flow field should be small compared to the microscale of turbulence but 

large enough to contain scattering particles at all times during the period of 

measurements. As mentioned earlier, a larger sensing volume introduces an 

appreciable broadening (ófs) of the Doppler signal due to the spatial velocity 

gradients. 

The size of the sensing volume depends both on the transmission and 
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receiving optics. If the incident beams are crossing at 0 at an angle 0, as 

shown in Figure 1, i>e volume of intersection of these two focused beams is 

V » 2/3 Dü3 [l/sin 0 ♦ 1/(2 tan 0)J (6) 

where the blur diameter is u’ven by 

0B - 2.44 *o fj/a 

and f^ is tne focal length of lens Lj, XQ is the wavelength of incident 

radiation, and a is the diameter of the transmission aperture. The effec¬ 

tive scattering zone (shown as the shaded area in Figure 1) is the portion 

of this volume intersected by the depth of field of the imaging optics. To 

make this sens in* volume small, lenses and should have minimum 

spherical aberrations. If uncorrected lenses are used, the lateral spherical 

aberration would determine the effective diameter (d) of the sensitive 

scatter.ng zone. Figure 3 shows the effect of variation of AO on d if a 

plano-convex lens is used for ^ * 166 mm). The lower limit of d is 

set by the diffraction limit and the upper limit is set by the dimension D 

as determined by the transmission optics. D is the common diameter of the 

beam intersection, given by 

(7) D « Dß/(cos 0/2). 

The length t(equation 4) would depend primarily on the transmission 

optics since on-axis rays will not be blocked by the special filter 

(Figure 1), unless the optical axis of the spatial filter Is tilted In a 
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P,ane perpe"d1CU,ar t0 the containing the transmission optical axes. 

The length (t) decreases with the increase of the angle S. However. 

reflection loss from the optical window of the wind tunnel increases with 

0 and scattering intensity decreases. The nature of variation of the length 

* is plotted versus 0 in Figure 4. 

If. for example. 0 = 60°, f, = 700 mm. a - 4 mm. . m am. x - 40 mm 

and 40 ■ 10 , the sensing volume can he characterized by i ■ 550 microns 

and d - 4.5 microns considering diffraction limited optics. The effective 

scattering volume is thus approximately 1 x IQ-8 cm3. This compares 

favorably with the dimension of a typical hot wire probe (wire diameter 

10u, length 1.5 mm, probe diameter 3 mn). 

An estimation of the size of the sensing volume was made by placing a 

thin transi uscent plate in the scattering zone and moving it along and 

perpendicular to the optical axis while recording the relative intensity 

of light falling on the photomultiplier. Simple lenses were used in the 

present experimental setup. Measurements on -3 dB points indicate that 

L » 600 microns and d * 100 microns. 

Signal-to-Noise Ratio 

In most applications of laser Doppler velocity meters, where the point 

of measurement is not far away from the receiver, the signal-to-noise ratio 

of the laser Doppler signal is determined by the noise content of the signal. 

I.e. SNR at the output will be limited by that of the incident scattered beam 

falling on the photocathode. To achieve this condition, signal power (power 

of the scattered beam falling on the detector) is made large so that the 

noise component of the signal is much larger compared to other noise 

components, such as themal noise, stray light noise, dark current noise 

225 



and shot noise. 

Since it is desired that, in a laser Doppler system, SNR should be 

high and 6f should be low. it is possible to define a dimensionless nuantity 

Qs relating these two parai iters. Designating this quantity as the "fioure 

of merit" of the heterodynii i system, Qs can be defined by 

Qs = SNR/ 6f/fc) (8) 

evaluated for a scattered beam intensity s at a unit distance from the 

scattering center and in the dir xtion of the receiving aperture. For a 

comparative study between differential and local oscillator heterodyninq 

systems, measurement of Qs was mad,' on the equal intensity scattered lobe 

(constant s) since SNR depends on te total signal power falling on the 

photocathode. Figure 5 shows a plot of Q versus P for the two heterodyninq 

systems. From Fig. 5 it is observed that if the signal power Ps is greater 

than 10 ^ watts, the differential sy; tern will have a larger value of "figure 

of merit". This advantage can be gain id as long as Pg can be significantly 

increased by increasing receiving aperiure. 

Table I shows some experimental data on instrumental frequency broadening 

and signal-to-noise ratio. Measurements were made on laminar air flow using 

the differential heterodyning system. 

A 50 rrv/ He-Ne laser was used in this study. Typical SNR was, however, 

about 25 dB since a degradation of SNR was often caused by the relative 

vibration of the optical systems. When a 1.5 mw He-Ne laser was used, typical 

values of signal-to-noise ratio were about 10 dB. Instrumental frequency 

broadening (fif) was measured by using a communication receiver having a 

selectivity of 500 Hz. In general, the measured values of frequency spread 
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were lower than the computed figures. This is due to the fact that theoretical 

calculations were made based on the assumption that the intensity distribution 
I 

across the transmission aperture is constant. 

Aerosol Generation, Particle Dynamics and Scattering. Properties 

Localized fluid flow measurement using a laser Doppler method implies 

that there must be some scattering centers present in the fluid medium. 

The type of aerosol to be used would depend on the characteristics of the 

fluid medium and the flow system. The generation of a fairly monodisperse 

solid aerosol by dispersion of powders is quite difficult for a size range 

of present interest. One of the commonly used devices for generation of 

12 
solid aerosol is the Wright dust feed mechanism which uses dry compressed 

air for dispersion. Well fractionated solid powders can be used. If the 

generator is followed by an ilutriator, a suitable size range can be picked 

up for scattering aerosol. Aerosol generation by an atomizer nozzle of a 

13 
modified Laskin type can be used for generating liquid droplets in a size 

range of 0.1 to 3 microns diameter. Fairly uniform submicron aerosol (0.8 

micron mass median diameter) of dioctyl-phthalate (DOP) was generated using 

an aerosol generator shown in Fig. 6. The aerosol output rate can be varied 

widely by controlling the number of atomizer nozzle and the applied pressure. 

Use of DOP or water droplets is advantageous because of minimum elecning and 

corrosion problems in optical windows and wind tunnel equipment. One suitable 

method of generating submicron solid aerosol is by atomizing an aqueous 

solution of uranine (disodium salt of flourescein) in a nebulizer and 

subsequent drying of the aerosol. The generated aerosol preferably should 

be non-toxic and have a low electrostatic charge. 
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The size of the scattering aerosol suspended in the fluid medium should 

be small enough to follow the turbulent fluctuations of the fluid motion. 

If the particle Inertia is large, such that it travels an appreciable 

distance independently, the particle will not follow the small 

fluid. A measure of the particle inertia is its stop distance 

where s is the stop distance of the particle for it to come to 

projected into still air with velocity Vp. The quantity of Tp 
14 relaxation time of the particle, which can be defined as 

Tp » mp/6*rpn (10) 

where mp is the mass of the particle, rp is its radius and n is the 

viscosity of air, all in cgs units. How closely a suspended aerosol 

particle will follow the turbulent eddies would depend upon the ratio of 

the particle stop distance to the scale of turbulence. This ratio should 

be small. Figure 7 shows the stop distance plotted versus the particle 

diameter for two values of Reynolds number. In calculating the stop 

distance of a particle placed in a turbulent flow field, the estimated 

root mean square value of the fluctuating velocity components was 

considered. 

Obviously, the desired size of aerosol is one that will follow the 

motion of an element of fluid but will not participate in the random motion 

of the gas molecules. Submicron particles have an appreciable Brownian 

movement. The mean square Brownian displacement of a particle can be 

eddies in the 

(9) 

rest when 

is the 
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written as 12 

Ä7 - 2RTt/(6nNnr ) (11) 

where R Is the gas constant, T is the absolute temperature, t is the 

time in seconds, n is the viscosity of the medium, N is the Avagardro 

number and rp is the radius of the particle. The rms amplitude of this 

displacement is also plotted against particle radii in Figure 7. The 

—7 
average particle diameter should be such that ax and s are minimum. 

Evaluation of the scattering characteristics of aerosols in the fluid 

medium can be made from the Mie Theory if the size distribution and 

refractive index of aerosol particles are known. For spherical particles, 

the scattering intensity at an angle 0 can be calculated for a wide range 

15 
of aerosol parameters, given in the NBS table of scattering functions. 

If the particles are separated by a distance large compared to their 

average radius, scattered intensities from more than one particle will be 

additive since there will be no permanent phase relationship between the 

radiation scattered by two different particles. 

To gain a physical insight of the effect of aerosol paramters, Mie 

Theory can be simplified for approximate calculations. For a given 0, I0 

and Tp an approximate value of I(Q) can be written in the form 

1(0) - KnrpZ (12) 

where K is a constant, rp is the average particle radius, n is the aerosol 

number concentration per cc, and z depends on angle 0, aerosol size 
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parameter ap and the refractive index of the particle. For polydisi erse 

aerosol in the size range that can be used for turbulence mcasuremon ., 

it is expected that z would vary within the range of values of 2 to < . This 

indicates that only the larger size fractions make primary contributi *n to 

the total scattering intensity. For DOR aerosol of 1 micron diarr.'ter, and 

XQ * 6323 A, and 6 =» 30°, and for an incident laser beam power of 30 ¡nw 

focused to an airy disk diameter of 100 microns, 1(6) is expected to be, from 

Hie Theory, 

1(30°) = 1 X 10~7 w/particle (13) 

at a distance of 50 cm from the scattering center. 

Particulate concentration, n, should be sufficiently high for a high 

signal power. However, energy removed from the incident and the scatttred 

beam will also increase in direct proportion to n. Further, a large aerosol 

concentration would effectively produce more heterogeneous aerosol due to a 

higher coagulation rate, since 

dn/dt - (-k0/2) n2 (,4) 

where n is the instantaneous concentration in number of particles per unit 

volume, and Kq is the rate constant for still air which increases appreciably 

with turbulence. Thus, a fairly monodisperse aerosol will become pol/disperse 

in short residence time due to coagulation if n is very high. 

Decay of Turbulence at Low Rtynolds Number 

The purpose of the inves igation on grid generated turbulence in a wind 
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tunnel was to illustrate the applicability of the laser Doppler velocity 

Tiete-' to the characterization of turbulence. Air flow with a low Reynolds 

number was investigated to indicate an advantage of laser Doppler velocity 

meter over hot wire anemometer where the latter looses its sensitivity at 

low air velocity. Decay of weak turbulence is also a subject of considerable 

recent interest.^® 

A channel of cross sectional area 3.8 cm x 3.8 cm and 16 meters long 

was selected for the present study. Air at room temperature was used as 

the fluid medium. Polydisperse submicron DOP aerosol of average diamter 

0.8 micron and concentration of 10^ particles/cc was used. The end connections 

to the air duct were made by flexible piping. The experimental setup is shov/n 

in Fig. 8. The flow could be adjusted by changing the blower speed. The 

channel was mounted on a movable frame so that the channel could be translated 

in the vertical and horizontal directions by known displacements. At the site 

of flow measurement in the duct, lucite windows (17 cm x 3 cm x 3 mm) were 

provided on the four sides. 

FM demodulation of the Doppler signal was done by phase-locked loop FM 

detectors using Signetics NE 561B PLL integrated circuits. The demodulated 

output was fed to an active low pass filter to reject the high frequency 

noise arising due to occasional signal dropouts (due to time discontinutiy 

of the signal). The output of the filter can be directly recorded in a 

magnetic tape recorder for later processing of the signal. The demodulated 

Doppler signal was fed to a DISA 55D70 analog correlator for analog auto¬ 

correlation measurement of velocity as a function of time delay. For 

digital data processing, the recorded signal was digitized using an A/D 

converter for computer processing. 

To examine the performance of the Doppler signal processing system, an 
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oscillatory laminar flow was established in the air channel by excitinn the 

flow medium with a loud speaker. The speaker was connected throuqh a Tee 

section to the air channel and when excited, the laminar flow was modulated 

sinusoidally. The detected velocity signal was displayed in an oscilloscope. 

This test was carried out at a different excitation frequency to determine the 

fidelity of the FM detection process. 

A grid made of cylindrical rods (diameter 0.63 cm and spacino M = 1.27 cm) 

was placed at the upstream of the duct for turbulence generation. The 

separation x between the point of measurement and the turbulence generating 

grid was varied by moving the grid at the desired position. The velocity 

measurements were taken at ¿ point far away from the turbulence generating 

grids and at the center of the pipe so that nearly isotropic conditions of 

the flow field were achieved. 

The decay of turbulence expressed by the ratio of the mean velocity U 

and the r.m.s. value of the fluctuating component u' is plotted in Fig. 9 as 

a function of x/M where x is the distance between the turbulence generatina 

grid and the point of measurement and M is the separation between the grids. 

For large x/M, a linear decay rate is expected from Taylor's relationship.^ 

IT/u't » constant + (5/A2)(x/M). 

From Fig. 9, A was calculated to have a value of 2.8. 

Figure 10 shows a plot of velocity correlation against time delay for 

different values of x/M. The correlation coefficient was obtained by 

computing 

T 

o 
(15) 
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where t is the time delay and T is the integration time large enough to 

include all small time scale fluctuations. The integral scale of turbulence 

along the x direction was measured using the relationship 

00 X 

X - f Rx dx ■ \ Rx d)1 (16) 
•'o ■'o 

where Rx is the correlation coefficient between U at two points at a 

distance x along the x axis, such that Rx * 0 for x X. The energy 

spectrum of turbulence was obtained from the correlation plot. 

If Rx(t) is the velocity auto-correlation function, the energy spectrum, 

oo 

GUif)a4( Rx(0 COS (2,rfT)dr. (17) 
*o 

~7 
Normalizing the energy spectrum with respect to the total energy u , which 

is the total contribution from all frequency components, 

v(f) = GyifJ/u* 

( v(f) < f - 1. 

(18) 

The normalized energy spectrum is plotted in Fig. 11 for different values 

of x/M. The microscale of turbulence was obtained from the normalized 

energy spectrum. 

oo 

(U/2n) U f2 v(f)df -1/2 
(19) 

Karman^ has shown that for low Reynolds number 
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d i7/dt = -lOv 7/xZ (20) 

where t is the decay time measured with reference to the turbulence gen rating 

grid so that 

t « x/lJ. (¿1) 

At the final decay period, the integral scale (a) approaches nearly a 

constant value and the energy decay approaches an inve se square law 

relationship i?/ ~ t~Z and the microscale (à) increases with time such 

that 

2 
X - const xt. (22) 

p 
Figure 12 shows the energy decay and the variation of Xe with respect 

to the decay time t. Table II presents some of the complied and experi¬ 

mentally obtained values of turbulence decay parameters. With a two point 

velocity measurement system, it is possible to measure twi point cross¬ 

correlation functions and to measure Reynolds stress. Frequency biasing 

by rotating diffraction grating can be employed to measure velocity 

without directional ambiguity in cross-correlation measurement. Frequency 

translation of the Doppler signal is also helpful in supersonic flow 

measurement in maintaining the Doppler signal frequency within the useful 

range of signal processing equipment. 
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TABLE I 

Effect of System Parameters on Instrumental Frequency Spread 

sin a/2 sin 0/2 6f/fc X 100* 

Calculated 

6f/fc !( 100* 

Observed 

SNR 

dB 

0.0028 

0.0040 

0.0075 

0.0143 

0.0143 

0.1500 

0.5736 

0.0750 

0.2436 

0.1398 

1.82 

0.57 

9.99 

5.72 

10.13 

0.8 

0.5 

3.8 

1.4 

4.3 

30 

30 

31 

30 

28 

♦Referred to Half-Power Points 



S
om

e 
S

ta
ti

s
ti

c
a
l 

P
a
ra

m
e
te

rs
 
o
f 

T
u

rb
u

le
n

c
e
 
a
t 

L
ow
 

R
ey

n
o

ld
s 

N
um

be
r 

o 
CM 

VO 
a* 

K t 
V 

JO 

o 

3 
o 

00 

ï 

3 o 

r— 00 to »r 
to to Ol 

• • • • 
o o o o 

to 
• • • 

to VO »— 
CO CO PO 

-K 6 
§ 

O VO CM 
CM •— CM 

• • • 
r- CM CM 

¡¿ 
«A 

6 
to 

to to 
• • 
♦ CM 

V 
£ 

ns 

s 

u 
u 

4-> 

VO to 
OI CTI 
CO to 

• • 
O O 

CM 
a* 

g 

£ 
K 

CM 
CM 

238 



A
IR
 

i 
/
 V

/IN
D
 

T
U

K
'M

E
L 

F
ig

u
re
 

1
. 

D
if
fe

re
n
ti
a
l 

h
e
te

ro
d
y
n
in

g
 

sy
st

e
m

 



(0NIN2CVOH3 aWmOA 9MISM2S) %COI » 
10 ^ io M — 

°í/s¿3 

c 
Ò 

ro 
Ò 

CO 
u 
u 
L' 
(S> 
L'J 

Q 

C\i 

CVJ ^ 

CVJ 

ö” 

240 

F
ig

u
re
 

2
. 

V
a

ri
a

ti
o

n
 
o
f 

in
st

ru
m

e
n
ta

l 
fr

e
q

u
e

n
cy
 

b
ro

a
d

e
n

in
g

s 
o

f 
th

e
 

D
o
p
p
le

r 
si

g
n

a
l 

du
e 

to
 

fi
n

it
e
 
si

ze
s 

o
f 

a
p

e
rt

u
re
 

an
d 

se
n

si
n

g
 

vo
lu

m
e 

ve
rs

u
s 

th
e
 

co
nv

er
ge

nc
e 

a
n

g
le

 
(A
 
s
p
a
ti
a
l 

v
e
lo

c
it
y
 
g
ra

d
ie

n
t 

o
f 

50
0 

se
c“

^ 
is
 

as
su

m
ed

.)
 



10,000 

o 1000 
Õ 
Cl 
o 

L-J 
n 
o 
£ 

ij 100 
P 

L'_ 
O 

•a 

u 
> 
i 
» 

O 
LJ 
L- 
L_ 
U 

t 
0 

/ 
/ 

/ 
/ 

/ 
/ 

j_i-1 

10 20 30 
A0 IN DEGREES 

Figure 3. Effective diameter of the "laser beam probe" plotted versus the 
angle Ae subtended by the receiving apertûre at the center of 

the sensing volume 
241 



E
F

F
E

C
T

IV
E
 

L
E

N
G

T
H
 

(A
) 

IN
 
M

IC
R

O
N

S
 

5000 

Figure 4. Effective length of the "laser beam probe" in the flow 
field plotted versus o for different values of a/2 
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Figure 6. Schematic diagram of the OOP aerosal generator 
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Figure 7. Stop distance and Brownian displacement for unit density spherical 

particles plotted versus particle diameter. 
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Figure 9. Decay of turbulence behind a grid of round bars 



^
ü

) 1.N
I2I0U

JZ
00 

riG
iiv

ii'ju
o
o
-A

iio
o
n
^A

-n
v
i'o

ian
iio

N
 

pipi 

Figure 10. Velocity auto-correlation coefficient plotted versus delay 
time (digital correlation measurement) 
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Figure 11. One-dimensional energy spectrum of turbulence of low Reynolds number 
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Figure 12. Energy decay of turbulence and XZ plotted versus decay time 
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DISCUSSION 

GOLDSCHMIDT: What was your average velocity In the last 
set of measurements - the mean velocity in the wind tunnel? 

MAZUMDER: We had a velocity of about fifty centimeters 
per second. 

BOUTIER: Did you consider the laser beam divergence in the 
determination of the sensing volume? 

MAZUMDER: What we have tried to show is that it is often 
possible to make an estimation of the sensing volume from the geometry 
of the receiving optics alone. If we use diffraction limited optics 
in the receiver and if we know the size of the pin hole used in the 
spatial filter, the sensing volume could be calculated easily. We 
actually measured the sensing volume by placing a very thin trans¬ 
lucent screen (about ten microns) in the sensing volume and moving it 
along the longitudinal and transverse directions and plotting the 
DC current output of the photomultiplier against the spatial dis¬ 
placements of the transluscent scattering film. 

EDWARDS: I noticed you did a dynamic calibration. Were you 
able to do an absolute dynamic calibration? In other words, were you 
able to know the ergs per square centimeter of sound power at a given 
point - where you measured? 

MAZUMDER: Yes, it probably could be done. We really didn't 
go to that extent. A pressure transducer was placed in the acousti- 
cally excited flow medium and its output was displayed in a dual beam 
oscilloscooe. The demodulated Doppler signal was displayed on the 
other channel cf the oscilloscope. The ratio of the amplitudes of the 
acoustic excitation and the resultant oscillations of the flow borne 
particles were measured as a function of excitation frequency. Also, 
the Doppler signal displayed in the spectrum analyzer allowed us to 
measure the modulation index and the results agreed well with the data 
that were obtained from the demodulated signal output. This dynamic 
calibration could be carried out over a wide range of frequency but in 
our present set of experiments, the frequency range was limited by the 
relatively low cutoff frequency of the lowpass filter used in the phase 
locked loop detector. 
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I. INTRODUCTION 

It is well known that when a light beam is scattered from a moving 

particle, its frequency will be shifted. This is called Doppler shift. 

Using this Doppler shift Yeh and Cummins, 1 Foreman et al. 2 and others 

have successfully measured the flow velocity by laser Doppler velocimeter. 

Since the scattered light is scattered from a large number of 

particles in the flow, if all these particles are moving at the local flow 

velocity (this is likely to be the case), then the velocity distribution of the 

particles is the same as the velocity distribution of the flow. Hence it is 

possible to study the spatial structure of turbulent flow by analysing the 

light scattered from these particles. Many investigators,3’4'5 have 

done some work on the turbulence measurement by this laser Doppler 

technique. Recently, using the theory of optical mixing spectroscopy, 

Wang6 formulated a new model for laser Doppler velocity measurement 

on turbulent flow. Here, based on this new model more detailed analysis 

is given. 
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In the approach here, we consider the laser beam incident on the 

Bcaltcrinf; medium as the ''carrier wave," the process of Doppler scatter¬ 

ing as a modulation process and the scattered wave as a modulated wave 

which carries the information about the scattering medium. Then the 

information contained in the modulation is obtained through proper demodu¬ 

lation. 

II. OPTICAL MIXING SPECTROSCOPY 

The optical mixing spectroscopy7, 8 or light beating spectroscopy may 

be regarded as extensions into the optical region of devices and techniques 

winch arc conventional in radio frequency and microwave communications. 

In general, a laser light is used as an incident light source, which 

is focused to a small scattering region to be measured. The light scattered 

from this scattering region is then collected by a lens and aperture system 

and falls on a photodetector. As is shown in Fig. 1, the output current of 

the photodetector is then fed to a spectrum analyzer which consists of a 

variable center frequency narrow band filter, a square law detector for the 

filter output, and a time averager to obtain the average power passing 

through the filter. The spectral power density thus obtained is called the 

homodyne spectrum. For a random stationary process this homodync 

7 
spectrum c;m be expressed as 
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(1) P^(O) ) = 2n i 
s 
2 

s 

where i is the average current oí the scattered light, N is the number 
s 

of coherent areas AA on the photodetector, G is the gain of the photo- 

ilctcctor, c is the charge of an electron, uu is the frequency in rad/sec, 

E(t) is the electric field of the scattered light, and R 2(T) *s ^ie correla- 
E 

i 12 
tion function of |E(t)| , i.e. 

R ,2(t> 2 < lEWl2 |E(t+ t)|2> 
£4 

(2) 

In Eq. (1), the first term is the dc component, which can easily be 

blocked out, the second term the signal spectrum and the last term corre¬ 

sponding to the shot noise which has a white spectrum. In general, the 

homodyne spectrometer not only removes the carrier frequency, but also 

has the effect of removing any phase information connected with the corro- 

icp(T) 
lation function. That is, if R„(t) = a(T)c , the homodyne spectrome- 

hj 

ter loses the phase information, cp(T), which contains the important informa¬ 

tion on the absolute frequency shift or the absolute velocity of the scattercr. 

To retain this phase information cp(T), a reference signal is re¬ 

quired. In general, this reference signal can be obtained in the following 



9 10 
three üi/íerent arrangements, ’ 

region but by another coherent light beam incidented from a different direc¬ 

tion may also be used as the reference signal. This is called differential 

heterodyne. 3) The scattered light from the same scattering region but 

collected in a different direction may also be used as the reference signal. 

This is called symmetric heterodyne. The relative merits of these 

arrangements are discussed in Ref. 9. Here, only the local oscillator 

heterodyne arrangement is discussed in detail. With minor modifications, 

the results can also be applied to the other arrangements. 

Using the same light collecting and analyzing circuit system as 

used for homodync spectrometer, but introducing a local oscillator or 

reference light beam, 

-ill) t 
o 

E. (t) = E c 
¿o o (3) 

Mixing this local oscillator field with the scattered field at the photodetector, 

we obtain a heterodyne spectrum. Assuming the average photocurrent due 

to the local oscillator is much larger than the average photocurrent due to 

7 
the scattered light, the heterodyne spectrum can be expressed as 
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----.... ... . . 

00 

E2 f ( Rf*1) / >(».'+“1)1 -i<l»+U))T]) r^o's J |kJô)Ie +' ° Jj dr 

.+ Gci/o’ (4) 

where i¿Q is the averaSe current of the local oscillatoi, «and e is the 

heterodyne mixing efficiency, i.e. 

2 
c = 

AA 4 Eio(R> 
AA 

E (R ) dA 
sea 

(EZ.) (E2 > 
io R sea R 

Here AA is the coherent area on the phetodetector and R is thc location 

of the „he,„detector. Physically, e repre.ents the degree to which the 

scattered wave front and the local oscillator has matched phase front, 

an area equal to a coherent area AA. 

(5) 

s over 

m. OPTICAL MIXING SPECTRUM OF TURBULENT FLOW 

To study turbulent flew by optical mixing spectroscopy, a laser 

beam is used as incident light. The electric field of the light scattered 

from particle p, at location r . can be written as6 
r 

i((D t + y t) + im o D ^ 
p e1/2(t;vpK), (6) 
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is the 
p O 

irequem y of the incident light, v , the velocity c 

where A is the intensity of the scattered electron field, tu 

v , the velocity component 
P 

parallel to k* k and in the units of wavelength/sec, k is the incident 
^ '■'‘O '•"O 

wave vector, k is the scattered wave vector, 'P is the phase factor which p 

depends on the location of the scatterer, and 9 (r^) is the beam intensity 

distribution function. Now, we may define the probability density of 

K K 
velocity v , at r to be f(v ; r ). Then the correlation function of 

P P ’’"P 

(7) 

where C' is a constant and v is the volume of the scattering region. The 

heterodyne spectrum then becomes 

CD 

(8) 
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where C is a constant, and * is the convolution product. Here the dc 

and short noise terms are not included. The effect of those two terms are 

discussed later. If some average value of v£ is used in 0 , i. e. we 

assume. 

0(mi; VK) Q'ltu) 
P 

Then the spectrum becomes 

P^UJ) = cf(u>) * S'il») 

where f(u)) is the averaged probability density of velocity over the scatter 

ing region and G'tw) is the averaged weighting function for the beam 

intensity profile. Usually, the half-width of 9> ) is very narrow and can 

be approximated by a delta function. The heterodyne spectrum is then 

?»(.) ~ cf(tü) . 

That is the spectrum obtained from heterodyne spectrometer corresponds 

to the probability density. f(vpK), where v* is simply replaced by U). 

c. g. , if the probability density is a Gaussian, 



whoro o / , K K.2 \ , 
\ Vp * Vp /’ het erodyne o spectrum obtained is 

PH(lu) ~ 

'( 2tr(u)-a))2) 
1/2 

_ exp 
/ “x2 - ( «) - 0) ) 

_2(u)- uj)2 

Here the half-width of the spectrum corresponds to the rms velocity 

fluctuations. However, if due to the finite beam width, G» may not be 

close to a delta function, then the measured spectrum is broadened by the 

convolution product of f(u>) and e'(w). This is usually called Doppler 
. 11 

ambiguity. As is shown by Pike et al. , the half-width of e'Ou) is 

proportional to the average velocity and inversely proportional to the beam 

width. Since d'(x) is a known function, hence f(ui) can always be obtained 

from Eq. (9). 

Similarly, for the homodyne spectrum, we have 

H 2(t) 
E2 

ïr2(o} ^ÍjdVV dV* |ÍJ(VPK' V<i<: -P' -q1 6(1 : V«K| 0 <T; v“> 

.. K K 
i(v - V 

, p q 
}+ c/■¡r1 /dvpKi<vPK; ip» ; vpK» <“) 



K K 
where í (v , V ;r , r ) is the joint density function of two velocities 

j p ÇI ** P 9 
K 

P 
v 

/ 
0 2) 

From this spectrum we can obtain the joint density function which can be 

used to calculate the velocity correlation functions. As shown bv 

5 
Dourke et al. , this spectrum can also be used to measure the correlation 

length of the turbulent flow', i.e. the maximum r at which the spectrum 

width becomes constant. 

As for the velocity correlation function and the power spectral 

density of a turbulent flow, a relation between the heterodyne power 

1 2 spectrum and the velocity spectrum of the turbulent flow is obtained. 

I. 
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p“(<u) - 
í 1 í (sin^z\ ) ''l'»-''?)'' 

exp ‘ ^ J pv K(UJ)v'“<r"/d'JJ(c dT * 

(13) 

where« is lhe mean velocity, is the fluctuation velocity, and 

13 the velocity spectrum. Because of the exponential and integral 

V1 

dependence, the velocity spectrum P (id) is not sensitive to the variation 
K 

vi 

of the heterodyne spectrum P. (id), hence various broadening effects, 

such as instrument broadening, Doppler ambiguity, etc. will not severely 

broaden the velocity spectrum P ^(uu). 

V1 

VI. CONCLUSION 

In conclusion, it has been demonstrated that a more complete 

picture of the laser Doppler velocity measurement is obtained by using 

the method of optical mixing spectroscopy Using the measured homodyne 

spectrum and heterodyne spectrum various properties of the turbulent 

flow can be 1 uidied. 
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DISCUSSION 

MAZUMDER: Did you use a helium-neon laser for your work? 

WANG: No, we used a high power argon laser which we built. 

We can get thirty-five watts. 

EDWARDS: What do you estimate the radiative half life of say 

a nitrogen molecule whic1 you're exciting. 

WANG: That's almost instantaneous for the Raman scattering. 

Is that the question you asked? 

EDWARDS: No. I always had the impression that if you cried 
to scatter something by getting an individual molecule to absorb and 
re-excite, that the radiative half life would give problems. 

WANG: What you mean is fluorescence. This isnct fluores¬ 
cence. This is almost instantaneous - a life time of 10 seconds. 

PIKE: I would like to make a comment on nomenclature. I 
mentioned yesterday much of the work that we are discussing can be 
thought of as staniard microwave stuff, and in microwave theory there 
are specific exact meanings to the words homodyne, heterodyne and so on. 
I would like to make a plea that these be used in optics as well, ihe 
meaning of homodyne in standard communication theory or radar theory is 
that one's local oscillator is at baseband. That is, one puts carrier 
information on at the same frequency as one takes it off again with a 
local oscillator. It's a heterodyne system. Homodyning is just hetero¬ 
dyning with a local oscillator tuned to the carrier frequency. There has 
been a lot of confusion in the field of optics because people used the 
term homodyne for a completely different process which is perhaps more 
picturesquely described as sel^beat, but which in radar we call intensity 
fluctuation spectroscopy. It is all very confusing and it would be very 
nice if people could agree to use well established terminology. 

HUMPHREY: How are you proposing to separate the source of 
frequency of the different molecules - separating the velocity and 

density fluctuations. 

WANG: Presumably the laser LDV is independent of the 

velocity fluctuation. 

HUMPHREY: It isn't in reality is it? 

WANG: Yes, it is Independent because the energy Involved in 
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velocity fluctuation Is far less compared with the spectral line we 

are looking at. 

MEYERS- One Question that 1 have Is not In the LDV regime. 
Have you cons"ered during temperatures with Raman. 

__ 

MEYERS: So you can measure temperatures. I'm thinking of 

supersonic flows. 

WANG- Yes. Then you have to get a profile ^ 

ÄrÄrt6- ÄV^%re"ntTn5^oUn that. 
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TURbULhNCE MEASUREMKNTS USING THE IJiSLR DOPPLER VELOCIMETEK 

by 

John W. Dunning, Jr. 
NASA Lewis Research Center 

Cleveland, Ohio 

and 

Neil S. Berman 

Arizona State University 

Tempe, Arizona 

Although the laser Doppler velocimeter has been used for turbulence 

measurements in the past (1,2), no set of measurements in practical tur¬ 

bulent flows has been available to evaluate the instrument. In this work 

we examine in detail the photomultiplier signal representing the axial 

velocity of water within a glass pipe. We show that with proper analysis 

of the photomultiplier signal, the turbulent information that can be ob¬ 

tained in liquid flows is equivalent to recent hot film studies. In 

shear flows the signal from the laser Doppler velocimeter contains addi¬ 

tional information which may be related to the average shear. 

EXPERIMENTAL APPARATUS 

The laser Doppler velocimeter located at the NASA Lewis Research 

Center is a one dimensional instrument with an optical arrangement of the 

Goldstein-Kreid type (3). A scattering angle of approximately 9.9 degrees 

as measured in water was used along with a Bragg tank which gave a static 

frequency shift of 30 MHz (zero velocity equals 30 MHz). The laser was a 

Spectra Physics Model 125. The frequency spectrum o' photomultiplier 

signal could be directly displayed on a Hewlett-Par. 3 spectrum 

analyzer. Alternately the photomultiplier aignal coulu be mixed with a 

signal from a local oscillator and the difference sent to an FM demodulator. 
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Two different demodulators were used, a fixed center frequency phase lock 

loop and a tunable discriminator which utilized pulse averaging demodula¬ 

tion. 

The flow system was a recirculating water unit with an automatic 

level control on the head tank. The level in the head tank could be con¬ 

trolled to within ±1.5 mm. This is equivalent to a 0.1% control of total 

head. Glass pipes 1.9 cm, 2.54 cm, and 5.08 cm in diameter were used in 

the test section and measurements were made approximately 300 cm down¬ 

stream of an entrance section. Water containing a small amount of 

0.5 micron polystyrene spheres was used in the system. 

SPECTRUM ANALYZER RESULTS 

We consider first the spectrum analyzer display of the voltage or 

power in the signal as a function of frequency. This signal is the laser 

Doppler velocimeter frequency shift and is proportional to axial velocity. 

Figure 1 shows spectrum analyzer traces for turbulent flow using an aver¬ 

age of several sweeps and a single sweep. Parameters for this figure are 

sweep width 10 kHz/division, band width 300 Hz, sweep time 0.2 seconds 

per sweep. The data were obtained with a 150 mm lens focusing the laser 

beam at the centerline of the 5.08 cm diameter pipe with a local mean 

velocity of 24.5 cm/sec (local NRe - 14 000). Note that the single 

sweep has some width corresponding to the signal broadening due to the 

finite sample volume as discussed by Edwards et al. (4). It can be seen 

that the representation of turbulence requires long time averaging and 

some interpretation. The noise level is also significant. In laminar 

flow, similar spectrum analyzer traces in Figure 2 show no difference in 

signal broadening for multiple and single traces. Here the velocity is 
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5.25 an/sec with the same pipe, optics and spectrum analyzer bandwidth. 

The other parameters are sweep width 2 kHz/division and sweep time 

0.005 ms/division. The signal broadening of approximately 600 Hz at the 

one-half power point is considerably less than the 7500 Hz for turbulent 

flow. The 600 Hz can be calculated from the dimensions of the scatter¬ 

ing volume and represents the finite volume broadening. In Figure 1 the 

finite volume broadening would be 2500 Hz, considerably less than the 

observed broadening which contains the turbulent fluctuations. 

To obtain the turbulence intensity from the pictures of the spectrum 

analyzer traces, the finite volume broadening and noise must be sub¬ 

tracted. The analysis must also recognize that the white area on Fig¬ 

ure 1 is bordered by the peaks of the single traces. The corrections are 

possible if Gaussian distributions are assumed but may be weighted by 

recent events on the screen. To avoid this problem the veltage or 

heights of the trace at diicrete frequencies can be averaged over a suit¬ 

able length of time. Fig ire 3 shows the result of a one second average 

at each point plotted as normalized power versus frequency. The solid 

line is a least squares fit of a Gaussian plus a linear function to the 

data. For this experiment at the centerline of a 2.54 cm diameter pipe, 

the local mean velocity was 292 cm/sec corresponding to a local Reynolds 

number of 86 000. The turbulence intensity was 3.1%. Using the analysis 

of Lumley and Panofsky (5), the "probable error" in the second moment 

for the one second average is ±20% and the "probable error" in the fourth 

moment is ±46%. The type of curve given in Figure 3 is equivalent to a 

velocity probability versus velocity curve and the error analyses of 

Lumley and Panofsky should hold. 
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In shear flows especially near the wall of a pipe, the probability 

distribution becomes wider. Figure 4 shows multiple sweeps and a single 

sweep on the spectrum analyzer for this case. Here the sweep width is 

20 kHz/division, the bandwidth is 1.0 kHz and the sweep time is 0.02 sec/ 

division. The location in the 5.08 cm diameter pipe is at r/R - 0.92 

and the local mean velocity is 23.3 cm/sec. The single sweep is exactly 

the same as before with its width determined by the finite sample volume. 

The long time average, however, contains turbulence broadening, and an 

additional broadening due to velocity gradiaits in the radial direction. 

If this signal is treated the same as the previous one using a one second 

average per point. Figure 5 is obtained. The solid line represents the 

Gaussian plus linear fit. Obviously much longer averaging times are 

needed. 

DEMODULATED SIGNAL 

Spectrum analyzer averages or traces do not give information on the 

time variations of the turbulence. Therefore such information as the 

autocorrelation or the power density spectrum is unavailable from spec¬ 

trum analyzer measurements. The probability density is available but is 

clouded by noise when a spectrum analyzer is used. FM demodulation tech¬ 

niques can be used to bypass the noise problem inherent in the spectrum 

analyzer and to yield a signal which can be processed to obtain the sta¬ 

tistical data mentioned above. Basically we want to convert the frequency 

variations in the Doppler signal into voltage variations so that we may 

conveniently analyze the information content of the fluctuations. Fig¬ 

ure 6 shows schematically the method used in this work. Optical hetero¬ 

dyning of the scattered and reference beams at the photomultiplier tube 
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Sives a £tequency 4f> proportlonal to the ln.ta„taneou! valocUy> 

“+ - ' IhlS flUCt“a“"* f-O-ncy is heterod/ned with a constant fta- 

quency, i, to „ova the siqna! to |i - df|, the cantar ir.quancy of tha 

FM demodulator. TKa damodulatad output, after a low pass filter, is a 

voltage V proportlonal to tha fluctuating velocity u■. This voltage 

was recorded on an f* tape recorder. At a later time the tape was played 

bach into an analog to digital conversion facility which digitised the 

fluctuating voltage signal and made a digital tape. I„ the analog to 

digital conversion, 13 hits ware available to convert -10 to +10 volts 

to digital numbers from 0 to 8192. The digital tapes were processed on 

an IBM 360/67 computer to obtain power spectra, autocorrelations, and 

probability distributions. 

*a a test of tha noise level of tha electronics and the roll-off of 

the low pass filter a signal, frequency modulated by white noise, was 

-de the input to the FM demodulator and processed as shown in Figure 6. 

The low pass filter was set at 500 Ha, and tha digitizing rate at 8000 

per second. The power spectrum is shown in Figure 7. The tape and 

Igital noise level was extremely low at 2*10-2 mv2/Hz. 

7 typical power spectral density at the centerline is shown 1„ Fig- 

nre 8 and 1. compared to the data of Beach (6) at the same Reynolds num¬ 

ber. The local mean velocity was 54 cm/sac in the 2.54 cm pipe giving a 

local Reynolds number of 15 000 and a turbulence ■„tensity of 3.9*. For 

put poses of digital analysis, the data was divided into two regions: 

D below 100 Ha was digitized at 1000 Pts/sec for 16 seconds; 2, above 

100 Ha was digitized at 8000 pts/sec for 2 seconds. The "probable errors" 

are greatest at the lower end of each frequency tang, and are estimated 
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to be 21% at 4 Hz and 12% at 100 Hz. The points shown were obtained by 

using the Fortran program "Rapsody" written by Brumbach (7). A Parzen 

filter was used to smooth the raw spectra. The interesting detail about 

this spectrum is the noise level appearing at 400 Hz. This is the finite 

volume effect. The spectrum of the finite volume broadening appears flat 

or perhaps slightly decreasing as frequency increases. If this level is 

subtracted from the spectrum, the turbulent spectrum falls on the values 

obtained by Resch. Similar results have been found by George and 

Lumley (8). The finite volume effect can also oe seen in oscilloscope 

traces of the demodulated signal. In Figure 9 the top trace is the un¬ 

filtered signal including the high frequency finite volume effect. From 

the power spectrum for this experiment we can select 300 Hz as the fre¬ 

quency beyond which turbulence is negligible. When we use a 300 Hz low 

pass filter, we obtain the lower curve which represents the turbulence. 

It would be necessary to use such a filter to get meaningful autocorre¬ 

lation and probability results for any turbulent data obtained from a 

laser Doppler velocimeter. 

From a laminar flow analysis of the laser Doppler velocimeter (4), 

the standard deviation of the finite volume broadening can be used to de¬ 

termine the size of the sample volume in the axial direction and in the 

radial direction, and o^, respectively. For spot size we use the 

definition of Edwards, et al. (4). These spot sizes, which are only 

functions of the total optical system, are given for three different 

lenses in Table I. In turbulent flow (assuming Gaussian signals), for 

long txme averages, the variance of the spectrum analyzer spectrum is 

approximately the sum of the variances of the turbulence broadening, the 
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finite volume broadening, and the velocity gradient broadening. The 

analysis of the demodulated signal is more complicated. Some results 

were given by Lumley, et al. (1) previously. We would predict, regard¬ 

less of the absolute location of the finite volume broadening in the 

power spectral density, that the turbulent spectrum at low frequencies 

would be independent of the finite volume broadening. Further, the 

height of the spectrum of the finite volume broadening at zero frequency 

would be proportional to the mean velocity in the volume and the recip¬ 

rocal of the axial dimension of the sample volume if no velocity gradi¬ 

ents are presenc. If the finite volume broadening spectrum is flat at 

least as far out in frequency as the intersection with the turbulent 

curve, we can use the level at the intersection as representing the level 

at zero frequency. 

To study the effect of sample volume size or lens focal length on 

the finite volume broadening spectra, we have performed several experi¬ 

ments whose results are given in Figures 10, 11, and 12. Figure 10 rep¬ 

resents the tail of the spectrum from the flow in the 2.54 cm pipe at a 

mean local velocity at the centerline of 54 cm/sec. The local Reynolds 

number is 15 000 and the turbulence intensity is 3.9%. We have converted 

the vertical scale to units of Hz (deviation from the mean) squared per 

Hz frequency to compare the result to that predicted by George and Lumley 

(8). Although the height of the two flat portions of the curves, repre¬ 

senting the finite volume broadening, varies correctly with the scatter¬ 

ing volume size, the levels predicted by George and Lumley given by the 

marks on the right are high. The digitizing rate for this experiment was 

8000 per sec and the low pass filter was set at 2500 Hz. An EMR Model 
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4140 tunable discriminator with a 5 pole Bessel low pass output filter 

was used with a center frequency of 200 kHz and a percent bandedge of 

±30%. The sample time was 2 seconds. The waves in the spectrum are char¬ 

acteristic of the filter. 

A similar experiment was run using a lower Reynolds number, 6000, 

and an EMR model 167 phase lock loop demodulator. The center frequency 

was 185 kHz and the bandedge deviation was ±16.5 kHz. An external 4 pole 

Butterworth bandpass filter (0.2-2000 Hz) was used before taping and a 

6 pole Bessel low pass filter set at 2000 Hz was installed before the 

digitizer to obtain the data shown in Figure 11. For the two lenses used 

in Figure 10 the results are the same. Here at the centerline of a 

1.9 cm pipe the velocity was 28 cm/sec and the turbulence intensity 3.9%. 

The finite volume broadening is low enough so that some drop off from a 

flat spectrum can be seen for the larger focal length lens and the spec¬ 

trum could be interpreted to be higher than an extrapolation from the 

previous curve thus agreeing with the prediction of George and Lumley. 

Therefore, the 50 cm focal length lens was used and its spectrum is 

higher than predicted. The marks on the right side again are the values 

of George and Lumley. Clearly there is some other effect contributing. 

Since the effect increases with focal length, we suspect the velocity 

gradients across the sample volume in the radial direction. 

Using the same apparatus and procedure as in Figure 11, we measured 

the spectrum at r/R approximately 0.8 where the velocity gradient for 

this low Reynolds number is quite high. The local mean velocity was 

26 cm/sec, almost the same as the previous centerline run, but the turbu¬ 

lence intensity was doubled and equal to about 7.7%. In Figure 12 the 



tails of the spectra for the three lenses are compared. The lines on the 

left are the centerline levels adjusted for the mean velocity difference. 

Note that the 3.75 cm focal length lens which gives a very small sample 

volume in all directions gives the same noise level as at the centerline, 

but the others are much higher. In fact the 50 cm focal length lens giv¬ 

ing the largest radial dimension leads to a noise level considerably higher 

than that predicted for finite volume broadening alone. We conclude that 

the additional effect is due to velocity gradients. Although, again, the 

complete spectrum must be known before a proper analysis of the turbulence 

can be made, the additional information is related to the shear in the 

sample volume. George and Lumley predict that two point correlation ex¬ 

periments can be used to eliminate the finite volume broadening since when 

the volumes do not overlap the signals will not correlate. This may not 

be true for the additional source of broadening. Clearly there is more 

work to be done in use of the laser Doppler velocimeter in shear fields. 

COMPARISON OF PROBABILITY DISTRIBUTIONS 

FM demodulation and subsequent removal of the finite volume broaden¬ 

ing leads to a remarkably noise free signal that can be used to obtain 

velocity probability distributions. Such a result can be compared to the 

spectrum analyzer trace. In Figure 13 we show the probability distribu¬ 

tion at the centerline of the 2.54 cm pipe for the same run as Figure 3. 

The local Reynolds number was 86 000, mean local velocity, 292 cm/sec, 

and turbulence intensity 3.15%. For the digital analysis we used a rate 

of 1000 points/sec *or 21.648 sec. Based on a significant frequency of 

10 Hz, the "probable error" is 4% in the second moment and 10% for the 

fourth moment. The skewness of -0.516 and flatness of 3.23 agree with 
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recent data of Bose (9). This distribution appears on a semi-log plot to 

be decidedly non-Gaussian, however, the departure from Gaussian behavior 

within the first two standard deviations is small, when we compare Fig¬ 

ures 3 and 13 on the same scales. Figure 14 is obtained. Here the solid 

line is the digital analysis and the dots correspond to the spectrum ana¬ 

lyzer trace with the linear noise trends removed. The two curves can be 

made to coincide by subtracting the additional noise in the spectrum ana¬ 

lyzer trace. 

This noise appears to be a function of signal and is shaped by a 

band pass filter which follows the photomultiplier in the apparatus used 

in this study. 

CONCLUSIONS 

As a final demonstration of the ability of the laser Doppler velcci- 

meter we show the complete corrected spectra in Figure 15 for the three 

Reynolds numbers that have been used in this work. The form is similar 

to that given by Reach and the area under the curve is normalized to 1. 

This graph shows that the data obtainable in liquid flows where the tur¬ 

bulence intensity is as large as that obtainable at pipe centerlines in 

fully developed flow is comparable to hot film work. We have also shown 

thac additional information is available from the LDV signals in shear 

flows. 

This paper has emphasized the correction of the unique pitfalls in 

the analysis of laser Doppler data. Without subtraction of the finite 

volume and other broadening, use of correct low pass filters, and suffi¬ 

cient averaging time, the data can be easily misinterpreted. We are 

confident that the laser Doppler technique is a valuable aid to the study 
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of turbulence and can provida low frequency turbulent information unob¬ 

tainable by any other means. 
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DISCUSSION 

th.t wp haHEn?«E:^ lïï611 1 showed the slide correlation, I remarked 
thrjt we had pieced the asymptotic parts together Our ccrrectpH 

" pSt onlflhÆïŸÎ TU,t ™asured on the'ceSL^nTim the 
of.thf 50 millimeter case. You mentioned you think you might 

«ïî hrLSï^îyb?^:'îîgpr<>b,™s'1 wou,d a<id tL 

provide coK?v¿ da“?ah?„P'tht?sda°rM.eXPerin'ent ‘h1S SUn,"er that 1,1,1 

G^0R?E:' 1 made a calculation and concluded that on the 
Yni^rl neiîUrbu ent broadenin9 is going to be the first one you see 
get to extmL*Ti90ln9 t0 ?®e v?1oc1^ 9rad1ent broadening until you 
get to extreme.y large sample volume sizes. Near the wall in the 

th^turbulent^broade ?e,oc1,îy 9ra«ient broadening will probably dominate 
are an lot tTS?9' ‘f y°U 961 1n“ the ’“sonithmic regiín they 

DUNNING: I think what we really need is some conclusive data. 

GEORGE: Yes. Some high Reynolds data - small microscale. 

Question WFirïl íhp°Uld like t0 Take a statement first then ask a 
question, first, the spectrum analyzer and the scope can be used to olav 

of Sfis ju9nediso?anv rS/°Yan H ift you hava a" ""«nufal« ' 
it nn finnii disp1^ th6 si9nal on the face of the scope and film 
í£ 2Ô h ? r?p- °f course ru have “> ha« a lot of volts in order 
to do this. As long as you realize that phuse Interference volume 

SLP r°adenin9 and so forth are ^ there, in general Jou can Sin 
these tl, ngs down with the scope traces. You can actually see the ohase 

thíSuIhrenS produc1ng modulation and you can see the bursts com1ngP 
ííffirip JïiyOU CDn 9et essent1ally the same general data if you have 

from1 about SOlTk^üt Sme data 1n a rectanguUr channel om about 300 kHz at a low velocity to whatever it was at 200 feet oer 

had thp hïlîï°uî any dootoring at all we ran into a situation where we 
míonituHp 2fnin9 y°U b0th are talking about at about 1.5 orders of 

We werf never at the h19her velocity before the noise - 
oTï l^V Pb^ejnterference, and so forth dominated. It began 

to level off at about 1.5 orders of magnitude. 

DUNNING: You had a pretty low level of turbulence. 

thP wail *hf!;C5« /65, *Ve!2 sma11 near the centerline. If you go to 
the wall then you ve got other problems, of course. a 

•»« « l^ls data, I should have said, was taken usina water 
DercpntandTfW0 1n£h p1f?S.with levels of turbulence around three or four 
EptC!nw If y0ü hcV? higher levels of turbulence, then you're going to 
niÎeîv tHÏ<>hî«tïrbU ener9y spectru,n- BUI'S slidesshow this ?erj 
nlî? i ' H?bas a very low foncent turbulence (about one percent) and he 
gets less than an order of magnitude of turbulent energy spectrum. Theh 
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spectrum of the.signal can be approximated by the square root of the 

ofmtSe noise?*13*"65 °f ^ SP6CtrUm °f the 

causino nrühw /e f0und the droP°ut rate to be the primary factor 
as f£rnhi™ ? 1 °ur m«asurements. I'm just talking about that 

nitude^lgure 1s feH^bíe™" y°U Sa1d th6t the order of ma9' 

DUNNING: 

SHIH: 

From your experiment, yes I would think so. 

4 .. î,d.like to make some comments. I have a feel 1 no 
î»0* I £:k ‘h1s ™rning - pertlculsrly this session- that 

i m oack with the hot-wire people 10 years ago. It seems we are taiunn 
about the same things now. Can we come up and say which Is better? 9 

DUNNING: Each method has Its own application. There are 

S ï ycS0*VPPlIiat1°* Where the hot w1re ^111 have obvious 
turbulence Ipectíum measure,nent of the h19h ^equency end of the 

SHIH: I 
close to the wall, 
measurements. 

think that's a big question though - particularly 
I have grave doubts whether we can get good 

DUNNING: 
valuable since the 
flow. 

I think In the wall region may be where 1t's most 
technique does not require a probe to disturb the 

SHIH. Number two comment Is this. I think we should be 
thinking about three-dimensional flow. I think we've been playing 
this one-dimensional, two dimensional game too long. 

DUNNING: You have to get It working first. You have to 
start somewhere. 

ASHER: Just a little bit of rebuttal - you have to walk 
before you can run. I agr>»e with you about the three-dimensional flows, 
but when you go into three-dimensional flows I would rather have a 
laser dopp!er system than some of the other techniques I have heard men¬ 
tioned In private and also In public using a hot wire. If you've donf 

kÎw/Ü“ knïu4Wh5t4.1 mean* 1 was 90ing t0 ask 3 question - If you could 
have done this data over again with some kind of quality control over 

ÎMcbünSî5 ti?t y®:® com1n9 in. the data that you were taking, perhaps 
this would alleviate some of the broadening that you saw. I think 
this was alluded to In the first response. 

DUNNING: Let me put It this way. Some of this was 
using a phase-lock-loop device from which I could get an Idea 
the dropout rate. Dropout rates were on the order of 5 to 10 
and It didn't seem to affect us. 

done 
of 
percent 
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gone further out In frequency then we 
BERMAN: If we had 

might have seen It. 

rise fine vouige'ex^lon Â'nüÎÎ' PÇ?se-'<«:k'oop gives a short 
output contribute a whltp nnico 0U^PU^• These rapid changes in the 

Vls?b,e «foÄsT: hn?;reSrqie°nSe Spect™ “h,Ch 

these probí^^aníoíirareqSâníMkenMíelf40 ZZ*?“ 
contribution and I think as we rontin.^60 »are °fi You made a major 
and faster - these problems ïilf k^ÎÏÎ ' we !tart runnin9 Taster 
I know they will be taken care of very eas1ly* In fact 

DUNNING: It is a degree of sophistication. 

signa, by S ?Äe™ Z S^fty^e^* the 
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LASER DOPPLER INSTRUMENTATION FOR FLUIDIC) RESEARCH 

by 

Cornelius C. Shih 

Professor and Choi man 

Department of Fluid and Thermal Engineering 

The University of Alabama in Huntsville 

Introduction 

Development of the laser Doppler heterodyne technique for velocity measure¬ 

ments was initiated by pioneers such as Yea and Cummins several years ego. Since 

then, there hove been numerous modifications and improvements of the technique 

based on the optical heterodyne principle. Further development of the technique 

has proved its general applicability to flows of both liquids and gases if a proper 

concentration of suspenaed particles or tracers and a sufficient power output of laser 

beam are made avoilable in the flows. 

In principle, this technique is based on the relationship between the flow 

velocity and the Doppler frequency shift of coherent, monochromatic light scattered 

from tracers suspended in a fluid flow. Two coherent monochromatic light beams 

with different frequencies resulting from the Doppler shift are then directed coinci¬ 

dentally onto the photosensitive surface of a photomultiplier tube, producing an 

optical heterodyne effect. This heterodyne effect leads to an output of electrical 

beat signal equal to the frequency difference between the two incident light beams. 

The velocity of the fluid flow can be determined through a measurement of the beat 

signal frequency, knowing geometric parameters of the optical system. 

Advantages of the laser Doppler instrumentation over most conventional 

instruments for velocity measurement are: 1) no measuring probe to disturb the flow; 

2) high frequency response in the instrumentation system suitable for transient flow 

applications; 3) small sampling volume in localized measurements; 4) simple and 

Yea, Y. and Cummins, H. /.., "Localized Fluid Flow Measurements with an 

He-Ne Laser Spectrometer", Appl. Phys. Letters, Vol. 4, pp 176-178, May 1964. 
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minimum calibration. It does, however, have some disadvantages as follows: 1) no 

sense of direction but magnitude of the velocity measurable by this technique; 2) 

critical and often tedious alignment and focusing of the optical apparatus; 3) slippage 

of tracers from the fluid flow; 4) requires transparent flow boundaries. 

Despite the shortcomings mentioned, consideration of the advantages has over¬ 

whelmingly justified the application of laser Doppler instrumentation for the fluidics 

research. Specifically, flow characteristics in terms of velocity distribution over a 

rather small flow field in ,he fluidic device can be measured with this instrumental 

technique at better accuracy. 

Therefore, projects have been initiated at the Fluid Dynamics Laboratory of 

the University of Alabama in Huntsville in order to achieve the following objectives: 

1) Verify the feasibility of the instrumentation system with a spinning 

circular disc at regulated speeds of rotation which can be used as a 

means of calibration. 

2) Determine the relationship between tracer concentration und 

laser power requirement with respect to the instrumentation feasibility 

for gas and liquid flows. 

3) Design a laser Doppler Instrumentation system for velocity measure¬ 

ment in a typical liquid amplifier and map velocity distribution curves 

in the two-dimensional flow field. 

4) Design a laser Doppler instrumentation syslem for velocity measure¬ 

ment in a typical supersonic fluidic amplifier and map velocity distri¬ 

bution curves in the two-dimensional flow field. 

5) Determine the feasibility of the instrumentation system with necessary 

modifications for measuring hot gas velocity associated with missile 

control systems. 

Theoretical and Design Considerations 

As the coherent and monochromatic laser beam is directed into a tracer- 

laden flow, it is scattered by the tracers caus'ng the frequency shift of optical 

Doppler signal without perturbation of the flow field by photons. Through an 



optical system, this Doppler frequency-shifted radiation is then mixed coincidentally 

with a known optical frequency of the local oscillator, i .e., the primary beam, to 

produce a sufficiently low beat frequency, resulting from the optical Doppler hetero¬ 

dyne phenomenon. The beat freauency, then, is converted into a voltage output 

through the photomultiplier and is represented with the intensity versus frequency 

relationship on a spectrum analyzer. The signal on the spectrum analyzer with a 

probability distribution function is a measure of the velocity distribution in a given 

scattering volume. 

The equation of frequency shift due to the Doppler heterodyne effect on the 

scattered and incident beams is given by 

f = (cos 9 +sinß )V 

where f denotes the frequency shift, V the tracer velocity, X the wave length 

outside the fluid boundary, 0 the angle formed by the incident beam and the fluid 

boundary, 0 thu angle formed by the scattered beam and the normal of the fluid 

boundary as shown in Figure 1. The index of refraction can be shown to be excluded 

in £q. (1). When the incident beam is oriented perpendicular to the flow direction, 

Eq. (1) may be simplified as 

f _ V sin ß 
X 

Although the frequency shift f includes a sign describing the direction of 

a velocity vector, the electronic equipment measures only the magnitude of the 

frequency shift, resulting in only the magnitude of the velocity measured through 

this technique. However, the equations presented show that calibration of the 

instrumentât!oi. system for velocity versus frequency is theoretically simple and 

minimum provided that the wave length X and scattering and incident angles 

ß and 0 are known. 
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While the instrumentation theory is rather simple, practical detail, in the 

design and development of a workable system of laser Doppler instrumentation ore 

considerably difficult to learn and frequently through trial-and-error methods. Some 

valuable findings from previous experiences in theory and pracrice are summarized 

in the following guidelines for the design and development of the instrumentation 

system: 

1) The power of a laser beam scattered by tracers is approximately 

proportional to the incident beam power and is inversely proportional 

to \ . Therefore, high output power and short wavelength are 

recommended in the selection of a laser. 

2) The path length difference between the scattered and incident 

beams should be minimized. 

3) The gas molecules cannot be used as scattering sources because 

of their high molecular activities compared with the flow velocity 

to be measured. This necessitates the use of naturn! or artificial 

•contaminants or tracers. However, in liquid flows, the tracers 

may not be needed since the molecule mass of liquids is sufficiently 

large to ensure that the signal from the flow velocity surpasses the 

noise due to molecular activities. 

4) In the design of an optical system, the scattering angle in 

the forward scattering direction must be small, say 5 to 10 degrees, 

in order to remain within the frequency response characteristics 

of conventional photomultipliers for high velocities up to 2000 

or 3000 ft/sec and to reduce required tracer concentration for 

a given signal intensity. 

5) According to a theoretical analysis of two-phase flow effects,^ 

the frequency spectrum of motion of a one-micron particle is 

expected to follow the mean square motion of the fluid to within 

one percent. It may be deduced that the error due to tracer 

slippage from the fluid is negligible. 

2 ~ -- 

Huffaker, R. M., Fuller, C. E. and Lawrence, T.R., "Application of Laser 

Doppler Velocity Instrumentation to the Measurement of Jet Turbulence" SAF 
Paper No. 690266. 
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Development of Instrumentation Systems 

In order to prove the feasibility and gain competence in using the instrument, 

a one-dimensiona I assembly shown in Figure I was const;u<-*ed with the forward 

scattering scheme. The scattering angle of 10 degrees was selected to gain a suffi¬ 

ciently high accuracy in readout, to remain within the frequency response char¬ 

acteristics and to reduce required concentration of tracers. 

A transparent plastic disc rotated by a variable speed electric motor was 

used for the initial velocity measurements, serving at the same time as a calibrating 

device for the instrument. The surface of one side of the disc was roughened with 

sandpaper to enhance light scattering. With proper alignment and focusing, velocities 

ranging from 1 to 100 ft/sec were measured with excellent accuracy, resulting in the 

velocity coefficient calibrated to be unity. For the disc experiment, one milliwatt 

was sufficient as the power required for the laser. 

After the disc experiment was successful, a one-inch diameter glass tube 

flowing water from tlv public water supply was placed in the instrumentation system 

for measuring velocity at the center of a tube section. By adding small concentrations 

of milk to the water, both laminar and turbulent flow velocities were measured even 

with the one milliwatt laser. However, with a 100 milliwatt laser, high quality 

measurements were obtained without adding contaminants to the water. 

These initia1 experiments demonstrated that the accuracy of alignment, 

focusing and proper attenuation of the reference beam are important factors in 

obtaining good signals. 

After completing these one-dimensional measurements, c two-dimensional 

system was designed and constructed for simultaneously measuring two orthogonal 

components of a velocity vector using a single photomultiplier tube. A schematic 

of the system is shown in Figure 2. The credibility of the technique \.as demonstrated 

by obtaining the two tangential velocity components of the rotating plastic wheel. 

A photograph of the spectrum analyzer trace, in which both velocity components of 

the rotating disc are evident, is presented in Figure 3. 
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The obvious advantage of this system is in the economy of using one photo¬ 

multiplier tube for two components rather than two tubes for two components. How¬ 

ever, efforts to obtain two-dimensional measurements in the fluid amplifier using 

the one-tube system were unsuccessful due to a combination of the increased 

alignment difficulty, the high turbulence level in the fluid and the low scattering 

particle concentration in the water from the public utility. 

Instead of consuming excessive amounts of time for overcoming these tech¬ 

nical difficulties, the two component measurements were made separately rather 

than simultaneously. This was accomplished by first surveying the flow field at 

predetermined locations with the optics adjusted to measure the velocity component 

parallel to the fluid amplifier center line. Then the optics were rotated so that the 

velocity component at 45 degrees from the center line was obtained at the same 

location and the same flow rate. The result was a two-dimensional survey of the 

flow field, although the components were not measured simultaneously as was 

originally planned. Figures 4 and 5 present a schematic of the subsequent instru¬ 

mentation system and a general view of the optics assembly. 

The bistable liquid amplifier of which the velocity survey was made is shown in 

Figure 6. The plexiglass upper and lower bounding surfaces provided transmittance 

of the reference and scattered beams through the flow field. Figure 7 illustrates 

an open loop water flow system used for providing water supply at a desired rate to 

the power nozzle and control port of the amplifier. The tank-amplifier assembly 

was mounted on a two-dimensional sere M mechanism to permit precise movement 

of the fluid amplifier. Thus, the velocity survey was accomplished by maintaining 

the laser beam and optics stationary and moving the fluid amplifier so that the 

beam passed through the flow field a* the desired measurement location. Figure 8 

provides a geneial view of the two-dimensional experimental apparatus. 

Two-Dimensional Velocity Surveys in the Distoble Liquid Amplifier 

Velocity measurements in two components at 45 degrees of each other were 

made at many pre-selected locations throughout the flow field from the nozzle 

throat to a section 5/8-inches downstream of the flow splitter apex in the exit channels. 

The measurements w; ie made by recording the Doppler shifted frequencies, as dis¬ 

played on a spectrum analyzer, for each of the desired locations. 
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The quality of the Doppler shifted frequencies was observed to decrease 

with increasing flow rate and light scattering volume which is approximately 

3-16 X 10 cm in this study. In Figures 9 through 12, velocity measurements at 

the throat centerline represented by spectrum analyzer traces for various flow rates 

are shown. A comparison of the photographs shows that, as the velocity increases, 

the signal to noise ratio decreases and the signal spreads and becomes less distinct. 

This phenomenon may be attributed to increasing turbulence with increasing flow 

rate through the fluid amplifier. 

Prior to the velocity survey, the type, size, and concentration of tracers in 

the tap water were determined through a series of sampling tests. The particles col¬ 

lected by a filter were primarily brown clay and ranged approximately from 5 to 20 

microns in size. The concentration in the water was determined to be approximately 

350 particles per cubic centimeter. This is much lower than the minimum concentra¬ 

tion suggested by Foreman and Lewis3 of 60,000 particles per cubic centimeter and 

indicates that better quality signals could probably be obtained by increasing the con 

centration. 

The flow field was surveyed to obtain two-dimensional velocity vectors at 

pre-selected locations for various flow rates with and without control flow. Velocity 

components in a direction parallel to the fluid amplifier center line, V(()), and then 

m a direction at 45 degrees from ;he center line, V(45), were obtained as shown in 

Figure 13. The resultant velocity vector was determined by the following equations: 

-1 
cos 

(4) 

Due to the sign convention of downstream-positive and upstream-negative for the 

components, two possibilities exist for the resultant velocity magnirude, and four 

Foreman, J. W., Jr. and Lewis, R. D., "Effects of Optical Parameters in the 

R-2ei^TanuarH906C7mefer/H Br°Wn Engineerin9 Company, Inc, Technical Note 
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possibilities exist for the di-ec.ion according to Equations (3) ond (4), respectively. 

Since the lose, Doppler instrumentation cannot measure the flow direction, 

the appropriate signs for the velocity components in the recirculating region where 

the velocity directions were unknown were ascertained by flow visualization with dye 

and small air bubble injections. The flow paths of the dye ond oi, bubbles were sketcheo 

for coses w„h ond without control flow ond presented in Figures 14 ond 15. From these 

figures, component sign, fo, locations within the recirculating region were determined, 

and the resultant velocity vector, were calculated fo, oil location, using Equation, (3)’ 

and (4). Typical result, ore graphically shown in Figures 16 through 19 for various 

flow conditions. The magnitude fo, each location is indicated, accompanied by on 

arrow wh.ch i, both proportional to the magnitude (ft/sec) ond in the direction of the 
velocity vector. 

The flow fields were in general found to consist primarily of a main jet which 

was attached to one of the side walls and a large recirculating vortex which filled the 

remaining flow area. The recirculating region is characterized by o generally circular 

ve octy pattern ond a sharp reduction in velocity magnitude. However, the loser 

Doppler instrumentation failed to identify the separation bubble and the associated 

reattachment point for all the flow rotes, because the bubble was too small. 

In Figures 20 ond 21, non-dimensional ized velocity components along the am¬ 

plifier center line were plot,«! against the distance normal to the center line for various 

flaw rotes, representing a flow cross-section perpendicular to the center line in the 

fluid amplifier a, o specified distance y ,= 2.0 in.) downstream from the throat. A 

comparison of Figuies 20 and 21 demonstrates the effect o, control flow upon the 

velocity profiles showing the switch of flow. These figures also signify a similarity 

m velocity profiles for all flow rates tested fo, the Reynolds numbers ot the throat 
ranging from 4,800 to 29,000. 

Figure 22 present, a comparison of some of the velocity profile, obtained in 

this study with ,h. mean profile from similar measurements by Sou,que and Newman4 

m then study of jet reattachment to on inclined wall. The velocity profi.es plotted 

or. sufficiently fa, removed from the throat to ensure that no effects of rnattachment 

Ga “r °f° Two-Dimensional Incompressible 
Adjacent Flot Plate, Aeronautical Quarterly. Vol. 11, August 1960. 



are present. The normalizing velocity parameter is the maximum velocity Vm for each 

cross-section and the normalizing length d is the larger distance from the wall at 

which the velocity equals one-half the maximum velocity for each cross-section. The 

comparison indicates a fair similarity. However, the data deviation in the region of 

the attached jet core may be attributed to the slight difference in the boundary geome¬ 

try causing a circulating vortex adjacent to the attaching jet in the present study. 

As a result of this study, the following recommendations may be in order for 

the improvement of the laser Doppler instrumentation for liquid amplifiers: 

ï. The signal quality can be improved by increasing the tracer 

concentration. 

2. For long-duration tests, the concentration increase can best 

be accomplished by using a closed-loop system and adding the 

necessary contaminants. 

3. Signal conditioning devices such as signal integrators can be 

used to aid in signal detection and tracking. 

4. Better methods of aligning and focusing rhe beams are needed 

for obtaining signals of high quality. 

Details of the study in this section are reported by Yarbrough in his M. S. thesis.5 

Two-Dimensional Velocity Surveys in Supersonic Fluidic Amplifiers 

A laser Doppler instrumentation system for velocity measurements in subsonic 

and supersonic jets has been developed and reported by Duggan and the author.6 

However, technical details of conducting a velocity survey in a supersonic fluidic 

amplifier are yel to be achieved. 

Yarbrough, J. W., "An Experimental Investigation of Velocity Fields in a Bistable 

Liquid Amplifier Using Laser Doppler Instrumentation," M. S. Thesis, The University 
of Alabama in Huntsville, 1970. 1 

Duggan, J. B and Shih, C. C., "Development of a Laser Doppler Instrumentation 

System for Velocity Measurements in Subsonic and Supersonic Jets," Proceedinas 
AIAA Testing Conference, March 1971. a , 
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Feasibility Study of Velocity Measurement in Solid Propellanf Rocket Exhaust 

A preliminary experimental investigation was made to determine the feasibility 

of measuring velocities in the exhaust plumes of solid propellant rocket motors by use 

of the laser Doppler shift measurement technique. In addition, the use of magnetic 

tapes for recording trans ent test results was also studied. Although the data obtained 

from the single hct gas test did not provide a well defined exhaust velocity measure¬ 

ment, a velocity dist’ibution in the vicinity of 4000 ft/sec was observed; and it was 

found that the noto, could be satisfactorily recorded on magnetic tape for thourough 

analyses at latter times. 

A schematic of the instrumentation system used in the hot gas tests is provided 

in Figure23. Due to the relatively short coherence length of the laser used, it was 

necessary to closely match the length of the reference and scattered beams. Also 

the relatively high intensity' of the reference beam made it necessary to use a series 

of attenuators to lower its intensity so that an optimum ratio of scattered beam to 

reference beam intensity could be obtained. Mirrors were mounted on the walls of 

the facility to allow the laser to be positioned inside the blockhouse for protection. 

The receiver optics, photomultiplier tube, power supply, and low-noise preamplifier 

were enclosed in a heavy aluminum box which was rigidly mounted to a heavy sup¬ 

port to prevent vibration during the test or damage in case of a motor failure. 

The laser used in the test was the Raytheon Argon Ion Laser, Model LG-12. 

Its maximum power output at a wave length of 4880 A was approximately 200 milli¬ 

watts but it could be adjusted to a much lower level for alignment purposes. 

The spectrum analyzer used in the investigation provided the capability of 

viewing the complete range of expected frequencies simultaneously instead of only 

a small increment of frequencies as was possible previously. This spectrum analy¬ 

zer was composed of two sections, both of which were manufactured by Flewlett- 

Packard. The RF Section was Model 8551 A, and the Display Section was Model 

851 A. 
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The output of the spectrum analyzer was recorded on magnetic tape by use of 

the AMPEX FR 1200 unit at the hot gas test facility. The analysis of the data on 

the tape was performed at the Research Institute using the Honeywell Wideband 

7620 tape unit. The signals recorded on the tape were viewed on an oscilloscope 

both with and without the use of the integrator. 

In order to verify the alignment and adjustment of all components of the sys¬ 

tem, cold gas velocity measurements were made prior to the hot gas testing. Veloc¬ 

ities were measured up to approximately 1800 ft/sec outside the exi{ of the sonic 

orifice. A needle valve spray arrangement as shown in Figure24 was used to pro¬ 

duce the mist particles for scattering lighi. Only short tests were made using water 

mist because the water particles froze and collected in the throat of the nozzle, 

quickly stopping it up. 

After the alignment and operation of the system was verified, the hot gas test 

was performed. The 0.25 inch diameter sonic nozzle was used to form the jet. A 

relatively clean burning propellant (lot number LFT 3) was used in the test to pro¬ 

duce the hot gas with its light scat<ering particles. The vel ocity was measured in 

the center of the jet at a distance of 5/64 inch downstream from the exit of the 

nozzle. The full scale tape recording voltage was selected to be 1 volt. 

Evaluation of the data recorded on the tape during the hot gas test showed 

that a velocity of roughly 4000 ft/sec was measured. However, the maximum vol¬ 

tage of 1 volt was exceeded, and the peak of the Doppler shift signal was "chopped 

off. " Therefore, it is impossible to determine the mean velocity at the jet center. 

Instead, a very bioad signal was observed with no peak (Figure25). The large width 

of the signal may have been caused by large variations in exhaust particle sizes and 

velocity gradients in the light scattering volume. 

Based on these results it can be concluded that hot gas velocities above the 

sonic range can be measured and recorded. Since the peak of the signal was not 

obtained, it is not yet known how well the center \elocity can be defined. The 

maximum velocity which can be measured in the exhaust plume is also still unknown. 

This information can only be gained by additional testing, but the present data show 

that the measurement of very high velocities in the hot exhaust gases may be possible. 

297 



S
c
a
tt

e
ri

n
g
 A

n
g
le
 =
 

10
 

__ 

o 
fn c 

Ö 

t. 
u +‘ 

^ ^ c 0 -W 4> Xi 1,1 C U i. 
rt C rt u a» 
o n a 

ßj 10 ►"! OQ <eí <¡ 

I 
t>0 
Sl 

2 
w 
H 
Vj 
>< 
w 

g »-H 

ë 
w 
< 
W 
§ 

H *-t 
U 
O 

w 
> 
Qi 
W 

Oh 
Oh 
o 
Q 
Qi 
W 
w 

5 

E-> *—« 

w 

D 
Ü 
Oh 





. , ii

.. ' ! I'

I 1 I • I I I ' I ' I
2.0 4.0 6.0 8.0 10.0 12.0

Velocity (ft/$ec)
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FIGURE 4. OPTICS ASSEMBLY
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FIGURE 6. BISTABLE FLUID AMPLIFIER
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FIGURE 9. TYPICAL SPEaRUM ANALYZER TRACE AT MEAN 
VELOCITY OF 0.124 FT/SEC
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FIGURE 10. TYPICAL SPECTRUM ANALYZER TRACE AT MEAN 
VELOCITY OF 0.6 FT/SEC
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FIGURE II. TYPICAL SPEaRUM ANALYZER TRACE AT MEAN 
VELOCITY OF 1.8 FT/SEC
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FIGURE 12. TYPICAL SPEaRUM ANALYZER TRACE AT MEAN 
VELOCITY OF 7.6 FT/SEC

307



FIGURE 13. ORIENTATION OF MEASURED VELOCITY 
COMPONENTS 

FIGURE 13a. 
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DISCUSSION 

ANGUS: Since the author brought it up earlier, I would like 
to make a couple of comments on the practicality of laser doppler 
flowmeters. They are also no good for measuring a ot of things like 
the mass in Jupiter and any number of extraneous things The mistake 
one can make is trying to force it into the mold of a hot "ire . 15 
not a hot wire and there is no particular sense in trying to make u 
duplicate things that hot wires do. The operational ^ J^n^pWities 
hot wire - the most easily measured quamtities - have been velo 
and velocity-correlation functions and that's the kind of theory that 
has developed for the description of turbulence. 

Now the measurable quantity in turbulent flow for the laser 
doppler velocimeter is the space-time correlation function. It sa 
well-known quantity that has been known in turbuient theory for forty 
years It just hasn't been used because there hasn t been a way of 
opertionally measuring it. Now there is. So I 
blame the doppler flowmeter for not measuring velocity-correlation 

functions so well but let's reorient ou^thou9hts.:mÍh1^4 °tion 
lines of what it does do. It measures the space-time correlation 

function. 

Another minor comment is in regard to the business of trans- 
oarencv I would regard that as a far less severe restriction than 
the restrictions on chemical reactivity and mechanical requirements 
tíÍt you ™ into with hot wires. You can't put hot «1res into p aces 
that are highly chemically reactive - acid flows for example. With a 
laser flowmeter the tradeoff from the mechanical and chemical require¬ 
ments to the business of transparency I think is trivial. 

GOLDSCHMIDT: May I sketch rapidly somethina on the board. 
You hid something underneath the rug earlier and I J ] ke to bring it 
out once more. The question of whether »P^ticle follows the flow or 
not is one that's concerned may People. I woud 
(taken from "Turbulent Diffusion of Particles 
Jets" MSME Thesis, J.B. Lee, 1971; also prepared as Report HL 72 18 
prepared for NSF G-K2729 and GK19317) that does not give an (*) 
butPgives some kind of indirect suggestion as to what might be the 

If we compare the turbulent transport coefficient for momen¬ 
tum in that stream, we have a ratio of what we might ca!! the eddy 
diffusivity for the particles to the eddy viscosity f°r 
of the mJmenium of the fluid itself (or the inverse of the Turbulent 
Schmidt Number). Suppose we plot this against a P®r^etP®p T 
which is the ratio of the particle response time to some time ™£ro 
scale of the stream. What I want you to recognize ^ that as the pa 
tide size increases, or the density increases, so does the value of 
tne abscissa For the case of plane jets - particles suspended in 
two-dimensional plane jets - this curve will look as shown (see Figure 
1) . The intercept will be something in the order of Ohe.obviousy^ 

and it will increase within the range of the.^P®^ent!0^aofWy0¡ have 
performed. There is a tremendous spread in the data -some of you nav 
seen these curves. References 1 thru 6 contain tht details if a y 
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you are Interested. 

The point Is that there 1s an Increase of particle transport 
with size. This region where the value Is close to one hopefully 
corresponds to that for the tracked particles In a laser anemometer 
system. This depends on the particle response time which is a function 
of Its properties as well as the flow field that carries it. Certainly 
an infinite size particle would stand still, just being tickled by 
turbulence. So this curve has to go to zero somehow, and have a maxi¬ 
mum before that. For neutrally buoyant particles this maximum appears 
to coincide with a particle whose size is equal to the turbulent 
macroscale. We are not saying that a particles does or does not follow 
the flow. We are saying that if we have particles someplace in this 
region, we may have transport coefficients which are far from equal 
to each other. Reynolds’ analogy again once more violated. I'm not 
really answering the question - just bringing something out of the rug 
which might give us a yardstick to find out if we are safe or unsafe. 

One final remark. Most of us using hot wires recognize that 
the best thing we can do is to do away with them. Maybe you people 
should take exactly the same attitude regarding laser doppler systems. 

ASHER: I agree with you. Professor Shih mentioned the align¬ 
ment, sensing direction, fluid transparency, etc. These things can be 
taken care of in most cases. Perhaps in your case, you should have used 
the hot wire. Your scale is not so small and you might have been happier 
with it because it is a fairly well-known thing. We have a fluidic 
business and we measured with our setup in twenty mil fluidic elements 
at Reynolds numbers less than 1000. With trivial flow velocities we 
were able to go right across the jet and go between side walls which 
were twenty to forty mils apart. So it can be done with very small 
scale and we got excellent results. (This is Bill Jones' work at the 
corporate R & D.) 

You mentioned slippage of particles. This is a very important 
point. We talk about the response of particles, but we don't talk about 
slippage. We also have an interest in polymers used for drag reduction 
on torpedoes. My office mate has been interested in this. He once 
came up to me and said with seeding you're going to foul the flow up 
because near the boundaries you're changing the boundary layer. Nov, 
this could be true and this is the point that people who heavily seed 
should take into account. If you cannot heavily seed you do away with 
the turbulent ambiguity and, in addition, slippage of particles does not 
exist. You can try it out for yourself. If there are something like 
l(r particles per cc, you are going to have a slippage between particles 
and actually a drag reduction. If your particle density is lower than 
that, you're fine. It's really important. 
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USE OF THE LDV IN SUBSONIC 
AND SUPERSONIC FLOW 

William J. Yanta 
Naval Ordnance Laboratory 
Silver Spring, Maryland 

What I'm going to talk about this morning are some results 
which we’ve obtained in supersonic flow and in low-speed channel 
flow. Some of the supersonic results were presented at the AIAA 
meeting last March in Albuquerque (Reference 1). 

In Figure 1 is shown our Mach 3 wind tunnel. The test 
section is 2 1/2 inches by 2 1/2 inches. Flow goes from left to 
right. The supply air was one atmosphere at room conditions, so 
the velocity in the free-stream air was 2040 feet per second. A 
Pitot tube was used to measure the centerline Mach number and 
hence the centerline velocities. 

One of the things that we are worried about is how the 
particle oehaves when it is passing through a shock wave. What 
we have done is set up a computer program which includes some 
well-known drag relationships for small particles in supersonic 
flow. (References 1 and 2). Incidentally, this work is in rough 

form, and will probably be published at the beginning of the 
fall. If you are interested and will send me your name, I will be 
glad to send you a copy. Figure 2: What I've done here is taken 
the Mach 3 condition with room supply air and predicted how a 
particle reacts when it passes through an oblique shock wave. The 
particle size is the parameter. When it enters, it's going over 
2,000 ft. per second. I'm only looking at the x-component of 
velocity plotted versus x in inches. The particle size range is 
from 0.2 micron up to 5 microns. The 0.2-micron particles come 
to equilibrium in back of the shock in less than 1/10 of an inch. 
If you have a five-micron particle, its inertia is quite high; it 
does not slow down very much. 

Figure 3 shows the velocity lag along the centerline of the 
same nozzle. From the throat to the test section is about four 
inches. The throat is at x = 0 and we injected the particle in 
the settling chamber. I have plotted the lag between the particle 
velocity and the gas velocity as a function of particle size. 
You can see that a one-micron particle will lag up to about 50 feet 
per second just downstream of the throat. This indicates that if 
you want to keep the lag small the size must remain below one micron. 

The problem is what do you use for particles. You want some¬ 
thing that is non-toxic, non-corrosive, and non-flammable. After 
doing a lot of soul searching and considering restraints by people 
who run the wind tunnels, we finally chose water. There are a 
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couple of problems, though. First, water plays havoc with the 
thermodynamics of the system. Second, water droplets that are 
very small, say sub-micron, tend to evaporate at room conditions 
in about one millisecond (Reference 3) . You really have problems 
in placing these small water droplets in the flow. So what do you 
do? Some years back. Reference 4, Archer and La Mer found that when 
you add a long chain alcohol to the water the evaporation rate is 
retarded. Concentrationwise we used about .03 percent to 0.5 percent 
dodecanol in water with a Laskin nozzle to generate water particles 
(Figure 4). The Laskin nozzle is simply a jet submerged under 
water. The jet shearing action generates a polydispersed aerosol. 
The dodecanol has a very low vapor pressure, and as the particle 
starts evaporating, the concentration of the dodecanol increases 
around the outer part of the particle forming a mono-layer of 
the dodecanol which retards the evaporation rate of the particle. 
As a result, you can increase the stability lifetime of the 
particle by a factor of a hundred. Now there is enough time to 
dump the particles into your supply chamber and get them down the 

nozzle before they evaporate. 

Here are some of our results. Figure 5: across the oblique shock 
wave we measured the x-component of the velocity of the particles. 
You can see that there is some lag when compared to the gas 
velocity as predicted by our calculations. It takes about one- 
half of an inch before the particle comes into equilibrium with the 
flow in back of the shock. When you check against the computer cal¬ 
culations, you find that this particle size corresponds to a nominal 
two microns. This is in very good agreement with the predicted 
particle size for the configuration of Laskin nozzle that we used. 
Reference 5 at NRL had used Di-octyl phthalate and they found that 
the particle diameters were approximately one micron. So we checked 
with them closely: thus, there is some confidence here. 

Next we measured the velocities of the particles along the center- 
line of the nozzle shown in Figure 6. Shown in comparison are 
measurements of the LDV, and Pitot probe measurements with and with¬ 
out the water aerosol. What we wanted to find out was whether there 
was any thermodynamic effect of the water on the flow. There was 
none when we added the aerosol. There is a lag or velocity dif¬ 
ference between the LDV and the pitot measurements, as was expected. 
We measured the lag difference here also. It is an inaccurate 
measurement when you do it this way because you are measuring two 
absolute velocities and subtracting the differences. But we did 
it anyway and we found that when you compared the measured lag to 
the calculated lag the particles were again about two microns 
nominal diameter. When I say two, I mean that they were two microns 
plus or minus one micron. There was quite a bit of scatter in the 

measurements. 

Now in Figure 7 are some measurements I have taken the last 
couple of weeks. We are using a pulse-type counter readout which we 
obtained from ARO and just put into operation. First, I wanted to 
check against a known flow so I used a two-dimensional subsonic 
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channel with a flow velocity of about 40 feet per second at atmospheric 
conditions. I first 'robea the flow with hot wires to determine the 
turbulent intensity measurements and the mean velocity measurements. 
The results are shown in Figure 7. So then we used the LDV using 
the natural seeding in the unfiltered air; the measurements are the 
circles. The centerline of the flow is at y = 0, and y = 1 is the 
nozzle wall since we were using a two-inch channel. We found there 
was quite a discrepancy particularly in the inner portion of the 
flow. We suspected the problem could be due to large particles 
since we were just drawing in room air, and it is a very dusty room. 
So we put an electrostatic filter in the front of the inlet to the 
channel. These results are shown in Figure 7. There was a marked 
increase in the velocity but it still is not in good agreement in 

the inner portion of the flow field. 

In Figure 8 are shown the hot wire measurements and the standard 
deviations for the LDV data. You can see that the agreement is :iot 
that good. Probably, again, the particles are quite large. 

Let me point out here that I took about 125 samples, with a maximum 
of two hundred samples, for each one of these five points. It is 
enough to give you the mean velocity but to find the standard 
deviation, as John Dunning pointed out this morning, you are going 
to need a lot of data points. In fact, if you assume the turbulence 
is Gaussian, you can determine from statistical tables the number 
of data points required for a certain level of confidence. For the 
second moment or the standard deviation which is the RMS value of 
turbulence, if vou are going to be 90 percent confident that your 
measured standard deviation is within 5 percent of the population 
standard deviation, you need something like 550 data points. I only 
have about one hundred here, so the error band is probably like plus 
or minus 10 percent of the value on this data. This is for only 90- 
percent confidence. If you want to go to 99 percent, you are going 
to need well over 1000 data points. So a word of caution regarding 
the number of samples you are going to need if you are interested 

in the turbulence intensities. 

If you are looking for mean velocity, just the mean value, then you 
can probably get away with less then one hundred samples unless y°ur 
turbulence intensity is quite high. Now if you are going near the 
wall, your turbulence intensity can reach like 15 percent of the local 
value and you still need at least several hundred, maybe close to a 
thousand data points for just the mean velocity. Figure 9 is a 
histogram of the centerline velocity for 124 samples. 

What we are going to try to do now for supersonic flow is filter 
out or eliminate all the particles and add our own. Using the 
Laskin nozzle again, and using Di-octyl phthalate, we will generate 
a polydispersed aerosol. You get a size distribution that looks 
Gaussian. To eliminate the large particles, you pass the aerosol 
through an impactor (Figure 10). The impactor is dusta plate with 
small holes drilled through it, and placed approximately three hole 
diameters in back is an impacting or collecting plate. The aerosol 
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is then blown against the impacting plate. The small particles 
follow the flow and are carried around the impacting plate while 
the large particles impact against this plate and are essentially 
filtered out. The impactor does have a rather sharp cutoff so 
that by varying the hole size, you can control the cutoff size for 
the aerosol. Figure 14 shows the efficiency of the impactor from 
Reference 6. If you want 100 percent efficiency for a round hole 
you can work backwards and determine the particle size. We have 
not checked this curve, so I really don't know how good it is. Ranz 
and Wong did experimentally calibrate their system and they were 
in fair agreement with the theoretical curve. Their data was 
checked by other researchers and does seem to be fairly reliable. 
We hope to put this system into use this summer. 

Author's Postscript: Since the presentation of these results, the 
LDV measurements have be'n retaken. These later measurements 
include turbulence intensify and shear stress distributions. Agree 
ment with hot wire and Pitot surveys is excellent. These results 
will be presented at the January 1973 AIAA annual meeting. 
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X(DISTANCE DOWNSTREAM OF SHOCK, INCHES! 

FIG. 2 PARTICLE HORIZONTAL VELOCITY COMPONENT BEHIND SHOCK 

FIG. 3 PARTICLE VELOCITY LAG ALONG NOZZLE CENTERLINE 
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FIG. 5 VELOCITIES ACROSS OBLIQUE SHOCK 
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FIG. 7 MEAN VELOCITY PROFILE IN 2-D CHANNEL 
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where I show this effect, but I don't think it would affect your data. 
There it would be almost wholly due to the finite transit time ambi¬ 
guity if your scattering volume were small enough. 

YANTA: My scattering volume was about 8 mils diameter. 

BERMAN: How did you measure it? 

YANTA: By calculation, knowing my input laser beam diameter 
and the focal length of the lens. 

BERMAN: Usually the broadening is quite a bit smaller than 
that calculated because you don't align the optics. It can't really 
be determined unless you run an experiment with some known flow. What 
kind of particles did you use? 

YANTA: I just used the room aerosol for that experiment. 

QUESTION. The aerosol generator used Di-octyl phthalate? 

YANTA: Yes 

QUESTION: Isn't Di-octyl phthalate toxic? 

YANTA: I understand it also might corrode plexiglas. 

PIKE: It is very easy to get an estimate of this bandwidth 
time ambiguity if you have a set of calibrated pinholes. You know the 
focal volume is a three-dimensional Gaussian and you can determine its 
size with the pinholes. Then the bandwidth is one over the transit time. 

MAZUMDER: Doesn't the air pressure to the Laskin nozzle affect 
the particle size? 
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YANTA- Yes, there might be a little bit of contention here, 
because the Laskin nozzle was done something like five years ago by 
people at NRL and they really didn't find that much dinference in the 
size distribution by varying the pressure. It was very constant. tilt particular jet size in the nozzle, the light scatter measurements 
that they performed are fairly reliable, I think. The particles were 
quite large, about 2 microns. 

MAZUMDER: I was talking about the use of a lower pressure to 
reduce the number of large particles. 

YANTA: You're right. The reason is that I tried to keep the 
orifice at sonic velocity. I also had to guess at the impactor jets. 
XXe “zeHabout 0.015 inch. I have about forty of those little 
jets I wanted to keep the velocity of the jets sonic ?lso. “J6" 
work backwards, the aerosol is coming out on the back side of the J^ts at 

nsi so I needed 60 psi input for both the jet and the impactor to be 
at sonic velocity. That's why we used the 60 psi. I agree that it might 
be better to keep this thing at a lower pressure, but I m not sure I can 
be convinced lilt it's really going to affect the particle size very much, 
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LDV SYSTEMS DEVELOPMENT AND TESTING 

by J.A. Asher, G.E. Corp. R&D 

Our Interest at General Electric Corporate R&D has been in 
turbulence measurements and providing a laser velocimeter system that will 
be capable of making these measurements. 

We are using an axisymmetric air jet to determine whether or not 
this system development is successful. We also have a waveform generator 
that now fully simulates the doppler burst. Set on F.M. modulation the 
generator scans plus or minus 10% of a preset value of doppler frequency. 
So without even going to a laser we can check out a system in a fairly 
objective way. We have done particle seeding caluation. I'm going to be 
mentioning more about that at the end of the talk. We are interested in 
eventually getting to multi-dimensional, the turbulence measurements. We 
will be developing a system for correlations of frequency spectra. Re¬ 
cently we have done propane flame traverses. 

In the development of the lasev velocimeter at G.E. our choices 
have been: 

(a) Dual Jeam. One advantage is ease of alignment. I can go 
into a lab after having it completely down and after ten minutes have it 
completely aligned. It is relatively insensitive to vibration. 

(b) A Counting Signal Processor. It is not at all degraded by 
low duty cycles^ iTiis means that we can reduce our seeding requirement. 
The reduction in seeding requirement is a real advantage for those who 
are trying to produce this seeding, as they know. It also reduces a 
turbulence ambiguity that has been talked about, and it prevents a change 
in the character of the flow. 

(c) A High Speed Data Acquisition Rate. We work up to a hun¬ 
dred kilohertz data acquisition rate at the present time and because we 
are using the doppler burst itself, not an average signal, we have a high 
signal to noise ratio. 

(d) Seeding. We have chosen to put in a chemical particulate 
such as aluminum oxide (Fig. 1). These types of particles are very well 
size graded. We know from our electro-photomicrographs the actual size 
distribution. Perhaps we should incorporate something like Bill Yanta 
(NOL) described for making that size distribution ever, smaller than it 
is. We use a fluidized bed for injection of these particles. 
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We can provide a constant data acquisition rate through the 
use of a single throttle valve. The dangers due to the use of these 
particles (none known to exist) to machinery and personnel, as well as 
any toxic effects are known before you start. Conversely by using 
intrinsic particles you never know what you may be dragging in from the 
outside. The frequency response and relaxation times of the injected 
particles are known and that is an extremely Important point. 

I can't over-emphasi?:e how well and simple the fluidizing bed 
has worked for us. Linde or Acoif-Meller produces these agglomerate-free 
powders. There are ways to provide an even higher degree of agglomerated- 
free particles using highly underexpanded jets. But in our case we have 
had great success without this. We pump in air, and the particles and 
air at the exit come into a venturi. The shearing effect between the 
main flow and our seeding flow has been sufficient to do away with all 
the agglomerates as far as we can see. 

Figure 2 shows the data acquisition system. As I mentioned, 
we have a calibrator oscillator which we can use to fully simulate the 
photomultiplier input. In other words, with it we can forget the LDV 
optical setup. From Figure 2 we show a pre-amp, filter, and limiter. 
The hard limiter is used for defining the Doppler modulation zero cross¬ 
ings. The logic is for the direct counting and is emitter-coupled type. 
We go into a pulse-width-to-height converter which is sometimes known as 
a TAC (Time-to-Amplitude Converter). At this point there is the option of 
going into either a computed or real time output. We are able to deter¬ 
mine our acquisition count rate, that is the number of velocity points 
that we are getting per second from a conventional counter. This defines 
your upper limit of turbulent frequency response (one-half the data rate). 

For the computed case, we have a pulse height analyzer (PHA) 
in which we store information. There are 256 channels. The pulse height 
proportional to the time associated with the passage of the particle past 
a preset number of fringes is stored in the PHA. The smallest heights are 
placed in the first channels. A preset incremental voltage exists oe- 
tween adjacent PHA channels. 

We have now an option to go low or high speed At high speed 
it takes about 18 seconds to feed the data from the pulse height analyzer 
through a communication terminal to a remotely connected (through phone 
wires) main computer. We go into a G.E. 4020 computer, and automatically 
have a disc file made in the G.E. 605 main computer. A high speed printer 
for readout of calculations and histograms can then be easily accessed. 

The other way, at slow speed, goes right into a teletype, and 
into the 605 directly. Teletype output, of course, is an option in both 
cases and gives us immediate results. 

The real time output is going to allow us to provide these 
impedíate results in a simplified manner. Here we have a sample-and-hold. 
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There is an option in choosing the voltage droop of the sample-and-hold 
circuit. One can use an A to D and a 0 to A sample-and-hold. This is 
restricted to 20 kilohertz acquisition rate but it has no droop. We also 
use a fast track-and-hold manufactured by Dynamic Measurements. It has a 
droop of one millivolt per millisecond, which is normally a very slow 
droop when you have a signal level of up to 10 volts and data updates at 
the kilohertz rate. From the sample-and-hold we go through a divider. 
Remember the signal coming out of this pulse-width-to-height converter is 
the Inverse of the velocity. TNs is normally stored in the pulse height 
analyzer, but when we want a real time output, it is desirable to view 
the velocity directly. So we go through an analog divider, in this case 
a PAR divider where a preset numerator is used as an analog of the fringe 
spacing. 

We go out into an integrating DVM with this signal where the 
mean velocities are measured. An RMS meter is used for determining 
turbulence level. The tape recorder can also be used for a permanent 
record and the input for the turbulence spectrum measurements. 

The signal processor that we have developed is a direct 
counter; it has a wide doppler frequency window and high data acquisition 
rate, up to 100 kilohertz. The minimum acquisition rate goes right down 
to zero. For the low data rates trouble develops when using a track and 
hold that has droop. That's why the no droop type perhaps is satisfactory 
for that use. 

Our data output is computed in real time and from tape. We 
have data transmittal Inhibits which are adjustable. They are very impor¬ 
tant. They have been mentioned in brief by other people here. Let me go 
into them now. 

There is a low level doppler modulation where this can imply 
that you can get a possible error in transit time. This is due to the 
particle diameter being too small or the particle passage might be through 
the side of the scattering volume. 

There's a high level doppler modulation alarm. This alarm indi¬ 
cates that the particles are too large and we have to worry about our 
turbulence frequency response. 

There is a high level pedestal alarm. This is generated normal¬ 
ly because the particles are large with respect to the fringe spacing and 
this will give you quite an error in your transit time. 

The dopp'er dropout perhaps is the most Important, and some¬ 
times can be used instead of all three of these other alarms. Essentially 
what this does is use two time-to-amplitude-converters or what I call 
transit time to height converters. These two TAC's output sicnals are 
compared and if they are not within certain error limits, the signal is 
deleted. 
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We have set up each Inhibit on a read out meter so that we can 
determine Its occurrence. 

This Is a sample of the output we get from a high speed printer 
(Fig. 3). Sample time In this case was 27 seconds, and we have 34,000 
counts. Figs. 4 and 5 show probability distributions on the centerline 
for jet Mach numbers = 0.3 and 1.2. At x/d = 7 and 10 the histograms are 
becoming very widely distributed where you need more data samples to pro¬ 
vide a truly time Independent distribution. 

Fig. 6 shows the results of an analytical analysis of particles 
going through a shock. It gives you an Idea of how long the relaxation 
times can be. This Is very similar to what Bill Yanta reported from his 
experimental study. A particle of 3.5 specific gravity has to be on the 
order of 0.1 microns to accurately follow the fluid through a strong 
shock front. 
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FIG. 1. ELECTRON PHOTOMICROGRAPH OF ALUMINUM OXIDE (AljO^) 
Vendor Specification, 0.3 y 
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Scattered Light 

FIGURE 2. General Electric Corp. R&D Data Acquisition and 

Reduction System. 
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3. Typical Laser Velocimeter Data Readout. 
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DISCUSSION 

ooo FRANCIS: Does the data rate of 100 kilohertz infer that 
100,000 particles per second are going through the focal volume? 

d jy. ASHER: No, it actually Infers that you have greater than that. 
Paul Mossey, of Evendale, has been using this circuit in very large jet 
flows. He found that with all the dropout inhibits he has been using 
(fairly similar to ours) that he has been getting something like only 30 
percent successes which means about 70 percent failures. So if you want 
to have a data acquisition rate of 100,000 it means you're going to have 
to have 300,000 particles going through. 

SHAFFERNOCKER: Andy Lennert may have some data, too. 

LENNERT: Yes, that number is about right. 

ASHER: I want to go a little bit further into that because 
it s a good point. Now you ask the question, what is the maximum number 
of particles you can pack through there if there is only one at a time? 
For the high velocity flows that Paul was working with (where the dropout 
does occur most frequently, obviously) the number was something like five 
million particles per second going through the scattering volume. It goes 
up as the velocity Increases and that is fortunate because the design 
frequency response goes up as well. 

. . PIKE: I could make a comment on the question that has risen 
this morning regarding statistical accuracy in processing data. You 
proved that there is some similarity between the laser doppler work and 
some wel< established work In optical mixing spectroscopy. In that field 
there are vast amounts of literature on the question of statistical accuracy 
In such measurements. Although it is not directly applicable, I would 
think it could be made so with a certain amount of modification. Basical¬ 
ly the numbers that come up are just » total number of photons that you 
can detect from the whole experiment and the number of doppler cycles that 
have elapsed in the whole experiment. If you make the right combination 
of these, you get the accuracy estimate whether it's rms turbulence or 
whatever. There is a lot of Interesting work to be done there. 

ASHER: There is one thing I would like to add. When Bill 
Yanta made measurements out to the side of the jet where the turbulence 
level was highest and he had the greatest errors, that was also the posi¬ 
tion where he had the widest distribution. This means his second moment 
Is going to be worse unless he has a commensurably Increased number 
of samples, and he did not. That's why I feel that there is a possibility 
of large error. 
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HAUER: I take It that you disagree with what George h.i said 
as far as the limiting factor being Instrumental broadening In this case. 
Or Is this a statistical matter? 

ASHER: As far as the direct counting Is concerned, my personal 
belief Is that using multiple particles In the scattering volume Is 
extremely hazardous to one's health - especially when you try to publish 
the work! I do not believe that It is necessary under most conditions to 
ever have multiple particles In your scattering volume. If you do because 
of the LDV signal processor that you are using, that's a problem that I 
personally can't help. For most scattering volumes that you are talking 
abjut, you have sufficient number of particles to get a 50 percent duty 
cycle - where you are not going to have the probability of multiple 
particles. You will be able to get your data and most of the turbulent 
ambiguity will be reduced. There Is another turbulent ambiguity I think 
that the signal processor reduces as well. 

YANTA: In my experiments I was getting only about three 
particles per second. The duty cycle was very low. 

WHITELAW: One point regarding the effects on health of 
particles. 

ASHER: Alumina Is nontoxic - that's what they say. 

WHITELAW: The long term effect of small particles In the lung 
Is not really known. I tried to find out for various substances from the 
British Health Service. It's a good establishment and they said that If 
you are putting particles In the atmosphere it's exactly what we don't 
want you to do. 

ASHER: We have Environment I right by us and they measured the 
small particle content in the air. It's vast because most of It just 
stays In the air from the stacks that generate. 
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LDV FOR CHARACTERIZING AIRCRAFT TRAILING VORTICES 

By 

A. E. Lennert, W. M. Farmer, J. 0. Hornkohl 

ABSTRACT 

A prototype laser velocimeter is being built 

to perform proof-of-principle measurements on trailing 

vortices stemming from wing tips of aircraft. The veloci¬ 

meter to be used is a three-component dual scatter system 

to not only measure the magnitude of the velocity com¬ 

ponents simultaneously but will also determine direction¬ 

ality. An in-house developed read-out system will be used 

to process the data. A description of the laser veloci¬ 

meter including the signal conditioner and data processor 

is presented. Included are the expected operating 

parameters for the field experiments to be conducted. 
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NOMENCLATURE 

Area 

2 
l/e beam diameter at focal region 

Dual Scatter System 

Focal length 

Effective number of frin£ ,s 

Number of stationary fringes 

Range 

Radius of telescope 

Signal to noise ratio 

Local oscillator or reference beam system 

Peak to peak fringe spacing 

beam diameter at transmitter lens 

Beam separation at transmitter lens 

Light frequency 

Doppler frequency 

Modulation frequency 

Propagation vector ^ 

Number of fringes, within 1/e2 intensity 

Velocity in focal volume 

Wavelength of light 

Angle between transmitted laser beams 

mm .... W-„ , 
k i-1- Hito itfmfrí 
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Subscripts 

o Original beam 

s Scattered beam 

Receiver telescope 

t Transmitter telescope 
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LDV POR CHARACTERIZING AIRCRAFT TRAILING VORTICES 

By 

A. E. Lennert, W. M. Farmer, J. 0. Hornkohl 

INTRODUCTION 

From the reports of numerous incidents and accidents 

(Ref. 1) during the past few years it is evident that the 

trailing vortices stemming from the region near the wing tip 

of large aircraft create a severe hazard to penetrating light 

aircraft. Attempts have been made to understand the creation 

and decay of these wing tip vortices; however, substantiating 

measurements to correlate the theories have not met with too 

great a success. Prior to the developmeut of the LDV measur¬ 

ing technique, the only quantitative data acquired of the 

trailing vortices were by means of flying an aircraft down a 

cross-wind runway to permit the action of the crosswind to 

cause the wing tip vortices to drift past a measurement 

station. The measurement station generally comprised a tower 

located at some distance from the edge of a runway upon which 

mechanical anemometer were suspended. Simultaneously smoke 

was also released such as to make the vortices visible (Ref. 1). 
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A number of such measurements have been made utilizing 

cup anemometers and compared with a one component C0Q LDV 

system. In the experiment a 20 watt C02 gas laser (Ref. 1) 

was used in conjunction with a 12 inch transmitter-receiver 

telescope system such that the transmitter beam could be focused 

near a cup anemometer. Radiation scattered from smoke particles 

traversing the focal region of the laser beam was collected 

by the same telescope system. The scattered radiation was 

imaged on a detector. The signal from the detector passed 

through a signal conditioning system that yielded the par¬ 

ticulate velocity. Preliminary data were taken comparing the 

cup anemometer with the (X>2 LDV system and are included in 

Fig. 1. The top set of curves compares the measurements of 

both systems under steady wind conditions. It is readily 

noticed that the velocity changes measured by the LDV system 

are much more sensitive than those acquired by the anemometer. 

In the lower set of curves, taken under variable wind con¬ 

ditions, the enhanced sensitivity of the LDV system over the 

anemometer data is much more noticeable. In both curves 

directionality is not included in the LDV data. 

Although the use of the C02 laser has proven 

moderately successfuly, there is still the spatial resolution 

and S/N problems that must be overcome to effectively perform 

detailed measurements of the trailing vortex. For a given 



transmitting lens the spatial resolution oí a LDV system is 

directly proportional to the wavelength and the transmitted 

beam Í number, hence It becomes obvious that ior constant t 

numbers, a shorter wavelength gives better the resolution. 

Furthermore, It has been shown that ior Burst type signals 

dual-scatter LDV systems give better S/N («eí. 2). Por these reasons 

an argon laser LDV system Is being constructed to periorm 

measurements oí trailing vortices at remote distances. 

Proof-oi-prlnclpal measurements were made at the ÄEDC airport 

under NAS* sponsorship and with the assistance oí NASA- 

Langley personnel. As In previous measurements a tower with 

three anemometers was erected, by the Langley personnel, to 

correlate both LDV and anemometer data. The vortex, cre¬ 

ated b, a C47 aircraft ilylng at approximately 50 ieet above 

the ground, was to be measured, visual contact with the 

vortex was established by smoke bombs mounted on the wing 

tips of tne aircraft. In addition, a smoke bomb tower was 

erected near the anemometer tower to visually ascertain the 

vortex flow field (Fig. 2). The LDV system, schematically 

Illustrated in Fig. 3, and a photograph in Fig. 4, was checked 

out on the aircraft run-up pad where the flow field measure¬ 

ments were to be made. The probe volume was established at 

1 foot from tue center anemometer. The entire LDV telescope 

system was moved approximately 180 feet off tie side of the 

runway. 
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Measurements »ere made at an elevation ol approxi¬ 

mately 30 feet above the ground plane and the horizantal 

distance between the telescope and the anemometer tower was 

approximately 120 feet. The aircraft flew a parallel pattern 

to the telescope llne-of-sight such that the background wind 

velocity would drift the vortex through the probe volume and 

the anemometers mounted on a tower. 4 major interface prob¬ 

lem arose between the transmitting-collecting optics of the 

LDV unit and the automatic readout resulting in no rapid data 

acquisition. The experimental results depended solely upon 

acquiring photographic data from oscilloscope recordings. In 

■any cases the sudden arrival of the trailing vortex produced 

tremendous amounts of data such that the analysis of the 

oscilloscope traces was impossible, it was, therefore, 

difficult to correlate the LDV da a with that of the rotatin, 

anemometers ; nevertheless, proof-of-principal data including 

background wind velocity, that compared favorable with the 

data acquired fro. flight operations, in addition to vortex 

flow field data were acquired and photographs of typical 

data are shown in Fig. 5. 

Per the past year additional development activity 

centereu about modifying the Laser Velocimeter (LV) with 

particular emphasis placed upon the Doppler Data Processor 

system. The unit now covers the low frequency domain require 
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for trailing vortex data. Additional laboratory results 

verified Improvements and full scale experiments are currently 

being scheduled at the Malabar site of the Range Measure¬ 

ments Laboratory at Patrick Air Force Base to acquire simul¬ 

taneous three component velocity vector data (vector magni¬ 

tudes and direction) of the trailing vortices. 

The remaining portions of this report will outline 

the prototype LDV design to perform the full scale, three- 

component, remote measurements, including directionality 

over a range from 200 - 1000 feet. 

SECTION II 

PERFORMANCE ANALYSIS OF REMOTE SENSING LASER VELOCIMETERS 

In view of the success (Ref. 2, 3, 4) that has been 

achieved in applying dual scatter laser velocimeters for wind 

tunnel measurements a performance analysis was completed to 

ascertain the feasibility of utilizing shorter wavelengths 

for remote sensing applications. The study was made to 

ascertain the dependence of the scatter signal power as a 

function of range, wavelength, lasor power, and signal to 

noise ratio for ranges greater than 10 meters (Ref. 5, 6). 

In addition, a comparison between the performance of local 

oscillator and dual scatter systems, particularly in a 
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turbulent atmosphe—, was also necessary to determine whJ.h 

system should be selvoted. 

An analysis was performed utilizing signal to noise 

power ratio, Sr , as a common denominator (Ref. 6). The 

relative performance of the dual scatter and the local 

oscillator LDV systems was made using a basic comparative 

performance figure Sr of the two systems defined as: 

(S/N) 

TsTÑT 
DS 

LO (1) 

Since the S/N values were determined at the output of the 

signal detector they are biased toward the optical and 

detector performance for each of the systems. The param¬ 

eters used in performing the analysis are included in 

Table 1. The summary of the results of the study are 

included in Figs. 6, 7, 8, and 9. Figure 6 contains a plot 

of the Sr of the CW signals in both turbulent and quiescent 

atmospheres as a function of range. In this particular case, 

both the dual scatter and the local oscillator systems were 

operated at a wavelength of 5000 A° and transmitted through 

the same set of optics such that the system cou.'.d measure 3 

orthogonal velocity components, it is seen that in either a 

quiescent or turbulent atmosphere and regardless of propa¬ 

gation path (vertical, horizontal, or at a 45° angle) th«» 
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signal to noise ratio criteria indicate the dual scatter will 

outperiom the local oscillator system within a range of 

1000 meters. In a quiescent atmosphere the dual scatter 

outperforms the local oscillator at any range whereas In the 

Slant height and horizontal propagation cases the local 

oscillator systems outperform the dual scatter beyond a 

range of approximately 2000 meters. In Fig. 7, a comparison 

is made of a dual scatter system operating at 0.5 micrometers 

with a local oscillator system operating at 10.6 micrometers, 

in a turbulent atmosphere the local oscillator system out¬ 

performs the dual scatter system beyond the range of approxi¬ 

mately 700 meters for all propagation paths considered. In 

the case of a quiescent atmosphere the local oscillator will 

again outperform a dual scatter beyond a range of approxi¬ 

mately 700 meters, within this range the dual scatter system 

outperforms the local oscillator In every case. l„ both Figs. 

6 and 7, the signals are CW. 

This situation changes, however, when burst signals 

are detected. Comparing the local oscillator and dual scatter 

system operating at 0.5 micrometers in both the turbulent 

and quiescent atmosphere (Fig. 7) it is found, regardless of 

the propagation path, that the dual scatter will outperform 

the local oscillator. 

In a quiescent atmosphere the signal to noise ratio 

of the dual scatter system is invariable several orders of 
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muK^iludo urealor than the local oscillator system. In 

Flu. 9, a comparison is made of the dual scatter operating 

at 0.5 micrometers and the local oscillator at 10.6 micro¬ 

meters in both a quiescent and turbulent atmosphere. Fron 

the figure, it is readily seen that for burst type signals 

the dual scatter system outperforms the local oscillator be¬ 

yond a ranjje of approximately 25 meters in the case of a ;.ur- 

bulent atmosphere. In the case of a quiescent atmosphere 

the dual scatter l.DV system outperforms the local oscillator 

within a range of interest (up to 350 meters). 

The results can be briefly summarized as follows: 

(1) II (be l.DV signals are of a burst nature the dual scatter 

system offers inherently higher signal to noise ratios than 

the local oscillator signals. For the case of CW signals, 

there are conditions where the local oscillator system offers 

superior performance. (2) The use of the long wavelength 

with the local oscillator system tends to cancel the limiting 

aperture effects due to turbulence degradation. (3) When long 

wavelengths are used in local oscillator systems, the output 

beam diameter or the power must be increased accordingly. 

In the event the wavelength is increased by an order of 

magnitude, over a previous wavelength, and the original in¬ 

put beam diameter is constant the power must be increased 

by two orders of magnitude to maintain the same signal noise 

ratio. (4) The local oscillator system exhibits the worst 
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perfornance for vertical propagation and the best for para¬ 

llel or horizontal path propagation, whereas the dual 

scatter systems are essentially independent of observation 

angle. (5) The local oscillator system operates most 

efficiently in a quiescent atmosphere at very long ranges. 

This increase in performance can be attributed to an increase 

in the number of scatter centers available as the probe 

volume increases. 

SECTION III 

THEORY OF THE DUAL SCATTER LASER VELOCIMETER 

The Doppler theory inherent with the local os¬ 

cillator and the dual scatter LDV is well understood and 

shall not be considered. However, for the sake of clarity an 

alternative analysis (Ref. 7) of the DS system is presented 

such that the physical phenomena Inherent with the masurlng 

technique will be easily understood. The laser source is 

split up into two beams, for each velocity component, and 

focused to a diffraction limited region of Gaussian intensity 

containing essentially planer wavefronts of radiation. In 

view of the coherence characteristics of the source the beams 

will interfere constructively and destructively to establish 
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a set of closely spaced, planer, Interference fringes at the 

beam crossover, or focal, region. The peak to peak fringe 

spacing, d, is readily shown to be: 

2 sin f 

the 1/e2 diameter of the focal region is: 

(2) 

Df F1" 
f TT dB 

(3) 

the number of fringes contained in a focal volume can be 

determined by dividing the peak~to>peak fringe spacing into 

the focal diameter as follows: 
-=. !L 

/-r 

(4) 

This can be further simplified by assuming 6/2 ¿¿1 such that 

2 sin®/2 5»/b^^is the separation of the two beams at the 

transmitter divided by the range. With this approximation: 

n (5) 

As a particle traverses the focal volume at a velocity v the 

interference fringes are cut at a rate of: 
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(6a) 

JLVSintt. 

T t> 

_ 
(6b) 

which is exactly the period of the Doppler frequency and 

the Doppler shift frequency respectively. Since the 

particle traversing the fringes repetitively scatters light 

it will generate an alternating, fluctuating, current with 

a frequency proportional to the rate at which the particle 

intercepts the fringes. It has also been shown that only 

one component of velocity, mainly the component normal to 

the Interference fringes, is measured. It is straight¬ 

forward to add additional optics to determine the second 

and third velocity component. 

The unique feature of the dual scatter technique is 

that it is possible to place the receiver optics in any 

position since the viewing direction does not affect the 

measurements. In general, however, the operation of the dual 

scatter system is close to the axis for optimum operation. 

This is predicated upon light scattering phenomena and not 

upon the Instrument. Furthermore the dual scatter technique 

is extremely sensitive- resulting in higher S/N ratios than 

the local oscillator in that light is preaixed before the 

scattering event results hence the technique is insensitive 

to any perturbations that affect the local oscillator systems. 

In addition, the S/N for the dual scatter system is independent 
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of the number of scatter centers in the probe volumn whereas 

for the LO the S/N is functionally dependent upon n for en¬ 

hanced values of S/N. 

In view of burst type signals acquired by a dual¬ 

scatter system a data acquisition system must be designed to 

accommodate these signals. A Doppler Data Processing System 

has been developed which is essentially a burst measuring 

device and will be described in the following section. The 

fundamental problem inherent with any of the present LV 

systems, such as described, is the ambiguity in the direction 

of the velocity vector. The Doppler signals yield only the 

absolute values of frequency or velocity but have 180° am¬ 

biguity in the direction. By including Bragg cells to 

modulate the laser beam at a known frequency it is possible 

to acquire directionality and hence, true vector velocities. 

This is readily shown in the following dual scatter analysis 
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Since the particles scatter light from the same point the 

scattered propagation vector disappears when the difference 

frequency is obtained e.g.: 

m 
(8a) 

= «D2 - fDl> “ 'm ± V ' (k 01 ■ 

(8b) 

When the particlci» are traversing the focal volume in the 

direction of the moving fringes the Doppler frequency will be 

lower than the modulation frequency. Conversely, if the 

particles are traversing opposite to the direction of the 

traveling fringes the measured frequency would be higher than 

the modulation frequency. In this manner the directional 

ambiguity is resolved. Furthermore, since the modulation fre¬ 

quency is superimposed upon stationary fringes the number of 

effective fringes (stationary plus traveling) within the focal 

volume becomes : 

N = N ¿ ± 1) (9) e sip 

The result of imposing traveling fringes upon the focal volume 

increases the net number of fringes and hence within the same 

counting interval of a Data Conditioning and Processing system 

such as developed by Kalb (9), greater accuracy of the measure 

ments is realized. 
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SECTION IV 

TRAILING VORTEX TEST PARAMETERS 

A prototype laser velocimeter system has been 

designed for mapping trailing vortices using the Malabar 

site equipment of the Range Measurements Laboratory (RML) 

at Patrick Air Force Base. In this particular experiment 

two argon laser sources will be used. Each of the sources 

will be modulated at a known frequency e.g., 15 MHz, 25 MHz 

and 30 MHz respectively. The 15 and 25 MHz modulated trans¬ 

mitting beams will be transmitted by a 36 inch telescope. 

This telescope system will be used to ascertain the vertical 

and horizonal components of velocity. A second telescope, 

24 inches in diameter, will be used to transmit the 30 MHz 

modulated beams that will be used to determine the third 

velocity component. The range of operation for the experi¬ 

ment will be between 200 and 1000 feet. The test setup is 

schematically illustrated in Fig. 10, a third telescope, 

48 Inches in diameter, located approximately 450 feet from 

the 36 inch telescope and approximately 300 feet from the 

24 inch telescope will be the receiving telescope for all 

three components of velocity. The received signal will be focused 

through a pin hole and narrow band filter onto a photomultiplier 

tube. From the photomultiplier tube assembly the signal passes 
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through a dual output wideband amplifier to Increase the 

signal level by means of a gain adjust. Figure 11 contains 

a schematic diagram of the signal preconditioning system. 

The input passband frequency (3 db level) of the amplifier 

is 30 MHz. One output signal carries the 15 MHz signal 

through its respective filter-wideband amplifier network 

and the 25 MHz portion passes through its respective net¬ 

work. In a similar manner, the 30 MHz signal passes through 

its amplifier filter network. All three signals enter their 

respective mixers where a reference oscillator frequency 

heterodynes with the respective signals to downshift the 

frequence before passing into a low pass amplifier, with a 

variable frequency adjust, and then into a Doppler processor. 

Each individual component will pass through its own respective 

Doppler Data Processor and then into the Data Acquisition 

System. 

A. Doppler Data Processor 

The frequency burst signal processing electronics 

system schematically shown in Fig. 12 is a hybrid analog- 

digital signal conditioning and processing instrument termed 

a Doppler Data Processor (DDP) (Ref. 9). The functions of 

the DDP are (1) to filter out extraneous noise, (2) to 

determine the average period of at least eight cycles of the 

Doppler shift signal, (3) to negate a data recording cycle 

when the period of eight cycles is not equal to twice the 

period of the first four cycles, and (4) to provide a visual 

367 



«i .... I- "rrr 

display and a binary coded decimal output of the period of 

the Doppler lignai. The data acquisition system will employ 

an incremental magnetic tape system for mass data recording 

and compatibility with subsequent digital computer computations. 

The photodetector signal for a small scatter particle 

passing near the geometric center of the probe volume is 

indicated in Fig. 13a. Ideally, the D.C. shift of the signal 

is comparable in magnitude to the A.C. or Doppler signal 

portion. Photodetector shot noise generated by the D.C. shift 

as well as background radiation tends to obscure the Doppler 

signal information. A bandpass amplifier is used to remove 

much of this D.C. shift and to minimize the associated shot 

noise. 

A representative signal introduced at the input to 

the DDP is shown in Fig. 13a, The bandpass amplifier (Fig. 12) 

output signal is shown in Fig. 13b. The Schmitt trigger (Fig. 12) 

output signal is shown in Fig. 13c. An oscilloscope triggered 

gate at the output of the Schmitt trigger prevents passage of 

pulses to the A-B-C-D ripple counter when the signal level 

at the oscilloscope is below a certain selectable trigger point. 

This technique has proven to be a valuable means of signal 

level selection and noise rejection. 

The gated signal applied to the A-B-C-D binary 

ripple counter produces a single rectangular wave signal or 

’’pulse” at the D Binary output Fig. 13f with a time duration 

equal to the total period of the first eight pulses in the 
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gated pulse train. At this point Binary D is inhibited from 

further toggling by Binary I until a recycle control pulse 

is received. The D Binary pulse becomes the gating signal 

for the main gate pulse stretcher Fig. 13g which produces a 

resultant pulse precisely stretched in time by 125 times the 

D Binary pulse. Precision current sources contained within 

the pulse stretcher permit very precise time duration exten- 

tion of the D Binary pulse width. The stretched pulse controls 

the main gate of a conventional frequency counter. During the 

stretched pulse interval, precisely timed clock pulses from 

a crystal controlled oscillator pass through the main gate 

and accumulate in the counter decimal counting units (Fig. 12). 

The resultant counter visual display reads the average period 

of the Doppler signal information in nanosecond units. The 

pulse stretching technique is useful for short burst signal 

period determination at frequencies extending from 100 KHz 

to 100 MHz. At lower frequencies the main gate pulse stretcher 

is not required. 

The circuits described thus far measure the average 

neriod of both periodic and non-periodic signals. When the 

signal pulse train becomes non-periodic during this time 

period due to included noise spikes, peak fringe intensity 

irregularities, or large fluctuations in peak signal ampli¬ 

tude, additional circuity has been included to detect this 

condition and prevent the recording of a data peint. Details 

of the techniques are included in Ref. 9 , and will not be further 

discussed. 
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Six parameters Will be recorded from TS-EK's laser 

veloclmeter instrumentation by RHL's data acquisition and 

computing equipment. These six parameters represent three 

velocity measurements, each consisting of the shifted Doppler 

frequency and the local oscillator frequency. 

The Bange Measurements Laboratory's (RML) system 

records all range parameters each one tenth of a second. 

These include the elevation angle, azimuth angle, and range 

setting of each telescope as well as time, and other para¬ 

meters. The LV data will be recorded at this rate. 

One scan of these parameters will be recorded on 

magnetic tape as one 600 word record. The parameters of 

interest to the Trailing Vortex Study will be plcKed from 

each record to be entered into the data reduction program 

that will resolve the three velocity components into one 

velocity vector. 

To interface the Hewlett-Packard HP5245M electronic 

counters with the XDS Sigmr ? digital computer, the voltage 

levels will be converted from + 18 and - 8 volts to + 5 and 0 

volts for logic levels of "1" and "0" respectively. These 

signals will be transmitted approximately 200 feet from the 

veloclmeter equipment to the computer. This part of the 

interface is being handled by RML personnel. 

The data reduction can be broken down into three 

distinct manipulations. The first Involves the determination 

of the individual velocity components from the basic frequency 
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measurements. The second consists ol resolving the measured 

velocity components into a common co-ordinate system using the 

elevation and aximuth angles of the transmitting telescopes. 

The third consists of presenting the data in a meaningful 

format, such as tabulated data or a plot of velocity vs 

location. 

To resolve the individual velocity components into 

a common co-ordinate system involves rotation of the co¬ 

ordinate system of two of the velocities through the elevation 

and aximuth angles of their transmitting telescope and 

rotation of the co-ordinate system of the other velocity through 

the aximuth angle of its transmitting telescope. This con¬ 

verts the three measured velocities into one velocity vector 

in a co-ordinate system centered on one of the transmitting 

telescopes. Transformation of the velocity vector to a 

convenient co-ordinate system for data display is then 

straightforward. 

This information will then be tabulated or plotted 

as velocity magnitude and angle versus time, time rate of 

velocity measurements, measured velocity components versus 

time, etc. 
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The parameters to be encountered during the next series of 

experiments, to be conducted at the test site at Patrick Air 

Force Base,were determined by scaling experimental data 

acquired with a mock-up of the system at the AEDC. An 8 inch 

diameter and a 10 inch diameter telescope system was used for 

the transmitter and receiver respectively, a CRL 530 laser, 

operating in a 5145 Â line, was used as the laser source. 

Two component measurements were made of a+mospheric con¬ 

ditions at a range of approximately 80 feet. The vertical 

and horizonal components were modulated at a frequency of 

15 and 25 MHz respectively. Typical data that were acquired 

are shown in Fig. 14. 

It has been determined (Ref. 6) that the scattered 

signal power is inversely proportional to the wavelength cubed 

and the fourth power of the range (½. m addition, the 
R * 

signal power is proportional to the area ratio of both the 

transmitting and receiving telescopes. The laser power 

required as a function of range and transmitting-receiving 

optics ia shown in Fig. 15. The scaling was as follows: 

Figure 16, 17, 18 are plots of the Doppler frequency as a 

function of the range and velocity. Included are the additional 

parameters of modulation frequency, the wavelength, and the 

diameter of the transmitting and receiving telescopes. 
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Figure 16 and 17 are plots where a 3 foot telescope is used 

for transmission for a modulation frequency of 15 and 25 MHz. 

In Figure 18, the data are plotted for a 2 foot telescope 

and a modulation frequency of 30 MHz. The data wer? acquired 

by the use of Equation 5. Figure 19, the fringe spacing is 

plotted as a function of range under varying conditions of 

Bragg cell frequency. The 15 and 25 MHz plots were made 

using the 3 foot diameter transmitting telescope and the 

30 MHz plot for the case of a 2 foot transmitting telescope. 

Figure 20, the transmitter probe volume length as a function 

of range is plotted again with the modulation frequency being 

the third parameter. 
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b. Quiescent Atmosphere 
Fig. 7 Concluded 
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Turbulent and Quiescent Atmospherts, SR 

Fig. 8 LDV Operation in Turbulent and Quiescent 
Atmospheres, S¿B>, *Dg - 0.5 pm, - 0.5 ^m 
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Fig. 9 LDV Operation in Turbulent and Quiescent 
Atmospheres, S^B), XDg - 0.5 pm, 

^tr. - 10.6 pm 
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(A) Doppler Frequency 
Buret Data Input 
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(C) Schmitt Trigger 
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ABSTRACT 

The signal conditioning electronics used to 
interface a recently developed Bragg cell type vector 
velocity laser velocimeter (LV) to a signal processor and 
data acquisition system are described. The Bragg cell LV 
eliminates the 180° velocity direction ambiguity problem 
of the conventional LV but in turn imposes a unique signal 
conditioning problem The signal characteristics and the 
signal conditioning problem are defined and signal conditioning 
electronic circuits are described. Initial LV system 
evaluation data are presented for two orthogonal velocity 
component, atmospheric wind measurements. The Bragg cell LV 
electronics system is shown to be readily expandable to a 
three dimensional vector velocity measurement system. 
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SECTION I 

INTRODUCTION 

A new self-aligned laser velocimeter (LV) optical 

system utilizing a unique two-dimensional ultrasonic Bragg 

cell has been recently developed.^ A signal processor and 

data acquisition system for conventional LV systems (without 

Bragg cell or other optical frequency translation device) has 

o 
also been recently reported. The purpose of this paper is 

to define the signal conditioning problem and to describe 

the signal conditioning instrument which has been developed 

to interface the new optics system to the signal processor and 

data acquisition system. 

The new LV system is described here as a "vector 

velocity" measurement device as opposed to the conventional 

LV system which effects velocity magnitude measurements with a 

180° direction ambiguity, i.e., the conventional LV cannot 

differentiate between the velocity vectors V and -v. The 

Bragg cell LV eliminates the 180° ambiguity but in turn imposes 

a unique set of signal conditioning and data acquisition 

problems. 

The complete vector velocity LV system consists of 

four major subsystems as shown in the functional block diagram, 

Figure 1. Subsystems 1, 3 and 4 are briefly discussed to define 

the interface design constraints imposed upon subsystem 2, the 

signal conditioning subsystem. Time and frequency domain 
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signal characteristics, essential for the design of subsystem 

2, re derived and compared with those of the conventional LV 

system. A discussion of subsystem and overall LV system 

accuracy and precision is next presented. The signal con¬ 

ditioning instrument is then discussed in some detail, from 

concept through circuit schematic to fabrication and packaging. 

Finally, the directionality capabilities of the new LV system 

are demonstrated by data produced in the laboratory and in 

a field test. 

SECTION II 

OPTICAL SYSTEM DESIGN CONCEPTS 

The first LV systems reported were the output aligned, 

reference beam type^’^’^ and were quite difficult to use 

because of the todious adjustment procedures required to 

properly align the laser radiation wavefronts at the photo¬ 

detecting surface. The input aligned (crossed beam), reference 

beam LV^ was an improvement since alignment tedium was signifi¬ 

cantly reduced. The ultimate in operational simplicity at 

AEDC was achieved with the introduction of the self-aligned, 

input aligned (crossed beam) LV.7,8 The self-aligned approach 

can be used to implement either the reference beam or the dual 
9 10 

scatter (differential Doppler) type LV. ’ Self-aligning tech¬ 

niques significantly reduce the alignment problems experienced 

with .ijn-self-aligned systems. However, all these systems 

possess at least one common potential deficiency--the 180° 



^r*C**0n This deficiency is unimportant for 

applications where the velocity direction is known à priori. 

However, in such applications as atmospheric wind velocity 

studies, turbulent fluid flow measurements and oscillatory 

fluid flow measurements, the velocity direction at each 

instant of time is generally unknown and may be as important 

as the velocity amplitude. 

The directional ambiguity problem has been solved 

by utilizing somwhat more sophisticated LV systems which 

incorporate an optical frequency translation device such as a 

Bragg cell or rovating diffraction grating.11’12 The net 

effect of the optical frequency translator is to provide a 

carrier signal with frequency fo. ‘¿.ien, LV measurement of the 

velocity vector V produces a signal with frequency f0 + fD 

I > whereas measurement of the velocity vector -V 

produces a signal with frequency fQ - fD. The plus or minus 

deviation of fD from fo resolves tne directional ambiguity 

problem. 

SECTION III 

NEW VECTOR VELOCITY LV OPTICAL SYSTEM 

The new LV system is a crossed beam, self-aligned, dual 

scatter type and its operation is readily described in terms of 

an interference fringe model.1 Therefore, subsequent discussions 

will be in terms of this fringe model as opposed to the Doppler 

shift-optical heterodyne detection interpretation. The principal 

component is a novel, two-dimensional, ultrasonic Bragg cell, 

400 



developed at AEDC, which permits (1) exploitation of self- 

alignicç techniques and (2) simultaneous vector velocity 

measurements for two orthogonal velocity components.1 A 

simplified schematic of the optical subsystem is shown in 

Figure 2. The incoming laser beam is diffracted by the ortho¬ 

gonal ultrasonic traveling waves in tne Bragg cell. When 

properly adjusted, the cell produces four equally intense 

beams, three diffracted beams and a portion of the original 

undiffracted beam. These four beams originate from the same 

region inside the cell, travel similar optical paths, and are 

automatically brought to a coiunon focus by the transmitting 

optics; therefore, the system is said to be "self-aligned. 

The optical frequency of the diffracted beams can 

be optionally upshifted or downshifted by proper orientation of 

the Bragg cell with respect to the incoming laser beam. Figure 

3 illustrates the possible four beam output combinations that 

may be chosen for transmission.1 

The respective Bragg orders are shown in parentheses 

with the horizontal value shown first below the dot representing 

the diffracted beam. The optical frequency of the diffracted 

beam is shown above the dot. The moving Interference fringe 

planes1 produced in the probe volume by any two beams are 

oriented perpendicular to the line connecting the two dots 

representing these two beams. The direction of fringe travel 

in the probe volume is the same as that of the ultrasonic wave 

vector, JK, (i), for non-inverting transmitting optics whereas 
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the direction of fringe travel is opposite to K (i) for 

inverting transmitting optics. The relative length of any 

side of the rectangle is directly proportional to the 

associated ultrasonic frequency. 

SECTION IV 

SIGNAL CHARACTERISTICS 

There is no advantage in choosing one four-beam set 

over any of the other three possibilities shown in Figure 3. 

Therefore, in the following discussions the beam set (0.0), 

(1,0), (1,1) and (0,1) is selected. 

4.1 Optical Component Constraints 

The diffraction cell producing the four beam pattern 

is operated in the Bragg mode as opposed to the Raman-Nath mode 

since Bragg mode operation permits concentration of the 

diffracted light in a single order. Bragg mode operation 

13 
requires adherence to the Bragg law 

= ZASÍO0 = ¿ASine (i) 

13 
and to the condition 

wf/; Epv'N/nA: 1.2(1015) (2) 

where 0 and 0 are the angles of the incident and reflected laser 

beams with respect to the ultrasonic wavefronts, X and A are the 

laser light and sound wavelengths respectively, n is the 

0 
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diffraction order, w is the diameter of the ultrasonic beam 

in cml, fQ is the ultrasonic frequency in hertz, is the 

index of refraction for water, v is the velocity of sound 

in water and N is the number of ultrasonic wavefronts 

traversed by a laser light ray in passing through the Bragg 

cell. For the system shown in Figure 2, n = 1, N = 1 and 

X = 5.145 (10-4) cm. 

The maximum practical dimension, w, is dictated by 

the diameter of the ultrasonic driving device and is 2.54 cm. 

for the piezoelectric quartz crystal driver used in the system 

shown in figure 2. This constraint on w then necessitates the 

use of an ultrasonic drive frequency, f0, in the range of tens 

of megahertz (Eq. 2). We have chosen (see Figs. 2 & 3) f0(l) - 

25 MHz and f0(2) s 15 MHz. The optical spectrum at the output 

of the Bragg cell for this selection is shown in Figure 4. 

Each of the four beams is represented in the frequency domain 

by a frequency impulse function. The intensities of the four 

beams can easily be made equal by adjusting the electrical input 

power to the piezoelectric drivers. 

The LV system can be successfully operated with or 

without the polarization rotation plates shown in Figure 2. In 

either case, each set of two beams with a non-orthogonal polari¬ 

zation relationship will form moving interference fringes in 

the probe volume. The fringes formed by beam pairs (0,0) with 

(1,0) and by (0,1) with (1,1) propagate horizontally across 
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the probe volume at the rate 

V^u^íaJl = £«>125 MHfc 

and are therefore, used for the horizontal velocity component 

measurements. By the same considerations, beam pairs (0,0) with 

(0,1)&d , 0) with (1,1) produce fringes which travel vertically 

at the rate fx>(2) = 15 MHz. When the polarization rotation 

plates are not used, beams (0,0) and (1,1) interfere to produce 

fringes which move diagonally at the rate fQ(3) = 40 MHz and 

beams (1,0) and (0,1) produce fringes which move diagonally at 

the rate f0(4) = 10 MHz. The polarization rotation plates 

produce an orthogonal polarization relationship between the 

diagonal beams and thereby eliminate the diagonal fringes. 

A light scattering particle passing through the probe 

volume produces a unique signal for each fringe set with 

frequency, fg^, given by1 

fSC = fo fD ^ 

where f^ is directly proportional to the velocity magnitude of 

the particle and is the "Doppler" frequency of the conventional 

type LV. A motionless scatter particle in the probe volume 

produces a sinusoidal signal with frequency fg^ A 

particle traveling in the same direction as the moving fringes 

produces a signal with frequency f_ = f - f_^ while a particle 

traveling in a direction opposite that of the moving fringes 

produces a signal with frequency for, r f + f,.. The photodetected 

signal spectrum produced by a motionless particle is shown in 

Figure 5 which illustrates the velocity component carrier signals 
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when polarization rotators are not used. Use of 

the polarization rotators eliminates the diagonal velocity 

component carrier signals at 10 and 40 MHz and thereby 

eliminates possible interference with the signals centered 

at 15 and 25 MHz. The diagonal carrier signal amplitudes 

are half that of either the vertical or horizontal since only 

two of the fo'ur beams are used to form the diagonal fringes 

whereas all four beams are used to form the vertical and 

horizontal fringes. 

4.2 Time and Frequency Domain Characteristics 

The scattered radiation intensity envelope for 

scatter particle trajectories close to the geometric center 

of the probe volume is gaussian for laser operation in the 

TEMqo mode, the preferred mode for LV applications. The 

corresponding photodetected time domain signal for a single 

scatter particle traversing a fringe set for the conventional 

dual scatter LV is given by 

X/t) = flp exp !_-[ ZiT(t -tc)/rl*} 

+ Asexp{-L2-i?(t-t.)/T]2}coS2TTfDt <4a) 

while the time domain signal for the same scatter particle and 

trajectory for a dual scatter LV with an optical frequency 

translator is given by 

Xz(t) = Ap exp 

+ flsexpí-[zV?ít-t0/r]2jcos2nífcíf0)t (4b) 

where f^ is the "Doppler" frequency, fQ is the carrier frequency 

and is the time required for the scatter particle to transit 

the probe volume outer boundaries. This boundary is defined by 
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the surface of that ellipsoio where the laser radiation 

-2 
intensity is e times the maximum intensity near the geometric 

center of the probe volume.*® The quantity, e, is the base of 

the Naperian logarithm. Equations 4a and 4b are represented 

in Figures 6a and 6b respectively. The signals are seen to 

consist of two distinct summed waveforms, (1) a gaussian pulse 

or "pedestal” waveform with peak amplitude Ap and a gaussian 

amplitude modulated sinusoid with peak amplitude As. Note that 

the signal parameters Ap, As, 1" and fp are the same for both 

type LV systems provided that laser radiation intensity in the 

probe volume, probe volume dimensions and fringe spacing are 

set up tc be identical. 

The "Doppler" frequency is given by 

f = v/d : Zvs\r\e/z 
0 ' -* 

10 

(5) 

where v is the magnitude of the scatter particle velocity, d 

is the probe volume fringe spacing, 0 is the angle between the 

crossed laser oeams and A is the wavelength of the laser 

radiation. The parameter T' is related to f^ by 

Vfo = l/N = Zb0tane/z 
(6) 

where N is the number of fringes set up within the probe 

-2 
volume (e ) maximum intensity contour and 2b0 is the gaussian 

diffraction limited laser beam diameter in the probe volume. 
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The signal amplitudes Ap and As are directly 

proportional to the peak laser radiation intensity within 

the probe volume. The ratio As/Ap is related to scatter 

14 
particle size with respect to the fringe spacing. In 

general, large particles produce small As/Ap ratios and vice 

versa. In wind tunnel LV applications at AEDC using intrinsic 

test section aerosol scatter particles, the As/Ap ratio has 

been observed to vary from 0 to 0.5. 

An important requirement of an LV signal conditioner 

is to attenuate the pedestal waveform but enhance the sinusoidal 

waveform since the frequency of the sinusoid conveys the 

velocity information and presence of the pedestal waveform 

interferes with frequency or period measurement circuitry. The 

pedestal waveform can be practically eliminated by utilizing a 

relatively sophisticated balanced optical photodetector scheme 

15 
instead of the conventional photodetector. However, simple 

electronic filters can be used to separate the sinusoid from 

the pedestal provided that 

e/2r¿¿fsc (7a) 

and (7b) 

The significance of conditions 7a and 7b in comparing the 

conventional LV and the LV with optical frequency translation 

can be deduced by observation of the Fourier transforms of 

Equations 4a and 4b. Using the frequency translation theorem 

and the gaussian function transform pair relationship, the 

407 



Fourier transforms of Equations 4a and 4b are found to be 

respectively 

Equations 8a and 8b are plotted in Figures 7a and 7b respectively.* 

The sinusoid signal bandwidth (10% amplitude points) is while 

the pedestal bandwidth (10%) is g-r for both the conventional 

LV and the LV with frequency translator. However, Figure 7a 

shows that the conventional LV can viólale the inequality set 

forth in Equation 7a and produce overlapping spectra. This in 

turn negates the possibility of using simple filter techniques 

to separate the sinusoidal signal from the pedestal. For 

example, Equation 6 shows that 1/tf becomes a larger percentage 

of fp as N is reduced so that when N = 2 the ^ point is 0.5 f^ 

and spectra separation by simple filter techniqes is impossible. 

This particular case is shown in Figure 7a. Filter techniques 

are effective for N > 5 approximately, except when condition 

7b is violated. This condition is violated when scatter 

particles, large compared to the fringe spacing, pass through 

♦Only the positive frequency spectrum is shown since the 
negative frequency spectrum contributes nothing to the 
explanations. 
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the probe volume and produce a significant portion of the 

pedestal spectra within the sinusoid spectral bandwidth 

(Ap » 2AS) . 

Figure 7b shows that the LV with optical frequency 

translator produces a signal which can always be made to 

satisfy inequality 7a and can be made immune to condition 7b 

by choosing f0 large enough to adequately separate the pedestal 

and sinusoid spectra. The most fundamental form of filter, an 

RC highpass section, can now be effectively used to separate 

the spectra. 
m 

Two additional advantages, from a signal conditioning 

point of view, are gained by using an LV with optical frequency 

translator. A minimum number of eight sinusoid cycles per 

scatter particle transit is required for operation of sub¬ 

system 3 shown in Figure 1. Particle trajectories nearly 

parallel to one of the orthogonal LV measurement axis can 

produce fewer than eight cycles in the second velocity component 

signal. This is a brief statement of the "flow direction dead 

zone" problem discussed in some detail in Ref. 2. The number 

of sinusoid cycles per particle transit, NßC, produced by the 

Bragg cell LV relative to the conventional LV, Nrmi, is in the 

most general case given by: 

:££. + 1 
f0 “ 

¿lip + 1 

fo ‘ 

(9) 
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Where £ _, is the output frequency generated by an electronic 
Ir 

frequency heterodyne device given the input signal frequency 

fo ± fD from the LV photodetector and fhQ from a heteroc.vne 

oscillator. Equation 9 shows that if fjp is chosen to be much 

greater than f^ then the number of signal cycles, can 

made much greater than and the requirements of subsystem 

3 can be satisfied. The second additional advantage is that 

N__„ can optically be made as small as one in a Bragg cell LV 

system in order to concentrate the available laser power into 

as few fringes as possible which in turn produces maximum 

scattered intensity per scatter particle fringe crossing. 

4.3 Information Spectra 

Figure 5 shows the spectra of the four carrier signals 

produced by a motionless scatter particle or scattering surface 

inserted into the probe volume whereas each particle of a dynami 

particle field will produce a signal spectrum as shown in Figure 

7b. Those particles with the maximum velocity deviation from 

the mean value of the particle field velocity distribution will 

dictate the bandwidth, W, of the velocity information spectrum. 

It follows from this discussion and Figure 7b that the velocity 

information bandwidth is given by: 

W = 2 J fD mean “ ^fD max + ^ I 

where is the mean "Doppler” frequency produced by the 
D mean 

dynamic particle field and fp max is the maximum "Doppler 

frequency produced by this same field. This bandwidth, W, is 

the bandwidth which must be accommodated by the signal con¬ 

ditioning instrument, subsystem 2. 
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Information spectra for the special case of an 

isotropic velocity distribution with zero mean is depicted 

in Figure 8. Bandpass filter techniques are used to separate 

the four information spectra prior to further signal conditioning 

and data acquisition operations. Simple filters can be used as 

long as adjacent information spectra are sufficiently attenuated. 

Overlapping information spectra represent the ultimate limits 

on component velocity magnitudes which can be accommodated 

regardless of the type filter used. Figure 8 shows that the 

first limit is reached when the spectrum centered at 10 MHz 

overlaps the one centered at 15 MHz. However, this problem can 

be resolved by use of the polarization rotators (Fig. 2) which 

eliminate the spectra centered at 10 and 40.MHz. The next limit 

is reached when the spectra centered at 15 and 25 MHz begin to 

overlap. At this point, accommodation of still greater velocities 

obviously requires that the velocity information spectra be 

further separated by using a greater frequency interval between 

the carriers. 

4.4 Information Spectrum Translation 

Equation 2, given the practical constraint that 

w < 2.54 cía. , shows that proper Bragg cell operation requires 

a drive frequency (carrier frequency). f0, In the order of 107 Hz. 

On the other hand, low velocity LV applications such as atmospheric 

wind velocity measurements may produce signal frequency deviations 

about the carrier In the 103 Hz. range. This situation requires 

a signal frequency (or period) measurement accuracy in the order 



of 0.01%. Subsystem 3 shown in Figure 1 has a nominal accuracy 

specification of 1% of its full scale setting which is not 

compatible with the 0.01% requirement. Subsystem 2 solves 

this problem, utilizing electronic heterodyning techniques, 

by translating the velocity information spectra to a lower 

carrier frequency. Translation by two decades in frequency 

results in a carrier of order 105 with the same 103 Hz 

deviation. The measurement accuracy requirement is now 1% 

which is compatible with the subsystem 3 specification. 

SECTION V 

SYSTEM ACCURACY AND PRECISION 

The following specifications of accuracy and pre¬ 

cision are definitely not intended to be taken as limits, 

rather they are specifications attainable by calibration 

procedures and equipment at AEDC. 

5.1 Subsystem 1 

The accuracy and precision specifications for subsystem 

1 (Fig. 1 & 2) are determined solely by the accuracy and 

precision associated with the measurements of G (Eq. 5), the 

oreintation of the probe volume fringe planes with respect to 

the velocity measurement plane and the frequencies of the Bragg 

cell drivers. The velocity measurement plane is defined by the 

two orthogonal velocity components to be measured. For a 

horizontal wind tunnel this plane is usually defined by the 

local vertical and the longitudinal axis of the tunnel. 
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The angle Ô can be calculated f rom _g_ » tan1 <1 where 
2 ZL 

L is the distance from the center of the probe volume to a 

reference plane situated to intercept the beams diverging 

from the probe volume and d is the distance between two applicable 

beams at the surface of this plane. The reference plane is 

oriented parallel to the velocity measurement plane. 

The orientation of tne probe volume fringes with 

respect to the measurement plane can be determined by observing 

the angular orientations of the lines defined by appropriate 

pairs of beams projected onto the reference plane. For example, 

the pair of beams which are used for the vertical velocity 

component measurement should define a vertical line on the 

reference plane whereas the pair of beams used for the horizontal 

velocity component measurement should define a horizontal line 

on the reference plane. 

Conventional optical tooling techniques utilizing 

horizontal and vertical tooling bars and optical transits can 

be exploited to determine L and d with a systematic error no 
4 

greater than 1 part in 10 . Hov/ever, the random error of these 

measurements can be as much as 1 part in 103 because of the 

uncertainties in the location of the geometric center of the 

probe volume and the centers of the beams intersecting the 

reference plane. Given the accuracy specification 0.01% and 

the precision specification 0.1% in determining L and d, the aigle 

9 and therefore, the relation of v to fD should be determinablo 

to within 0.2%. 
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Optical tooling techniques can also he used to 

angularly align the probe volume fringes with respect to the 

reference plane with a systematic error or resolution specifi¬ 

cation better than 1 part in 10**. Again, however, the 

uncertainties in locating the centers of the beams projected 

upon the refe.renca plane can produce random errors as great 

as 1 part in 104. 

The Bragg cell drive signal frequency can be 

determined with a systematic error no greater than 1 part in 
g 

10 and a random error lets than 5 parts in 109 by using an 

electronic frequency counter. The counter can be calibrated 

to within 3 parts in 10 by a calibration system referenced 

to an NBS frequency standard signal transmitted by WWVB. The 

counter time base aging rate specification is less than 5 

parts in 10 9 per 24 hours and its short term (1 second 

average) fractional frequency deviation, or random error, is 

less than 5 parts in 10^. These specifications show that the 

introduction of the Bragg cell into an otherwise conventional 

LV system does not degrade the overall system accuracy and 

precision. 

The accuracy and precision specifications for 

measurement of the probe volume fringe orientations and the 

Bragg cell driver frequencies are at least an order of magnitude 

greater than those for determination of the angle Ö. Therefore, 
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considering only subsystem 1, the velocity component vectors 

should be determinable to within 0.2% of the actual values. 

5.2 Subsystem 2 

The primary functions of subsystem 2 are listed in 

Figure 1. The photodetection, amplification and bandpass and 

lowpass filtering operations do not alter the velocity infor- 
9 

nation signal frequencies and, therefore, do not degrade the 

LV system accuracy and precision. On the other hand, the 

spectrum translation function requires that the entire velocity 

information spectrum be translated to a lower frequency carrier. 

This function can be executed with high accuracy and precision 

by using a crystal controlled oscillator in the heterodyning 

8 
process. An ultimate systematic error of 1 part in 10 and a 

9 
random error less than 5 parts in 10 can be achieved by 

monitoring the crystal oscillator with the same type frequency 

counter used to monitor the Bragg cell driver frequency. 

Therefore, when properly utilized, subsystem 2 should introduce 

no appreciable error into the overall LV system. 

5.3 Subsystem 3 

The primary functions of subsystem 3 are listed in 

Figure 1. This subsystem is termed the Doppler Data Processor 

(DDP). Given a signal of high signal-to-noise (S/N) -atio 

(S/N > 20db) such as provided by a laboratory oscillator, the 

DDP will determine the signal period with a combined systematic 

3 2 
and random error less than 2 parts in 10. However, dependent 

upon a complexity of factors including available laser power, 
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scatter particle size, scattering angle, background light 

level, etc., an LV system may produce signals with S/N ratios 

much less than 20 db. Error logic circuitry in the DDP is 

relied upon to limit the combined systematic and random erro»* 

2 
to less than 2 parts in 10 by sensing and rejecting low S/N 

2 
ratio signals,. 

5.4 Subsystem 4 

Subsystem 4 is ? digital computer accepting up to 

seven significant digit data. Therefore, barring programming 

errors, this subsystem will not degrade the overall LV system 

accuracy and precision specifications. 

5.5 Overall System Accuracy and Precision 

Given high S/N ratio signals the combined systematic 

and random error of the overall LV system is dictated by 

subsystems 1 and 3 and can be as low as 0.4%. 

As with any opto-electronic measurement device low 

S/N ratio conditions ultimately limit the usefulness of the 

entire LV system. The DDP is presently adjusted to limit the 

overall LV system systematic and random error to less than 2 

2 
parts in 10 for poor S/N ratio signals. Data from poor S/N 

ratio signals are rejected by the DDP and are not recorded. 

SECTION VI 

SIGNAL CONDITIONING INSTRUMENT 

A block diagram of subsystem 2 is shown in Figure 9 

and a photograph is shown in Figure 10. This subsystem consists 
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of three major assemblies: U) a photodetector assembly, 

(2) a set of nine crystal controlled, heterodyne or spectrum 

translation oscillators and (3) an instrument termed a "Signal 

Separator and Spectrum Translator (SSST)." 

6.1 Photodetector Assembly 

The photodetector assembly consists of a 931A 

photomultiplier (PM) tube,its enclosure and high voltage 

power supply, a dual output preamplifier and an instrument 

to monitor the mean photocurrent level. The PM tube enclosure 

provides electrostatic, magnetic and electromagnetic shielding, 

and contains an optical interference filter to attenuate 

spurious radiation and an iris dlaghram type variable aperture. 

The preamplifier provides three primary functions: 

(1) connects directly to the PM tube enclosure to minimize 

the parasitic capacitance loading the PM tube anode and thereby 

maximize frequency response, (2) boosts the signal level before 

introduction onto a transmission line where noise pickup might 

occur and (3) provides required frequency response bandwidth 

and output impedance to drive a 50 ohm transmission line. 

These functions can be provided by any one of several integrated 

circuit video amplifiers. We presently use the uA733 amplifier 

which provides a gain variation from 10 to 100 and a usable 

bandwidth beyond 100 MHz. 

Because of spectra separation (Fig. 7b) the "Doppler" 

signal is passed but the pedestal waveform is effectively 

eliminated by a simple RC highpass section coupling the photo- 
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detector signal into the preamplifier input. The preamplifier 

passband is presently required to pass 15, 25, and 30 MHz 

carriers. • As explained previously, the 15 'vnd 25 MHz carriers 

are being used to convey two orthogonal components of velocity 

information. The 30 MHz carrier is used to convey a third 

non-orthogonal component of velocity informât ion in a two 

laser technique described in Reference 16. Each SSST instrument 

is designed to accommodate two different carrier signals. One 

of the preamplifier outputs provides the input signal for the 

15 and 25 MHz SSST instrument while the other output drives the 

30 MHz SSST instrument. The following descriptions of the S 

instrument will be solely in terms of the 15 and 25 MHz unit 

since the operating principles of the 30 MHz unit are identical. 

The crystal controlled oscillators used in subsystem 2 are 

commerci ally available and will not be discussed further. 

6.2 Signal Separator and Spectrum Translator 

A schematic diagram of the 15 and 25 MHz SSST 

instrument is shown in Figure 11. The operational amplifier 

circuit (IC1-MC1539L) is used to monitor the mean photocurrent 

level when the separate photocurrent monitoring device (Figs. 

9 & 10) is not used. The separate device is not required when 

the photodetected signals are large amplitude. 

The integrated circuit, IC2, is a HA733 video amplifier 

with a nominal gain of 100. The output at pin 8 is used for 

the 15 MHz channel while the output at pin 7 is used for 

25 MHz channel. Separation of the velocity information spectra 
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(See Fig. 8) is accomplished by the T-section filters Fl, F2, 

F3 and F4. Filters FI and F2 are tuned to pass 15 MHz while 

F3 and F4 are tuned to pass 25 MHz. All filters have a nominal 

1 MHz 3db bandwidth and 50 ohm input and output impedances. 

Since the 15 and 25 MHz channels are identical except for the 

filters the .remaining discussion is in terms of the 15 MHz 

channel only. 

A nominal gain variation 10-50 is provided by IC4. 

The output of filter F2 drives the 50 ohm signal port of mixer 

MX2 while the local oscillator port is driven by emitter 

follower Ql. The emitter follower in turn is driven by a 

limiter amplifier implemented by the CA3049 integrated circuit, 

IC5. The limiting level is set at 1.2 volts peak-to-peak which 

is optimum for operation of the mixer. A second limiter output 

drives emitter follower Q2 which in turn provides a front 

panel output for precise counter monitoring of the heterodyne 

oscillator frequency. The input signal to the limiter amplifier 

is furnished by one of the thre* external heterodyne oscillators 

at 15.1, 15.2 or 15.5 MHz. The velocity information signals 

at the input to the mixer are centered at 15 MHz whereas these 

same signals are centered at 100, 200 or 500 KHz at the mixer 

output depending upon which heterodyne oscillator is selected. 

The output of mixer MX2 is coupled to the input of a 

lowpass amplifier implemented by the CA3049 integrated circuit 

IC6. The lowpass cutoff frequency is selected by an eleven 
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position switch and can be varied in a 1,3,5 sequence from 1 

KHz to 3 MHz (see Fig. 11) . The lowpass frequency is always 

set as low as possible in order to reject noise outside the 

frequency bandwidth of interest. The lowpass cutoff frequency, 

*2’ *s Klven by fg = (4tt RC) , * where R is the value of resistor 

R59 or R63 and C is the value of the capacitor selected by 

the eleven position switch. The differential outputs of the 

lowpass amplifier drive emitter followers Q7 and Q8 which in 

turn furnish two front panel outputs. One of these outputs 

normally serves as input to an oscilloscope while the second 

output provides the input signal to the DDP instrument. 

6.3 Fabrication and Packaging 

Figure 12 shows the front panel and the printed 

circuit board for the SSST instrument. Ground plane printed 

circuit board construction was exploited to minimize interaction 

of the 15 and 25 MHz channels*. Standard Nuclear Instrument 

Module (NIM) enclosures were used to package the SSST instruments 

as well as the Bragg cell reference oscillators and the 

heterodyne oscillators. These NIM modules plug into a NIM bin 

power supply assembly which fits a standard 19" rack. The NIM 

module-NIM bin approach has been found to be quite practical 

and economical for prototype or finished instrument packaging. 

A photographic film positive of the front panel lettering is 

attached to the prototype SSST to label the switch and connector 

functions. 
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SECTION VII 

SYSTEM EVALUATION 

Two initial evaluations of the system concept shown 

in Figure 1 were conducted: (1) a laboratory test using an 

LV system sutiable for wind tunnel applications, and (2) a 

field test using an atmospheric research type LV system. 

The primary purpose of the two tests was to demonstrate that 

the new LV systems could simultaneously resolve the 180° 

directional ambiguity problem for two orthogonal velocity 

components. Precise determination of the velocity component 

magnitudes was not required for these evaluations. Therefore, 

the 0 angles (Eq. 5) and the orientation of the two orthogonal 

measurement axes with respect to the local vertical were not 

precisely determined. 

7.1 Laboratory Test 

The LV system was set up in the forward scatter 

configuration with the geometric centerline of the transmitting 

and receiving optics intercepting at á 12° angle at the probe 

volume. The transmitting optics focal length was 1.1 meters 

and the receiving optics was located 0.7 meters from the probe 
O 

volume. The laser power was 10 mw. at 4880A . The system was 

set up to simultaneously detect the vertical and horizontal 

velocity components of intrinsic room aerosols. The translated 

carrier frequency was set at 20 KHz for both output signals and 

the SSST lowpass amplifier cutoff frequencies were set at 30 KHz. 
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The air velocity vector was expected to fluctuate 

somewhat randomly in direction and magnitude and this was 

verified by observation of oscilloscope displays of the two 

output signals from the SSST. Figure 13 is typical of the 

signals produced by the LV system and the directionality 

capabilities áre clearly demonstrated. Figure 13a shows 

that the vertical component is in the -y direction with the 

horizontal component in the -x direction whereas Figure 13b 

shows that the vertical component is still in the -y direction 

but the horizontal component has shifted to the +x direction. 

The quality of the oscilloscope displays was somewhat degraded 

by the effects of the chopper technique used to simultaneously 

dsiplay the two waveforms but the actual S/N ratios were 

compatible with the DDP instrument. 

7.2 Field Test 

The atmospheric research type LV consists of an 

18-inch diameter telescope type transmitter and an 8-inch 

diameter telescope type receiver. The receiver is mounted 

directly atop the transmitter so that the system operates in a 

backscatter configuration. The laser power was set at 3 watts 

O 

at 5145A. The system was set up to simultaneously detect 

the vertical and horizontal velocity components of intrinsic 

atmoshperic aerosols at a range of 30.5 meters and 2.2 meters 

above the ground. The translated carrier frequency was set 

at 100 KHz for both output signals and the SSST lowpass ampli¬ 

fier cutoff frequencies were set at 100 KHz. 
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Figure 14 is typical of the signal waveforms 

recorded during the field test. The fluctuation of the 

vertical velocity component from the +y direction in Figure 

14a to the -y direction in Figure 14b clearly demonstrates 

the directional measurement capabilities of the LV system. 

The quality of the oscilloscope displays shown in Figure 14 

was again degraded by the chopper technique used to 

simultaneously display the two waveforms. The signal 

frequencies in Figure 14 are closer to the 1 MHz oscilloscope 

chopper frequency than are the signal frequencies in Figure 13. 

Therefore, the waveform presentation in Figure 14 is poorer 

than that in Figure 13. However, the actual S/N ratios of 

the signals typified by Figure 14 were compatible with the 

DDP instrument. 

SECTION VIII 

SUMMARY AND CONCLUSIONS 

A newly developed LV system which simultaneously 

measures the magnitude and direction of two orthogonal 

velocity components of light scattering particles has been 

summarily described. Functional descriptions of the four 

major subsystems comprising the LV system were provided. 

Only subsystem 2, the photodetection and signal conditioning 

subsystem, has been * 3scribed in detail since the other 

subsystems are treated in other literature. The signal 

conditioning problem was defined in terms of the basic physical 



pvcts of laser velocimetry, subsystem dictated constraints, 

and accuracy and precision characteristics. The signal 

characteristics in the time and frequency domains were 

derived which showed that the new system quite simply 

resolves the pedestal waveform suppression problem associated 

with certain (small N) conventional LV systems. The new LV 

system also provides a solution for the "flow direction dead 

zone- problem characteristic of conventional LV systems with 

small N, where N is the number of fringe planes set up in 

the probe volume. Conventional LV systems are restricted 

to a lower limit on N of 5-10, whereas the new system can 

function with an N value as low as N = 1. Detailed circuit 

schematic diagrams of the signal conditioning subsystem were 

provided. Data from initial evaluation tests was presented 

to show that the system is capable of resolving the 180° 

directional ambiguity problem characteristic of all conventional 

LV systems. An overall system error as low as 0.4% for certain 

applications (those producing a high S/N ratio) should be 

obtainable following careful alignment and calibration 

procedures. 

Brief mention was made of the fact that initial LV 

design criteria provided for future inclusion of a third non- 

orthogonal velocity component using a carrier frequency at 

30 MHz (see Fig. 8). Recent successful operation of a 

laboratory model, 3 velocity component, Bragg cell type LV 

has verified the feasibility of the concept. 
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The atmospheric wind velocity measurement applications 

to date have produced relatively low data rate frequency burst 

samples «10 samples per second) of velocity. This rate Is 

well below the Nyquist rate required for comprehensive 

tluid flow turbulence measurements. However, recent expert- 

ments with a relatively high power, low. .rg„„ laser and an 

LV optical subsystem defining a quite small probe volume shows 

promise of producing at least an order of magnitude increase 

in the data sample rate when using atmospheric aeros.ls as 

scatter particles. The addition of artificial scatter par¬ 

ticles. however undesirable, can produce essentially continuous 

wave signals. To take full advantage of the increased velocity 

sample rate. PM demodulator and spectrum analysis instrumentation 

is being assembled to operate in parallel with the DOP instrument. 
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Fig. 3 Diagram Of Possible Beam and Frequency 
Combinations Using A Two-Dimensional 
Bragg Cell 
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DISCUSSION 

lengths? 
PFEIFER: How broad Is your window with respect to the pulse 

c“* can adjust H so thit 1f periodicity does 
doin bPcLü lî1!!,0'? p?rCent U w111 the data. Our datante goes 
a^ «níw ¡Í ÎÎ? ,be,a <,r/ pi,re ««f»™ before we accept It. If we 
are willing to tolerate less accurate data, say one or two percent we 
open our window. As we open the window, the dita rate goes uj 

circuttri, Tf!T: We *re ,1m,ted r13ht now In terms of the switching 
circuitry. Last year we were stretching the pulses 1250 times We have 

‘^"vrvvn d°"n to 125 *"d ™ f«r we win be going direct Instead of using artifacts. 

VOM STEIN: What Is the precision of your pulse stretcher? 

of mjttinnC?2SaWï: 1 9l/ess,the best w*y to answer that Is on the basis 
oscillai? s 9na^• We start out with a CW signal from an 

ThSÎ ie staî?dwÎïhn,9enerîteia ïurst I1gnal with a adulating scheme, 
nont Weustar* w th ? precisely known frequency and then read the instru- 

Actuâl 1 vMr^the îîîlîîl SPeC¡riCa??n °f 1 on th1s "»«sûrement Îâüîlii. SfÄ“0'7 "Uh th,s type “do ™ch - 
wouldn't w«Si What 1nJormation are you going to learn that you 
wouldn t learn from a smoke grenade and three orthogonal movie cameras? 

d-tan-H ™NERT: *What we are tryin9 to do Is to make a number of 
that iî w^t tn^îcV^0“ îh* w;kekre9lon- 0ur design criteria reads 
dTtl U S * ?9i0n of about 100 feet w1th a minimum of 100 
oîî th^iîînS TS#S;nd and an «curacy of + 50 feet per seconds through- 
out the range. In the tests that we are planning at Patrick we hooe to 

2îîoîhînbthe9^st2mWlnd Veloc1ty and d1rect1on Include that as an 

aw t ^ÎÏGUS: *Ye!’ what 1s that data 90lng to enable a pilot or 
alrpr ^designer to do that he wouldn't be able to learn from a smoke 

tlon With rwïïrî1;« ÍIrSt al1,we are ,tryin9 t0 9et detailed Informa- 
1th [ ! d t0 the outer wake turbulence as well as the Inner scale 

breakup and to use tr:1s as diagnostic tool to try to affect design We 
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want to get detailed quantitative design information as opposed to 
qualitative information. 

DUNNING: Design for what - for the spacing of airplanes or 
for the airplanes? 

LENNERT: We want quantitative information in regard to the 
effectiveness of some device you might install on the aircraft to 
minimize the wake. 

PIKE: Can you tell me what time it takes to obtain your 
information - the 100 data points, is that one velocity? 

LENNERT: We want 100 data points per second minimum. 

PIKE: But how many of those do you need to specify the 
velocity? Presumably the velocity is not changing very fast. Are 
you looking at 100 points in space in one second? 

LENNERT: Yes. We hope to get three components simultaneously 
at each individual data point. We hope to get more than one data point 
per station or if we track continuously we hope to get more than 100 
data points over a 100 foot span. 

PIKE: This experiment looks very much like the one I discussed 
yesterday except ours was in a wind tunnel. I hope I will have enough 
time this afternoon to talk about our atmospheric work. I seriously 
believe that photon correlation should be used for this. 

LENNERT: Well, there are other applications such as looking 
at chopper blade rotation on the outdoor test range. In other words 
the applications are much more than just this one particular case. 

PIKE: Yes, but the signal processing is expensive. You might be 
able to pick up a factor of 102. How much does the 48 inch mirror cost 
you - $10,000? 

LENNERT: No, it will cost more than that. 

PIKE: How much is your laser? How many watts? 

LENNERT: Well, in the particular measurements that we are 
making now it runs about $18,000 for 4 watts in the 4880 line and 5.5 watts 
in the 5148 line. 

PIKE: You really are using a sledge hairmer. You did mention 
Farmer and Brayton's paper. I should say that it's all wrong. I hope you 
didn't base all your calculations on that paper. 
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LENNERT: Well, we are using nieasurements that we are making 
outdoors where we have an 8 inch telescope, We have scaled up to the 
full scale unit and have some detailed plots with regard to the power 
required as a function of range and different telescope systems for the 
data acquisition rate in which we are particularly interested. So I 
say to each his own. We could sit down and yell at each other for two 
or three years and no one is going to change his mind until they see the 
final product. 

HAUER: I guess my question is really the same as Dr. Pike's, 
but you know we were hearing this morning what really large sample sizes 
are necessary for obtaining turbulence information. It-sounds to me 
that at 100 per second you are talking about very long time constants in 
atmospheric phenomena. How about getting the inner scale. 

LENNERT: Well, this is a problem. I have a feeling that when 
we get involved in the program and go into more detail - particularly 
inside the core where we have the high frequency motion - that we will 
probably need considerable probing in that inner region. 

REYNOLDS: Is the basic aim of the first shot just to get 
general information on mean velocities and not on detailed turbulence? 

LENNERT: Initially that is right. 

ORLOFF: If you're not going to see the vortex, how are you 
going to know where you are? 

i 
LENNERT: The telescope has the capability of zooming. The 

telescope can be positioned within an arc second. So we will be programming 
the zooming characteristics of the telescope system and use that for the 
position indicator. It will all be slaved together in that particular 
experiment. We do this at the present time rather crudely at home with two 
telescopes slaved together. 

UNIDENTIFIED: You have to know where the vortex is. 

LENNERT: That's right. We know the wind velocity. We know 
where the aircraft is flying in the first go around and we will be 
sweeping this range. Once we determine the characteristics of the 
vortex, we can superimpose that on the velocity characteristics of the 
flow field. 
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WIND TUNNEL MEASUREMENTS 

LDV CIÍARACTERISTICS 

James F. Meyers* and William V. Feller** 

NASA Langley Research Center 

Hampton, Virginia 

The User Doppler velocineter useh at NASA Langley la a ercaaed-bean dual- 

scatter optlea ayate» that can he either uaed In forward-scatter or hach-acatte 

-hes. The signal processing Is periled hy either a high speed oscilloscope, 

^■ctr™ analyser, or a wide-hand frequency tracher. A good deal of theoretic. 

UOrt ',aS been t0 “V output characteristics such as signal, 

to-noise ratio based only on the p^sical characteristics of the L»V optica 

ayate» in use, and the particles in the flow („ef. 1). Also, work has been 

performed on determining the response of a given particle to flow fluctuation 

A tuny developed turbulent pipe flow is being used now as a test bed for deter¬ 

mining the operational characteristics of the LDV system. 

To begin, we use equation 1 for determining the 

by the receiving optics. This is the equation where 

scattered power as a function of F, q, Av, and 

scattered power collected 

we have expressed the 

n. 

Psc = F q cmie AV Í2 

F - laser power intensity at the sample volume in the flow 

q - transmissivity of the medium (for gases q = i) 

amie - scattering cross section of the particle. 

*Aero-Space Technologist, 

*Aero-Space Technologist, 
Instrument Research Division 

Hypersonic Vehicles Division 
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- volume of the ellipsoid defined by the crossing of the two beams 

the effective area of the receiving optics divided by the squared 

focal length. 

Further 

il 
A i cl 

(2) 

where P _ input laser power 

^cl " cross*sec'fcional area of the sample volume based on the Airy disk. 

The Airy disk diameter may be defined: 

1.22 F 

Da (3) 

where A - input laser wavelength 

” focal length of the input focusing lens 

D - diameter of the input laser beam 

The sample volume, AV, is defined by: 

n D 
AV 

6 sin cp (M 

where cp - angle between the crossed laser beams 

The Mie scattering cross section, is found by the following 

equation (Ref. 2): 

°mie = “J r 1 n» e) N, 
K 

mie (5) 

wherc K - wave number of incident radiation. 

i (a, n, 9) - scattering intensity function of the particle size-to- 

wavelength ratio, index of refraction, and scattering angle. 
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M - number of particles of radius r 
mie 

We can take the scattering cross section for a given particle of a given 

radius that is passing thru the sample volume ellipsoid and calculate the power 

collected from its scattered radiation. The summation in the scattering cross- 

section equation can be converted to an integral that contains the particle size 

distribution of the seeding mechanism. In the natural atmosphere it is the 

Junge distribution, l/R5, but for a particle generator, the distribution could 

be Gaussian, rectangular, or what have you. It doesn't matter. That is all 

input and the program gives the collected scattered power. So now you can take 

your physical information on tunnels; run through a few LDV configurations, and 

find the optimum system. 

Figure 1 shows one such run through the computer program. The vertical 

axis is scattered power in watts as a function of the cross beam angle based on 

a Tv of 51U5 A and 0.5 micron diameter alumina particles, with an input laser 

power of 1.25 watts. The ordinate is average scattered power over a long time 

based on 1,000 particles per cc, which is in the neighborhood of a 1% duty 

cycle. From this scattered power we can go through equation 6 and calculate the 

effective signal-to-noise ratio. It's a simple equation that is used by several 

researchers. 

^ P 
S/N_il- lf>) 
/N 2 Af ß h V 

Signal-to-noise ratio is equal to the quantum efficiency of the photomultiplier 

tube, q, times the scattered power from equat ion 1, divided by twice the noise 

bandwidth of the instrumentation. Beta is the statistical factor due to dynode 

emission in the photomultiplier tube and hv is the photon energy. Using the 

results for scattered power from Figure 1, the signal-to-noise ratio is presented 

in Figure 2. 
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If Wfj have given that there is one particle in the sample volume, the 

dependence on volume in the equation is removed and the signal-to-noise for 

"•ingle particle scatter may be calculated. The results from this calculation 

ior single particles based on the inputs for Figures 1 and 2 are given by the 

dashed line in Figure Also in this Figure, the time average signal-to-noise 

ratio is given as a function of particle number density. As you can see, this 

is the expected linear function until it reaches the point where you have 100$ 

duty cycle and it levels off for the dual-scatter system. The signal-to-noise 

ratio for the reference-scatter system will begin with a little lower slope but 

will not level off as the dual-scatter configuration does. 

Figure h chows the equations we used to study the motion of the seeding 

particles. The drag coefficient taken from reference 3 is empirical in origin, 

and contains the Gtokes relation, 24/Re, but with correction terms that take 

the flrag coefficient to the free molecule limiting value at small Reynolds 

numbers, and to an experimental value of 0.4 at high Reynolds numbers. The 

velocity in the Mach number and Reynolds number is a relative value, the differ¬ 

ence between gas velocity and particle velocity. 

The particle motion is expressed by Newton's law, F = m a, written in 

terms of the relative Mach number and Reynolds number. The acceleration of the 

particle is given by the bottom equation, which is dependent upon the particle 

diameter, D, particle density, p^, Reynolds number, Re, the viscosity of the 

u, the drag coefficient, Cp, and the velocity difference between the gas 

and the particle, (V - V ).* 
g P' 

^However, see the discussion after this paper. 
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Figure 5 shows the response function for a 1 micron alumina particle. We 

assume a fluctuating air flow with a mean velocity of 100 m/s which is fluctu¬ 

ating by 10 m/s, at standard atme sphere density. Thus the air velocity is 

oscillating from 90 to 110 m/s over a range of frequencies. The response func¬ 

tion plotted is the ratio of the amplitude of the particle velocity fluctuation 

to the amplitude of the fluid velocity fluctuation, after an initial transient 

(always very short, a few cycles). The response starts with 100# at low fre¬ 

quencies and then starts rolling off at about 1 kHz. The results using Stoke's 

drag law do not differ very much from those using the corrected Stoke's law for 

the 1 micron particle, showing that low Reynolds number effects are not too 

large for this size particle and gas density. An arbitrary wave form, like 

turbulence, can be considered to be a superposition of sine waves of varying 

frequency, so this plot of the particle's response or transfer function (called 

a Bode plot in electrical engineering) is a measure of the accuracy with which 

the particles follow the fluid flow. 

The Bode plot for a 0.5 micron alumina particle is given in Figure <>. As 

you can see, there is quite a difference now between the prediction by the 

"exact" drag law and by Stoke's equation under the same conditions, that is 

with 0.5 micron particles and the same driving function. 

On Figure 7 we are showing the "exact" equation for alumina in three differ¬ 

ent particle sizes. Choosing a response ratio of, say 90#, you can find out 

where the effective information rolls off as far as turbulence frequency is 

concerned. 

Mow why alumina? Why not kerosene, or D0P, why not something else? Kven 

though alumina is heavy, (its specific gravity is 5*f>5)> it is nice because it 

is available commercially with a very narrow size distribution if it doesn't 
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Ho, w<* can then take our turbulence output and play the same game the 

hot wire people do. Make an amplifier that inverts the particle's Bode plot 

and then correct the turbulence data out to 100 kHz by placing the amplifier in 

the output line of the tracker. It looks good on paper, but we won't know for 

awhile if it works. 

In Figure 8 we are trying to determine slippage of the particle as a 

function of frequency. This is the phase lag which drops quite abruptly. To 

lind the actual slippage, you have to take into consideration the frequency. 

I'or example for a 1.0 micron particle there is a 30° phase lag at 1 kHz which 

can b<- converted to give an actual time lag or distance lag. 

Now going to the experimental setup to give an idea of what the test bed 

looks like. We have a Spectra Physics mode] 12l> He/Ne laser. We bring the 

beam up, as ¿ihown in Figure split it in the optics box, and take just one 

component. Why one component? Because we have only one component of electronics. 

We focus the two beams in the jet formed by a turbulent pipe flow exhausting 

into the room. The collected scattered light is brought to the photomultiplier 

lube. 

The way this instrument is set up, we can rotate the entire optical system 

plus or minus 4*3° around a vertical axis, take our points and do a Reynolds 

stress analysis. The carriage is motorized so we can scan across the flow and 

obtain velocity profiles. 

Using a wideband frequency trakcer, we can also get turbulent profiles. 

Right now the data we have is just turbulence intensity obtained by taking the 

AC output of the tracker and running it through an RMü meter. The AC output . 

can also be run into a spectrum analyzer, a correlator, or what-^iave you, to 

find the information that you are looking for. ,A«'we scan the focal volume 

ucrc.es the flow we get real time output' data. 
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In Figure 10 the solid line is the mean velocity profile as we scanned 

across the jet issuing from the end of a long pipe, in which we expect fully 

developed turbulent pipe flow. The dashed line is the velocity calculated from 

pitot pressures taken 5 millimeters downstream of the LDV sample volume. There 

is a difference of about 5$, as you can see. We think this is due to the large 

particles lagging in the flow. 

At each edge of the flow is an example of the problem I mentioned yesterday. 

The tracker output curve wanders off to erroneous values at both eriges of the 

flow, where the duty cycle has fallen, and the tracker is trying to include 

that noise spike. I think it is inherent, and the problem can develop in all 

tracking systems. I think it is in our system because of our inpv AC/2 amplifier. 

The amplifier doesn't give you white noise out for white noise in, and this is 

a problem. If you have a good amplifier in the front end, you may not even see 

this. We are now trying to correct this but right now when the duty cycle gets 

low, that is the end of our good data. 

The next figure, Figure 11, shows a scan across the flow of the mean 

velocity and the turbulent intensity. You can see the turbulent intensity is 

fairly low in the center and then peaks near the edge where the mean flow shows 

the largest velocity gradient, as expected from hot wire measurements. Again, 

where the duty cycle falls off, the tracker output wanders off and gives unreal 

outputs. 

Figure 12 was taken 9 inches or 23 centimeters downstream of the end of 

the pipe flow. Comoaring with the previous figure that was taken very close to 

the exit, you can see how the core of the flow is now narrower. The turbulence 

peaxo are coming closer together, and the mixing region at each edge is getting 

wider. 
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Thic is aome of the work that we are trying to do. We are using a test 

bed to find out exactly what the characteristics of the LDV ere before we use 

expensive tunnel time in a Mach 6 tunnel to study turbulent boundary layers. 

By using this test bed, we hope to find out all the problems, or as many as we 

can, so that when we use the instrument in a wind tunnel, we can use it with 

confidence. 
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DISCUSSION 

GOLDSCHMIDT: I would like to go to your curve of particle velocity lag 

versus frequency. There are two fallacies in what you presented to us; First 

oí ail, the assumption that the equations are as simple as presented. I think 

Lumley alerted us to the necessity of carrying most of the terms of the equation 

oí motion for the particles. To be more specific, there is a coupling term and 

a nonlinear term which you don't have. Soo and some of his co-workers have also 

stressed the need of some of these terms even in the range of size particles 

that you have. One of our students attacked numerically the equations for a 

particle. An interesting result is the fact that you might get an increase of 

velocity at certain frequencies due to the nonlinear coupling phenomena. 

The second fallacy is the assumption that we can take a look at the sinu¬ 

soidal component as being a representative of what we would have if we added 

these to get a turbulent flow. The fact is the problem is nonlinear and we 

cannot add these components individually. So your dream to build on an ampli¬ 

fier that compensates will fail. 

GKORGK: That's all right, your spectrum will still be flat to 100 kHz 

because of the ambiguity. 

MEYERC: The corrections that we used are supposedly pretty good. The 

nonlinear terms are taken into account so we can go down to the free molecular 

limit where we have very long mean free paths of the molecules all the way up 

to a continuum flow. I have to beg off on this question because I did not do 

the work on this. I am just presenting it, so I am not able to argue with you. 

0RL0FF: What is the trend in the rolloff characteristics for velocity 

below and above that calculated? It looked like you have about a hundred 

Bieters per second. 
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'.__' 

MEYERS: A hundred meters per second, yes. 

ORLOFF: What is the trend above and below that? 

MEYERS: As long as you're subsonic, I have confidence in these. If you 

go supersonic, I don't know yet. When you go supersonic your densities and 

temperatures change. This is based on one atmosphere pressure. It’s only 

under one specific set of tunnel conditions that these hold. For another 

tunnel condition you just throw in the program again and out pops your answer. 

ORIjOFF; What I meant was if you were to lower your mean velocity but keep 

the same percentage of turbulence, what increase would you get in your turbu¬ 

lence response? 

MEYERS: No. I have some velocity versus time plots which show that the 

mean velocity, even for very large particles, comes up very quickly. If you 

start with a gas at normal conditions and inject a particle at rest it comes un 

very quickly. Then you have your lag behind your sinusoid. It doesn't matter 

Jiow lar it has to go to reach the main velocity. It will get there. The trick 

is that your distance from injection to equalization will change depending upon 

how high the velocity is. 

(.OLDSCHMIDT: These are still based on the equation you showed us on the 

board - an inertial force is equal to this corrected drag force only. Correct? 

MEYERS: Yes. 

GOLDSCHMIDT: That's the equation which I claim is incomplete. F = ma, 

but there are more forces. 
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AUTHOR'S AFTERWORD

Dr. G<,lanchnildt Is of course correct that the equation of motion for a 

sin<;lfr particle is given here is incosiplete. However, for the case of interest 

to us, of particles in air, the density of the particle is very much greater 

than the density of the fluid, and as shown by Hlnze (Turbulence, 1959, PP 352- 

3^A), the additional terms involving acceleration of the air may be neglected 

to good approximation.

In re-examining the question of the frequency response required in order 

that particles will follow turbulent fluctuations, we realized that we had been 

wrong in assuming that the frequency response required of the particles could 

bo estimated from the frequencies measxired with hot wires. The considerations 

which led us to this conclusion, while not new, may not be generally appreciated 

in connection with the LDV seeding problem, so we would like to call attention 

to them.

A hot-wire probe is fixed with respect to a tunnel or surface, and samples 

the fluctuations that are convected past it at some mean velocity. The frequency 

that the win. must follow to describe the turbulence depends on the wave number 

(n-cipriicul t,V distance between fluctuations) and on the mean velocity. For 

the small scale turbulence in a hypersonic boundary layer, this frequency 

becomes very large, on the order of 10^ Hz.

The response required of our seeding particles is altogether different.

The particles, injected into the flow somewhere well upstream of the sample 

Volume, can be considered to be nearly embedded in the local flow. Each particle 

must respond to changes in the velocity of the local air voltmte in which it is 

‘•mb' -M* 1, as this v'^lume becomes entrained in a growing eddy or leaves a decay­

ing '.ri'.. 'It" apprr^prlate index for the particle response is the ratio of a
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relaxation distance or time, over which the particle reaches some fraction of 

en impulsive gas velocity change, to the length or time scale of the turbulenc 

Frequency, in this (Lagrangian) frame cf reference is difficult to assess, but 

is certainly not the same as the Eulerian frequency sensed by the hot-wire. 

Our opinion, subject to further study, is that the frequency range involved in 

a hypersonic turbulent boundary layer may not be very much different from that 

in a low speed one in the Lagrangian i*ame of reference, perhaps on the order 

of 10^-10 Hz, compared to the 105 Hz estimated from hot-wire data. 

The readout system of the LDV, however, is sampling the velocity inloma- 

Uon from a succession of particles convected through the sample volume. The 

LDV must therefore have the same frequency response as the hot-wire system, to 

describe the same x'low equally well. 
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user OOP,er Progrès, for Velocity Turbulence Measurement 

M- Huffaker 

Marshall Space Flight Center 

Center for the deve pro-¡ram^ at the Marshall Space Flight 
programs outH^ÓT^VÍ:^ ^ ‘*0 
and in connection with airport warnino 129*u0rtex measurements 
development of a clear air turboleSce^n^Sn and the other is the 
system for airplanes. ln the traiîinnU? d measur'n9 and warning 
tests for the measurement of wind Jlwí? exJprogra,n» there a^e field 
s st of a number of thW Se ànd ^^^nce. These con- 
with standard weather Instruments anH°^COmpar! the Laser D°PPler system 
The measurement program also Involves evaluating $UCh 3S Cup anernon«ters. 
detectors, optics configurations effic^LÜÎ9 c°Tnen^ opt1cs» 
tlons, and overall performance of L ^ s^stems. ^ange resolu- 
These measurements have been aoino Doppler systems in the atmosphere 
lot of data are available 99 " f°r about years, and quite a ’ 

^ee-dlmenslonâl loweaît1tude9researihPr°9lpani lS the development of a 
the detailed properties of t'aiíinq voít rf^ 5r the measurement of 
airplane trailing vortex is not kSown ^ ; The structure of the 
known and a detailed velocity stiSrp IS® ?ecayed Properties are not 
adequate understanding of the decani-to ftiíhe ï°rtex is needed for ao 
and effect of the atmocnh«^ «aefuy rt,te’ the strength of the vortpy 
this study H lVc»pfe1”„0n th°Se the first phese íf 

recently at”/^11^4¾^^1 Síírhted 1963 a"d has continued 
system it is a referencTbelmsynlm ^^“‘»"«-«"»nslonal argon 
dimensional velocity measurement«??^ ^hichjhas been used for three- 
We have with this system thrw t?acke¿f?h^d 1n W]nd tunnel ^ *lows. 
several years to follow thelîow u^to over the past 
cycles with deviation rates of up to^oo 5r nCCleS °f around 200 meSa’ 
Plus or minus 30 or 40 megacycle? Thec/L 6u ran9es in frequency of 
compared with hot wire datfííd ?hesl aare? ^ in ^ a"d 
programs going 0n now is to do a very detailed í®wW®]0ne of our 
of the three-dimensional turbulent ®d4and preclse measurement 
selected the pipe because thi?wac in a pipe flow. We 
turbulent flows. we wanJd tn considered one of the more well known 
done and to account for all of th? errors^i/thi? 35 Wel1 as could be me errors in the measurement. 
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The other oart of the trailing vortex program Is to determine 
whether a Doppler System like this can work In the airport environment and 
be used as an airport warning system for trailing vortices and for wind 
shears In the airport area. Can such a Doppler system work? What are 
Its range limitations? What are Its safety problems? What are the con¬ 
figurations? What are the requirements *or a system to work In the air¬ 
port area? What constitutes a warning system? These studies are near 
completion. 

Our other major program 1s the development of a clear air 
turbulence detection system. The clear air turbulence detection system 
was started around 1967 and the hardware has been built. It's scheduled 
for flight testing on the Ames Convair 990 in June of this year. 

Í would like to briefly review some of the particular results 
of these programs and to show you some of the equipment and examples of 
the data that have been taken on our systems. Figure 2 Is our three- 
dimensional system that is used to measure velocity and turbulence in 
our wind tunnels. The angles are adjustable, and we can move them out 
quite wide. This was done about six years ago, so It is not necessarily 
optimized In terms of overall signal to noise. But we do get adequate 
signal to noise of 30 to 40 db with added tracers In the flow. We get 
about 15 db from the natural contaminates In the air. Its main applica¬ 
tion Is for turbulent types of flows. For that we feel that we have to 
add a sufficient number of particles to give us a continuous sample. 

Figure 3 Is an example of one component of the data that can 
be taken In a wind tunnel with the three-dimensional system. Hundreds 
of data points were taken around a wing tip that was placed In a 7 Inch 
wind tunnel. The three-dimensional velocity field was measured at 
various downstream locations. This was done with good spacial resolution 
across, as you can see. This is an example of the kinds of mean velocity 
data that you can get. The three-dimensional system has a Bragg cell 
incorporated Into it so that we can resolve the vector ambiguity. 

We are currently using an LDV configuration for the three- 
dlmensional tfje flow tests, using larger scattering angles. These 
results should be available in about two months. Everything looks good 
so far. 

One of the tests that we wanted to do Is to compare with 
standard anemometers to determine whether the Doppler system really 
compared with the cup anemometer or other tynes of sensors. We have 
done this at Huntsville and also at Fort Collins, Colorado. Figure 4 
Illustrates the test arrangement. One of the reasons for going to 
Colorado was the very low particle levels that we could get, and we 
wanted the particle concentration levels to be one of the variables in 
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the cvaluâtlon. We also want to evaluate this for operation in high 
winds« rain, snow, and fog, that is, under all types of weather condi¬ 
tions. We have made measurements to two miles with the system with 
very little difficulty. Signal to noise is a thousand to ten thousand 
to one from a single particle. The comparison tests were done at 
altitudes near the towers which were at a distance of 80 to 100 feet. 

Figure 5 Is a comparison of the turbulence spectra, as taken 
with the cup anemometer (the bottom trace) and the Laser Doppler systems 
¿the top f-ace). We see a remarkable agreement between the two and I 
hear someœmments that this is Doppler ambiguity, but I don't think so. 
When we also make hot wire measurements, the hot wire follows the 
top trace Identically. It's a beautiful comparison when the hot wire data 
are sketched on ton of that. (Question: What was your highest frequency?) 
Answer: One cycle. (Comment: That is not Doppler ambiguity). It Is 
*]S0 ui Processing. It is a fold-back problem. But the velocity 
time history that you get from the cup anemometer, and the time history 
as taken with the Laser Doppler system, agree Identically. You can even 
see the higher response in the Doppler system versus the poor time 
response If you look at the short time comparison. 

We want to go to three-dimensional systems. We also want to 
show three-dimensional comparisons with three-dimensional standard wind 
anemometers. We have just completed these measurements with the three- 
dimensional Laser Doppler system and with a three-dimensional propeller 
type of sensor. Figure 6 illustrates the three-dimensional test site 
configuration. Comparing the u, v, and w velocity components from the 
Laser Doppler with u, v, and w ccmponents from the propeller type ane¬ 
mometers, the agreement is quite good (see Figure 7). 

Figure 8 is an artist's concept of a three-dimensional Laser 
Doppler scanning system. This system has applications other than for 
trailing vortex research, it would be a general atmospheric meteorologi¬ 
cal research tool. 

On our clear air turbulence program, we will see the Ames 
Convair 990. The Convair 990 will have a pod attached to the side of the 
aircraft and will contain a 14" germanium window (see Figure 9). It is 
a pulsed system. The pulse length is variable and 1s 2, 4, 8, or 10 
microseconds. The power Is 5 to 10 kilowatts peak power. Using 12 inch 
optics, you can look into the beam and you won't feel it. The energy in 
the beam is approximately .01 watt/cm2. It is completely safe. 

Figure 10 Is a picture of the hardware. It uses a very stable 
C0p laser for stability, with very narrow line width. The low power 
laser goes Into a modulator which gives the selected pulse length. The 
signals then go Into the power amplifier and this gains the signal up 
to the required power level of 5 to 10 kilowatts. Then It goes into the 
telescope and the signals come back and are mixed with the local oscilla¬ 
tor. The system Is ¿oing through a ground check-out at the contractor's 
plant now. It Is scheduled for flight testing in August of this year. 
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was a nrrth]LSîhV!!at the.DopPler system can measure and detect vortices 
*nS*LPr2b tîaî became increasingly Important $. veral years aqo due °f lar9eJrb0 Jets. We wanted to show that Sopple? 
caMMlu! nf iasure Snd ïetect trai1in9 vortices to demonstrate the capability of Laser Doppler systems. 

i TÍÍS V°[tex !"easurin9 Program was done about 2½ years aqo 
ílu¡ sLllSh0WS ïhat Wind si9na] l00ks 11ke a spectrum anXer 

a S T ^zer 1s an unacceptable means of data processinq It 
mentPreaV?e^f]C ?nt mean? °f data Processing but does give the9¿xperi- 
crííf / qu CK ]00k capability for visualizing the flow velocity The 

per sec5 aS^thi^ÎhlÎ«1;5 ?e?;cycles ?cross which represents 26'feet 
d th i ?h0 s Just the normal wind velocity as it is comino 

second-rate ™ V°lUme' The sPectrum is swept at about a milli- 
second rate. As Me vortex comes through, you see the edge of the vorte* 

the veîocî t^d i s tr ! hn 11bu on changes. Then as the vortex drifts across, 
city distribution Increases and then decreases. Bv these 

veloHHe«tS* '1 was much higher than we had expected. We did not expect 
?«r¡íí LiÄ Hr, ab0ilî 2? feet per seco"d- It was u, arôund 35 reet per second in that particular vortex. After the vortex ooes throuah 
the Laser Doppler system measures the normal wind velocity 9 ’ 

L-i n there is time, there is a three minute movie to show von 
what Doppler signals look like in the atmosphere and for a vortex type 

have founts during the movlp; That was one of a few shots that I 
ofVthfeinnSh0?!n9 act,ia^ vortex breakdown/ You could see the details 
of the inner flow structure which is quite fascinating 

is from a Sh°tS here of some vortices. Again this is rrom a DC 3. The velocities you can get from 747 or 7?7 avo 

“rÄa s 0C9 “e7^at üzr 
surprising to us that a DC 3 could generate such a vorte!!" 

]îaT,r1ï9 ?hreeyüíaaSèebe'nPkrao«nttÒhe 

conditions? ‘^sTf^ítííe ¡ÍV" ^ ^ 

feet close^Ârfîig^ ^ î^o‘ te" 
contaminate in the area where we are looking. We onlv use the «mnira 

then Îhfew°«relaîi0? between detection with the Lase/ooppler system and 
then a few seconds later the smoke visualization. P y d 
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Now you see the velocity beginning to change as the second 
vortex comes through, and then the velocity distribution goes completely 

of visualizing*^n* ^ ^ t0 3° db d°Wn process1n9 th,,s way 

. Th1i !SJ ru? any sm,Jke, but just looking at the same 
position, we had the plane then fly by just to give a comparative 

"T* J*«“ wt.,- <.s It is passing. Again the sïcond vor- 
tex goes through and It just goes completely off scale. We should have 
set our scale higher. Then we have just the normal wind and turbulence. 
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TRAILING VORTEX ItASURING AND AIRPORT WARNING SYSTEMS. 

i' FIELD TESTS OF WIMP VELOCITY AND nRRIIt FNTF 

A comparison with standard weather instruments and 
anemometers will be made. 

2. DEVELOPMENT OF 3-P LOW ALTITUDE RESEARCH SYSTEM 

For measuring trailing vortices behind aircraft 
(also wind and turbulence profiles, etc.) 

3. WIND TUNNEL VORTEX MEASUREMENTS 

Small, in-house effort, using available system. 

CONCEPTUAL DESIGN STUDY OF AN AIRPORT WARNING SYSTEM 

Phase A - type study of an airport trailing vortex 
warning system. 

DB'ELOPrerr OF A CAT ON - BOARD MEASURING SYSTEM, 

CAT RESEARCH INSTRUMENT DEVELOPMENT 

A RESEARCH SYSTEM WILL BE 

FEASIBILITY OF DEVELOPING 
FLIGHT TESTED TO PROVE THE 

AN OPERATIONAL SYSTEM 

1. Marshall Space Flight Center LDV Programs 
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DISCUSSION 

PIKE: Was the detector cooled with helium or nitrogen? 

HUFFAKER: We have used both. For these we used coooer dooed 
germanium at liquid helium temperatures - these are CO, laserwt ten 
lfr0n!‘ For the w1nd tunnel Pr°9ram we used argon laiers. For the 

atmosphere ve used CO^. 

wh*t Ft>r 1aT prr4 you talked about a two-mile range. What is the laser power for that? 

HUFFAKER: The laser power has generally been about 10 watts. 

PIKE: The volume you are looking at at two miles Is large? 

. "bFFAKER: Quite right. No detailed measurements have been 
usina îhîhdpnfK ife|‘ 50 'ar we. h?ve been usin9 a single mirror concept - 
ÏÎliVÎ d®Pth-°f:focus approach In which the volume gets worse as It 
hiîfn Î' As we chan9e the range ^ see the diference in velocity distri¬ bution as we go out to ranges of that order. veiucuy mstri 

PIKE: And the transmitter diameter? 

HUFFAKER: Twelve Inches. 
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measurement of supersonic velocity and turbulence 

BY LASER ANEMOMETRY* 

D. A. Jackson and D. M. Paul** 

The Physics Laboratory, 
University of Kent, 

Canterbury, 
Kent, England. 

ABSTRACT 

change In 

OC,ty and turhulence wtdths ÍSP Sîersonic""«« 
Experiments have been performed In wind tunnels and free lets' 

^unfortunately Prof. Jackson was unable to comolete final fr»vi 

“oÄ! &„Sr«es^^MP- ^ "Uh she"- *PP'^d ^yslcs 



INTRODUCTION 

authors(l)L“der^f^rtotetn\T4hÄV0"l^ed by SeVeral 

hot wire anemoraeters arê^a^absoîute veínrít"5 °Ver f'itot tl,bes ana 
sensitive to only one comoonent of ÎL ity jurements which is 
with the flow pattern, coupled with high spâtîaf íeLíStlo^6^® 

detection ofetheSdSpSíer'f?Mueícrshiftaofr?r¡Í baSed upon the 
cles suspended In the flow Is fhown íTfi^ scattered from parti- 
detected at an angle e away fr^X íno Hpníttered Is 
frequency shift Is 2n 7/a sin 0/? The mea.!l 
along the bisector of thp ?here V is in the direction of Q 1 e 
scattered bea“ If a s»!? ca? oenüVíhe/"Cld!nt bei® «>• 
to the velocity component along thÜ axis if'thë'fÎo^''' * Win correspond 

geometry, íence^tSe“ ™Í;smhldft1„tÍre,0rf ?epends “po" the scattering 

Thls^amblguity^broadenlng'al's^sets 

; .»L:rrrr”-1'«. 
äm0Unt °f ,,9ht be^detected^f'r1^*gîven lnitrumentaf'bandiîdth 

crve 'f representsSthe Lhow" 1n F,9- 2 where 
scattered from .5p particles which ri^lo th! ;mount of Ught 
instrumental frequency broaden?¡Qh collected to give a 1¾ 
the volume of the scatterlno raniñn S c^ye was plotted assuming 
was no ambiguity broadening9 However ifUff1C3eütly 1ar9e that there 
spatial resolution to that If! ?1sh t0 strict the 
there Is a lower limit to the usable scattlriÍn^06? and 50t w1re Probes 
shown for several snatlai roeni.5!? 6 s^att®r^n9 angles and these are 
For example, if we^equlra a sLnT by ‘b«,«rt1c.l lines In Fig. 2. 
with a capability of raasür1naPturbi!w0iUt1?n °t 'S"2 cms C0UP'«1 

as:~ -’«Ä.ssrM'« 

odyn1ng(l)TÎS whlVthe^opiie^shlfted^lOht^c^r 2f ?Pî1cal heter- 
reference beam on a square law detector m1xed with an unsh1fted 

sîct?harth^£-£™ 

.... »Ä.iS.r.ÄÄS.S; ,Sï:,ü" 
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nietcrs/sec at the spatial resolution previously quoted then thp 

«M«¿roíírtSííJsz “ Ä,v 
..iAn attractive alternative method of velocity measurement i* 

I?,Cíií me!Surf ««/™q«ncy shift of the scaUeíe“ ghT TMs 
may be achieved using high resolution Fabry-Perot Interferometers which 

over the heterodyne techniqui'li ï 'iTunLely' measÜíesX'seís? of 

meHurements Xll'Z ^ 
HSe^sInU^low^íÂãJh01!^ SÍ Pactlcles^uspended lSIÍ;^: 
Fabry-Perot° to'analyseth^spec trumpf ethetscatteredSî i ght.COnfOCa1 

Mean velocities were compared with those obtained ..dnn 
mententNÏnd1fPîit0î tube$ and the results we^ ^ound to be In good agree- 

Ü0 ^e^a^e<l measurements of turbulence levels were made at that 
time but a superficial analysis of turbulence prôflîefbehîSd a JedSe 
1tScanrhie«ofUtthr?PIkSentat,ve,spectrâ ,re shown 'h Fig. 3(a). where It can be seen that the mean velocity Increases as the turbulence 
decreases as one moves away from the wedge. turbulence 

¡»l-’ofFH" r r?“ ^Ä^i!"9,ctrpar;?!2,^^;e"r(0f 
Soerïted^ltrdîv^ îa?letparticles ?1nce (1) wi ^tunnels arSSsSaÍly 
tSt ^ti1thld W1ih( (or 1cei leads t0 raP1d erosion of test sections). (2) the particle size is llkelv to be variable honr-e 
s"î ea faithfully follow thíflíw.aSd (S)íílparfícles 
size 1s dependent on the mean flow velocity (unpublished results - 
determined from radial scattering distribution), n expeSts In 
regions of high turbulence (2) and (3) are llkeiv to lead 1 
results since the scattering coefficient will be velocity dependent°US 

d In order th«refore» t0 «stabllsh tnat the laser doooler 
technique can exploit Its Inherent advantages over hot wire and Pitot 
tube measuring devices. It is necessary to develop a prïÎe paîîlcle 
which Is more suitable for wind tunnel environments. There are several 

ÄÄ;hydr09en ch1or1de - «poT41 

j • . , have found that the oil - air mixture 1s the pacioct tn 

ITfZ II ul i^se^^hTsp 
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Measurements in a Free 011 Jet 

The experimental arrangement is shown in Fig. 4 in which a 
symmetrical scattering geometry is used such that only the velocity 
component along the axis of the jet is sampled. Detail of the jet 
and generator of the oil droplets is shown in insert Fig. 4. The smoke 
from the generator (supplied by Taylor Industries), is forced into the 
mixing chamber by C02 where it is mixed with compressed air and allowed 
to escape into the atmosphere through a tapered nozzle. The nozzle 
diameter was such that differential pressures up to 4 atmospheres could 
easily be obtained. The smoke concentration was essentially governed 
by the differential pressure between the compressed air and the C09 
pressure. ¿ 

The laser (Coherent Radiation Laboratory model 52A) was 
operated in a single longitudinal mode by an intra-cavity étalon. The 
scattered light was focussed into a confocal piezoelectrically scanned 
Fabry-Perot (CRL 570)(5) free spectral range 2 GHz - resolution 7 MHz 
driven by the 150 V sawtooth ramp of a Tektronic 531a oscilloscope. 
The transmitted Ugh: was detected by an EMI 9558A photomultiplier, the 
output of which was fed to the oscilloscope, or an X-Y recorder. 

The Fabry-Perot system was initially aligned for maximum 
frequency resolution by detecting the light scattered from a diffuse 
scatterer placed at the desired probe region. When this was removed and 
smoke allowed tu flow at a few cms/sec (such that the change in 
frequency would be < 1 MHz) there was no observable change in the pro- 

The scattering volume wis determined by a stop placed in 
front of the Fabry-Perot, spatial resolutions of better than .01 mm 
were easily obtainable. At such spatial resolutions, and with 
moderate smoke Intensities (i.e. mist rather than fog) the detector 
currents were typically 10"6 amps with the tube operated at 1000 V 
(- 180 A/Lumen), even at the highest velocities. 

The construction of the jet was such that it was possible 
to vary its axis with respect to the optical sampling volume without 
disturbing the optical arrangement. 

The mean velocity was measured at about 10 nozzle diameters 
from the jet nozzle, typical (time averaged) spectra are shown in 
Fig. * where an obvious featuréMs -the'marked asymrietry of the profile, 
which appears to be pressure (and hence velocity) independent, indi¬ 
cating that this is a feature of the construction of the mixing chamber 
and nozzle shape rather than because the oil droplets are not follow¬ 
ing the flow (similar experiments with a convergent-divergent nozzle 
gave a gaussian distribution along the axis of the jet), Fig. 3(b). 

The variation of mean velocity as a function of pressure is 
shown in Fig. 6 which shows that above a differential pressure of 
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-1.5 atmospheres there Is only a slight Increase in the mean velocity, 
indicating a limit to the mean flow set by the nozzle size. 

A further set of measurements was performed to observe the 
variation of mean velocity and velocity spread as a function of radial 
distance from the axis of the jet. Typical spectra are shown in Fig. 5 
where the character is seen to change as one moves away from the axis 
of the jet, in that the profile appears to become more and more gaussian 
in shape as one would expect in a highly turbulent region. The normal¬ 
ized velocity (u-./u rJ as a ^unc^on r/R s^own ^9* 7 and 
compared with tbfe experimental and theoretical results given in a review 
of Siddharther'0' for supersonic jets of Mach No. between 1 and 3. Our 
results are seen to be in a very good agreement, the deviation probably 
being because we used_the peak of the distribution to define the mean 
velocity rather than U . The variation of the percentage turbulence 
against r/R is also shown, where the maximum percentage turbulence is 
50%. Local turbulence levels at the edge of the flow are -100%. Such 
high turbulence levels cannot usually be accurately measured by hot wire 
anemometers^'*. 

Instantaneous Velocity Measurement 

In many applications it is desirable to follow the time 
variation of the mean velocity rather than the time average velocity. 

We have outlined a scheme^ by which it should be possible 
to modify the Fabry-Perot system such tfjt it will present instantaneous 
velocity fluctuations. This is simply acheived by "aperturing" the 
output of the Fabry-Perot so that che intensity of the transmitted light 
now corresponds to a frequency (the Fabry-Perot is now no longer driven). 

Shear Stress Measurements 

If the spectrum of the scattered light is simultaneously 
analysed at the scattering angles e and -(180 - e). Fig. 1, then Vx 
and Vy can be measured. In principle by using "apertured" Fabry-Perots 
it should be possible to follow the time variation of Vx and Vy and if 
the signals corresponding to Vx and ?y are multiplied together one would 
obtain V^Vy, the shear stress. 

CONCLUSION 

We may conclude that the laser technique for measuring high 
speed flows is complementary to the previously used hot wire and Pitot 
tube probes, and also that it is possible to operate it in regions of 
very high turbulence causing the acquisition of data hitherto inaccessi¬ 
ble. Further development of the system should enable instantaneous mea- 
suremenv of mean velocities as well as the time development of Reynolds 
shear stress. 
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Figure 1. (a) The scattered light 1s detected at an angle e to 

the Incident bean,. The momentum transfer Q = ? k. Sjn 0/2 

and the doppler frequency change Is $ • V * 2n T/x sin e/2 

cos ß. If Ç lies along 7X (Figure 1(b)) corresponding to 

a symmetrical scattering geometry, then the frequency 

shift Is 2n V^/x sin e/2. Detection of the scattered light 

along K$y enables the component Vy to be measured. 
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Figure 2 

;CATT£ trc a::ole «• 

turves 'a', 'b' 'r' an« 
a function of scanerina annif*"« fre(1uency shif! 

'• ’o» ?«pf^iX:e,ocui' 
The shaded area ’r1 'H' 

region between 100-1000 mete^/sec? t0 the transonic 

light (5000SÂ)Scattered frotí^r1"9 coefficient for J scattered fron. .5p particles, C(e). 

light which'can^^colíected1?^10? °f amount of 
broadening, S(e). give a 1¾ frequency 
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A.

Figure 3. (a) Shows the variation of mean velocity and turbulence
behind a wedge in a Mach 1.6 wind tunnel using ice 
particles as 'probe particles'. The distances behind 
the wedge are '1cm, -5cms, 'lOcms, -25cms. The maximum 
frequency shift corresponds to 930 MHz.

(b) Turbulence profile from a 'divergent-convergent' 
free 'oil-jet'.

The peak on the left in each figure is that of the 
reference unshifted laser ligiit. The width of this 
peak corresponds to the bandwidth of the Fabry-Perot.
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Figure 4. Optical arrangement showing the system used to match the 
reference ? id signal beams into the analyzing optics. 

Figure 5. spectra of the free jet a: 10 nozzle diameters from Typical spe 
the nozzle. 

3 - 2.5rmi off axis wnere tne airrereniiai pressure is i oia/.... 
4) - 3.5mm off axis where the differential pressure is 1 atom. 

- on axis where the differential pressure is 0.1 atoms 
- on axis where the differential pressure is 1 atom. 
- 2.5rmi off axis where the differential pressure 1s 1 atom, 

^ . - _ • ..i_a. i  -»1 *» c 1 afnm 
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Figure 6. Variation of core velocity with differential pressure. 

Figure 7. The variation of the mean velocity and turbulence width as 
a function of radial distance r from the axis of the jet 
R = r is the point where the velocity is half its value on 
the jet axis et the s roe âxidl stdtion. The core velocity 
was 390 meters/sec. J 
0 - Experimental points from present measurements. 
X - Normalized data points taken from $1ddhartha[61 
- Predicted curve from [6]. 
a - Percentage turbulence data points. 
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DISCUSSION OF THE LDV FRINGE MODEL 

C. P. Wang 

University of California 
San Diego 

La Jolla, California 

I would like to raise a question about the fringe model. As 
I understand it, the fringe model says that you have a set of fringes 
generated by two crossed laser beams. As the particle goes through 
these fringes it is in a dark region and doesn't block any light. In a 
bright region you block more light and so on. So the intensities 
fluctuate and give you a frequency and that happens to be the doppler 
frequency. Now my question is a hypothetical question. Suppose you 
have a square particle like the slide Professor Whitelaw showed yes¬ 
terday and the width of this particle is exactly the same dimension as 
these fringes. This particle moving through won't change anything. The 
Intensity will stay the same so you won't get any signal. Or let s 
exaggerate a little more. You could have a very fine wire and pull this 
wire through. You won't get any signal if you assume a fringe model. 
But you do get the same doppler frequency shift if you use the scatter¬ 

ing mode!. 

DISCUSSION 

PIKE: If your wire is perfectly smooth, you won't get any sig¬ 

nal in any case. 

WANG: But you still get scattered light. 

PIKF: Well then if the wire is not smooth you still have 

particles in effect. 

WANG: O.K. so let's limit it to a square particle. You 
always get scattered light. Then how do you explain it? 

ASHER: Your signal is made up of low frequency components. 
It has particles starting out just entering your scattering volume. 
When it ends, there is no scattered light before and after. In between 
there should just be the step function of scattered light. That s it. 
Now with the infinitely long wire that you've shown, you will keep 
pulling for the rest of your life. All you've done is change the DC 
level. 
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PIKE: The technical answer Is very straightforward. That 
Is that you've got to assume that In that volume there Is a random 
spadal distribution of scattering centers and then this formally 
Is just a well-known two-dimensional random walk problem. Even with 
scattering particles that aren't the same size the answer Is that the 
total scattering Is proportional to /ñ. It Is a statistical problem 
and you could find a situation with no signal at all. If you put In 
square particles one in each fringe you just balance it all out. You 
could get zero intensity. 

WANG: You mean you don't get a signal when you assume a 
fringe model - you won't get any frequency? 

PIKE: It does not depend upon the shape or size of the par¬ 
ticle. It depends on the spatial position. You can put some dots on 
the board in such a way that at the receiver end you will add up all 
the signals and get nothing. 

WANG: You mean you cannot visualize a physical picture like 
this? 

PIKE: Yes. The next minute when your wire Is in a different 
position and the scratches and bumps are in different places then maybe 
the signal will add up to something. If you take the statistical 
average of what you find that there is a two-dimensional gaussian dis¬ 
tribution of the electric field vector and the mean square power is 
related to the square root of the number of particles. 

HAUER: You are talking about one case where you have a 
single particle that's large compared to the fringe spacing and, in the 
second case, you are talking about the superposition of random scatters 
in the probe volume. You are talking about two different cases, are you 
not? 

PIKE: No. I tried to make it the same. 

HAUER: I don't think you can consider them in the same way. 

PIKE: There is of course the difference between coherent 
detection and Incoherent detection which apparently is not very well 
understood by people. 

WANG: From the fringe model I don't see how the coherent- 
incoherent business comes in. 

PIKE: If you have a coherent detection the receiver aperture 
is so small that any particle in that fringe volume always has the same 
angle in its electric vector. Therefore, they add up as n and not /ñ. 
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WANG: Right. This Is If you assume the scattering model. 

PIKE: You do have scattering, that's for sure, otherwise 
you won't have any signal. 

GEORGE: The fringe Idea was begun probably by Rudd a number 
of years ago. He made up a theory that if particles crossed the beam 
they blocked the light. He even went a little further and said that 
because It blocked the light, you get a better signal to noise ratio. 
That Is a myth. It's nonsense. The particles are essentially acting 
like a collection of linear oscillators which are responding to two 
separate Inputs. I think when you consider it in that light the prob¬ 
lem doesn't exist. I think the problem In your mind is this whole 
myth about particles blocking light. 

WANG: So you say that blocking light Is the wrong concept. 

GEORGE: In my mind, yes. 

WANG: O.K. That's just what I wanted to know. 

WHITELAW: I think you're right. The problem arises from 
thinking of the fringe or cross beam system as something different from 
the reference beam system. Both systems operate on a doppler shift 
principle. 

GEORGE: The Idea of fringes Is just a convenient peg to 
hang discussion on. 

WHITELAW: The point I was trying to make was that the strength 
of the signal you get out will be related to the size of the particle 
relative to the fringe distance. That's true. If you measure with a 
particular fringe system and put In particles of different sizes, you 
will measure a decrease In signal strength for particular sizes. 

WANG: But you couldn't see that from the scattering model. 

WHITELAW: You can't see It conceptually. You can see It if 
you do an ana"1 -sis. You will get something that says the intensity of 
scattered llg^ divided by some normalizing intensity is a function of 
the size of tue particles divided by the fringe spacing. We made it 
easy and just did the Integration for the square particles. 

PIKE: This Is a curious feature that a very basic question 
like this Is just not written down in the literature. I don't think I 
could recommend a paper except perhaps the recent one by Les Drain. 
I do have a set of pictures of slides that were extracted from a lecture 
I gave last year In which I think all of these questions are layed out 
In very bare form. 
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yesterday In ttat" yo¡ I said 
any case. What you hava ls anlî.rr^LÎÎ^Î íri"9e system in 
long as there is nothing to scatter^J9?^ Ve]d il]str1botion. As 
Only when the particle comes intn +Me m ^^ere 15 no light scattered, 
direction othe^than theX«Í°n ÍJat^Xí“5 "sht 1e4ve 4"> 
originally. When the particle movesh?ítíh! SîT ?re ‘«»elHng 
It scatters light to the detector WhSÍV h,9h e]ectr,c f,e'd region 
Where the field Is zero there ^'nn ,noves int0 the r«9lon 
that this takes place in a time^less Ä n™*í You wi'’ notice 
not really getting doooler 1nfS™îtLîhaî one dopp,er cycle. So you're 

than one cycle. Does that shed any llghî'oVSe^rob^J"9 t'"'0U9h ,eSS 

blocking thTlighi!* ÔhîlÎuïîfSuIsî'î tí™9' ,S that you mre 

try by Gaster^bout Æ TCsedTíXÍÜ6 ^ °" opt,ca> ’"«»me- 
believe he did what you are talHnn 2i9ratin9' Essentially I 
sure If anyone uould agree or ñoí 9 îS?“* ' ÏJ0'«"« out light. I'm not 
a moving fringe pattern. * rotation of the disc generated 

STEVENSON: You're just collecting the diffracted orders? 

opposed toHaIfreqmncyhdev1ce!9ht tMS *" ,ntensity device as 

and mov1ngSthe'<fr1ng«?'líshould<you"Jetnany,output?e l'',rt1C,e Stat,onary 

WANG: Yes. Just by relativity. 

Instance In^^of the^x^rfSs^e ííS^líh^95 y0UKcan do* For 
took a very fine wire and went to dlffirîn* cros?bea,n system we 
When you come In close to the l/e^rllînn LP°rtl0ns of the focal region, 
as two peaks - In other words two cun»!™..«!!/ C>1 sfe the boppler signal 
other It is not a StTof b”ckï™ Ho t ?^S,9na!s one aftar ‘be 
Ing light. As you're qolna thrmmh 3 of scatter- 
region. you have the^líteíflÍv ÂiÎhÎI^Î6 y ll9ht and dark 
riding upon the D.C. level? Yoï^aJ mlkï ¡Í1? ís .the4doppler signal 
fringe visibility function lAh^nïîï? ?n aiial>s1s In terms of a 
the dimensions of the fr1¡¿e SDacïnaP thin16 SÍZ? becomes larger than 
amplitude or resolution from frlnn»9tn^e? you s^art getting decreased 
particle sizes are ve?ï la?ae Í?? fr!n?e’ Ult1mately 2hen the 
Intensity. That Is oS a D-C* leve' of varying 
sizes - by tightening up or re?Ix1nq the fíÍ¡S2 a9a1?st certa1n particle 
volume. s K re|axing the fringe spacing in the focal 

both Inclden^beans.*fin thls'ca« th»dHS in1t1aI ™de' he collected 
the light. “,s case the d°m1nant factor would be blocking 

501 



PIKE: No, I don't think that Is quite true, because a one- 
micron particle really wouldn't block the light very much. 

JOHNSON: You wouldn't have a very good signal to noise 
ratio because you've got a tremendous power level. 

PIKE: It's well-known that light goes around corners and 
makes diffraction patterns. 

JOHNSON: In his original paper he actually had his lens 
collecting the beam - for sure It wouldn't work very well. 

DUNNING: That's right then In his next paper, they showed a 
great significant Increase In signal to noise ratio by blocking out 
the two beams. 

GEORGE: With regard to "blocking" In a more general context. 
It has been suggested for heterodyne systems that you can just keep 
adding particles. I refer you to the analysis by Melling, one of Dr. 
Whltelaw's students. He points out that when the particle concentration 
gets too high you start attenuating the laser beam because of the mul¬ 
tiple scattering In the probe volume. So you don't want to just keep 
pumping In more and more particles, you're going to hurt yourself. 
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AN ANALYSIS OF THE DATA ACQUISITION RATE OF AN ATMOSPHERIC, 

BACK-SCATTER LASER DOPPLER VEIOCIMETER 

By 

D. B. Brayton 

Experimental Research/Technical Staff 
Office of the Managing Director 

ARO, Inc. 
Arnold Air Force Station, Tennessee 37389 

ABSTRACT 

A theoretical analysis is summarized which predicts 

the data acquisition rate (# signal bursts/second) of an 

atmospheric, dual scatter, backscatter LDV. A model atmos¬ 

pheric aerosol consisting of spherical particles of constant 

index of refraction and known size distribution is used in the 

analysis. The results predict the rate of reception of single 

particle Doppler bursts above a prescribed level of signal-to- 

noise ratio. The results can be used to compare the perfor¬ 

mance of different optical schemes and to optimize a particular 

system design. 

The research reported in this paper was sponsored by Arnold 
Engineering Dcvelooment Center, Air Force Systems Command, 
Arnold Air Force Station, Tennessee, under Contract No. 
F40600-72-C-01)03 with ARO, Inc. Further reproduction is 
authorized to satisfy the needs of the U. S. Government. 
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Let it be assumed that the aerosol particles 

contained within the lower elevation of the earth's 

atmosphere are essentially spherical in nature and are 

characterized by a constant index of retraction. A 

knowledge of three parameters then completely specifies 

the light scattering characteristics of such an atmosphere: 

(1) the particle index of refraction, n, (2) the particle 

size distribution function dN/dr and (3) the single 

particle Mie intensity function i(ej. dN/dr has been 

experimentally measured and is relatively constant through¬ 

out the earths lower atmosphere1'2,3; dN/dr is plotted in 

Figure 1 . ts available from the theory of Mie^. 

Since i(eg) depends upon the dielectric constant and con¬ 

ductivity of the scatterer, an average index of refraction 

representative of the atmospheric aerosol must be chosen. 

A reasonable estimate is n = 1.52. For n = 1.5, i(180°) 

has been conveniently tabulated versus the particle size 

parameter u. = 2nr/\by reference 5. Thus the light scattering 

characteristics of the atmospheric aerosol are completely 

specified. 

The number of particles per unit volume within 

the size range Ar/2 of particle radius r is (dN/dr) Ar. 

Assuming Ar is small each of these particles has a differential 

scatter cross section c such that when 

illuminated by a beam of intensityJ. it will scatter a power 

4- AIL into a small solid angle Aft about 0.. 
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Collectively particles of all sizes will establish 

a mean photo current which will determine the mean shot 

noise. The particles will contribute a differential cross 

section per unit volume (power scattered • Solid Angle-1 • 

volume-1 • intensity-1) of 

ru 

/ &*'> g Jr : ■J*«,)6nrJ 
c/V Jr (1) 

where rL and ru are the lower and upper limits of the extent 

of the particle size distribution function dN/dr (see Fig. 1). 

For later reference note that |j§(es) can also be interpreted 

to be the differential scattering coefficient (power scattered • 

Solid angle 1 • length-1 • power illuminating-1). Let it be 

assumed that a dual-scatter LDV collects backscattered light 

(@8 - 180 ) only from the beam crossover region. Further¬ 

more, assume that the radiation collection optics do not 

directly view a bright background and/or that very narrow 

(e.g. 2A ) bandwidth laser line filters are used to reject 

background radiation. Under such conditions the mean 

photocathode current, I¿> ^ determined cheifly on the 

collection of laser light scattered from within the probe 

volume, 

(2) 

All parameters in Eq. 2 are defined in Appendix I; the 

exp(-2) length of the probe volume is 2Np X/02, the solid 

collection angle is ^^/4, and kj eA/hc converts watts to 
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cathode amps. Ic of Eq. 2 is the time average D.C. (phot:) 

cathode current due to scatter centers of all sizes. The 

total D.C. shift due to the known presence of a particular 

particle size is 

Itotal " ic + Ic 

where ic is contributed by the known particle and I is 
c 

due to background. The signal to noise ratio is then 

L i x 
StJR * 

ztCic+ïc)!'. 
(3) 

Assuming the electronic bandwidth fß is adjusted to be 

¢e- 4dz ire/} 

then Eq. (3) becomes 

SmR. ? -h— . içj 
ac * Tc ) <4) 

A knowledge of the fringe intensity distribution 

together with the previous inputs allows one to predict the 

data rate, A, versus either the SNR or the epf rate of a 

dual scatter, back scatter LDV. These are given by 



(5) 

a/6vc >sue*) = Fí'í/) 

o 

Fr; rs 
ö v 2& y ljo ) (6) 

where 

oo 

/¾) = / !±£±u¡p y, 
(7) 

±¿}\c stjR* ir 

l Al * /L 
{i <- // + JnLZj% ö^aaT ) 
^ 2A« (8) 

and 

// - tJe7-r 

*7 A1 ö /t (9) 

F(i0 ) iS „ost easily evaluated numerically with a computer, 

N(i>y) was obtained by computing 011 both dN/dr (Flg ^ 

and 1(180°), ,here nUBet.lcal valuos for the iattor 

were obtained from appendix II of reference 5. 
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Figure 2 plots Eq. (G) and (G) in a generalized manner 

where N/iT is plotted against SNR*lt/hPl eR2. Note that 

because d F(x)/dx>0(a plot of F(x) would reveal this to 

be the case) then 

JLv£l^- < (jtPhàJL 
7 Pl 0<:l 7 rL e«7- 

and ;ho abscissa arguments SNR^and epr/2 can be interchanged 

provided 

< rrx'3:^e0’) a7„- 
"2 h a e3 
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APPENDIX I: Identification of Symbols 

Symbol 

c 

e 

Identification 

Speed of light 

Electronic charge 

Units 

m • sec 

coulomb 

enf 

i<V 

J 

L 

LDV 

n 

N(i>y) 

O 
N 

Nt 

Electrons per fringe generated 
at the photocathode by an 
individual particle in moving 
a distance of one fringe. 

Doppler frequency 

Electronic bandwidth 

Planck's constant 

Mie intensity function of an 
individual particle; 
i (0 ) = (2ttA)2 da(0R)/dft 

s s' 

Intensity 

The A.C. or D.C. photocathode 
current amplitude near y = 0 
due to a single particle. 
(Ideally the A.C. and D.C. parts 
are equal.) 

The long time average D.C. 
photocathode current due to 
many particles. 

Denotes "laser" or "lower" 

Laser Doppler Velocimeter 

Index of refraction of 
particle. 

The number of particles per 
unit volume with a Mie inten¬ 
sity function (i) equal to or 
greater than a prescribed 
value (y). 

Number per second data rate. 

Number of fringes in the 
probe volume. 

-1 
sec 

-1 
sec 

joule sec 

watt • m 

amp 

-2 

amp 

m 
-3 

sec 
-1 
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Units 
Symbol 

dN/dr 

SNR 

0 

0 
s 

7^ 

Í1 

Afl 

o< 

'l 
* 

dß(e )/dn 
S 

do(ös)/dfl 

Idontlf1;atIon 

Particle size distribution 
function. 

Power of laser 

Particle radius 

lower limit of r 

Upper limit of r 

Signal to noise (power) ratio 

Angle between the illuminating 
beams as defined in Fig. 2 

Angle of the cone of the 

received scattered radiation 
as defined in Fig. 2. 

Angle of scattering as defined 
in Fig. 2. 

Wavelength 

Solid angle 

Solid angle of collected light: 
Afî 5 (7t/4)(0r)2 for small 0R. 

Particle size parameter; 
oc = 27rr/X 

watt 

m 

•n 

m 

m 

Quantum efficiency electrons/photon 

Superscript denoti ig "of 
sufficient value" 

Either the differential cross m_1 
section per unit volume (power 
scattered- solid angle”! • 
intensity"1 • volume“1) or 
the differential attenuation 
coefficient (power scattered • 
solid angle“1 • length-1 • 
power illuminating-^) 

Pifferential cross section of m2 
a particle (power scattered • 
solid angle-1 • intensity-1); 
do(0 )/dn = C\/2w)2 i(0 ) • 
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Figure 2. Back Scatter Data Rate 
Power Ratio (SNR*) and 
be chosen for the plots 

(N) vs. Minimum 
other parameters 
to be correct. 

Signal to Noise 
. MKS units must 
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discussion 

^ refere"ce 

Those data are from Buliîrfch" Adyance'^in^L4!!6 Sea' not over ,and- 
Press (1964). Over the grouid U m!írf lShyS CS\No- 10, Acadel"'t 
you're blowing off the around .„h ?„ „ ep?"d “P0" the terrain, what 
be available. 9 Un<1, and 50 on- 1 doabt If such a plot would 

hold off thaTbursî0“ lÂtÆ“ an? then t00k a ldwer level thres- 
that you don t have*the^zero^crosslng?0^"9 a ,0" Pass «’ter so 

ference. 
BRAYTON: Yes. I don't really see that It makes any dif- 

(this is veryEposs1ble '"'l that ,rou’d hanging 

due^o “îS;ie>bi,er?îcîehrî' tb^ «¿^rlsjngîy s^!' U's rMUy" 
experimentally/ We can oet iiKt y0’“™ ar>d we verify that 
data rates. It •s no?ju%U;ío¡Sr that and 9et reasonab^ h,9h 

I'm just wondering why'yoTdüî't'do !ratathat1 Joint.that S th* P°1nt* 

processlng^hl^they^se”5" ‘ ™atter wUh the tm of doppler signal 

ASHER: well. It's the same as we are using and It does matter, 

afght countHITEUW! But they are check,n9 a four count against an 

down and what he wants^0^0¾^ he aetsath^0T|thi?91that 9°es up and 
determine the lower threshold. In oÂ^^lVateXVL™ 
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above a certain level of voltage. 

WHITELAW: But the system would reject any bad values, would 
It not, on the basis of this double count. 

ASHER: He Is admitting another error. You don't want to lose 
things In dropout. The point Is that you want to have the highest rate 
possible. This Is just an added error thrown In. It's unnecessary. 

BRAYTON: I'll put It this way. I've done most of my work In 
wind tunnels. Right now they are doing atmospheric work. I'm not 
directly Involved with the experimental phase of It. It Is filtered. 
The data I see does not have the DC shift on It. Is that what you are 
asking? 

ASHER: Yes. 



WILD CARD SESSION 

Session Chairman: R. Goulard 



blackboard discussion on 

FREQUENCY BROADENING IN DOPPLER SYSTEMS 

ram*no *kDuri?9Jhe Wor'kshoP a question was raised con- 
peHod9cíSntinJaí«eímer1Í3 of,^ocHy determination by 

50unt1n9 1n a doPPler burst" signal processor) 
versus frequency domain processing with, e a a cnprtmm 
analyzer. Thessence of the discussion Is summarized here. 

ilSPim- süüppsr. 
Is just the reciprocal of the iw ?! ™easure 1t fro,n e1th«r ‘•«cord. One 

äÄc» ~ - S Ä IVÄf 
there Is nSSlng fost elther ¿^ormt,on *ou “ant is «Hher fonn and 

r,c£"¿;^L~ “S,r 
sä r.“£!anr *''■ -1 

as, .vx'-SSr--“ - - 
- ■“ “’ä » 
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ASHER: Are you saying you don't toe an ambiguity at all? 

PIKE: Perhaps I shouldn't have coined the word. It's only 
an ambiguity In the presence of noise. I haven't put noise Into It. 
When you put noise Into It, then of course you get Into deep water because 
you want to know how do I get rid of the noise on either a trace like that 
or Its Fourier transform when I don't know what the noise Is. 

GEORGE: I don't like the way you're baddng up on the word 
ambiguity. It's always on ambiguity when you want to know something else. 

PIKE: There Is no ambiguity In the absence of noise. Everything 
Is known. The Interesting poblems come when you put unknown noise on them 
and then you want to know the probability of the signal looking like that 
or slightly different from that In the presence of noise. 

GEORGE: How about the turbulence ambiguity? 

PIKE: That's not noise. Turbulence Is the real physical 
signal and that's what you're trying to find. 

The preceding discussion may be clarified by considering an 
Idealized situation In which no velocity gradients exist and noise Is 
negligible. A single particle passing through the probe volume generates 
the signal on the left below. The Fourier transform of this signal Is 
shown on the right. Under these conditions an exact determination of 

the velocity can be made either by measuring the period of the basic 
signal or by determining the center frequency of the Fourier transform. 
This is true regardless of the transit time broadening. 
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atmospheric turbulence measurements 

E. R. Pike 

Royal Radar Establishments 

Malvern, England 

nor “e,ve bee? very interested In constructing a system 
t RRE foi measuring the lower atmosphere In connection with 

* vereinterestTna3] 3Pproac¡; at airports. The subject has 
I îaiV™ In^1 S?Tewhat controversial history which 
a«« n * SO Into. Basically a number of people some years 

WOrk out which was best way to 
this. We ourselves were waiting for a long time for a laser 
cations 3 ??9 îhîî W?uld allow one t0 d0 ra<iar-type appll- 

iF1rSî the Ar9on laser appeared which could be put 
& ;9usr co*,aser õfp í«SSe aí ¡ast» after all these years, offe** good prospects 
of tninl ohT^6 [adar aPPÍ icatlons. So therePIasPa lot 
?ímí0i?9 a?2 fr°ing both In England and in the States 
this ïeirr1tî 0f1Ar90n systems and C02 systems for this type of laser doppler work. ^ 

n«*». u Basical ly there were two camps In both countries 
?0ne a,,el,d 1,1 s'>,te of the P*Per studies Thl'real 

points of Issue are rather difficult to quantify One can sav 
rií¡2UÍ.aid°Ubt *5** î116 ,1s1b,e system deteriorates as the 

heterodyne laser radar. Is better ?n this iespect. 0« can 
ëSïntîîîiJ0Werfu1 Aí90,l ,isers are unlikely to be used In real 
applications near airports because of their hazard One can 

sîyoa fe* îh1n9s on the oth®r side. The upshot w« 
aÏ2tuaîxRfE dec1de(1 to go ahr.d with the Infrared system 
s5stemffaThI h»9r°!ÍP at NfSA went ahead with the Infraied ’ 
ieît ïithTîhoHiüW211iPe°ple 1n El!íland and ARO at Tul 1 ahorna went with the Argon laser system. Now the crunch Is comina 
avaîïablehe obtair’ed with these systems are becoming 
résulté î hîVe any br1ef t0 spealc for Harwell's results, but they do have results. I'll just content myself 
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' ... .. 

w1th showing you some slides Indicating the results of our 
work. 

Our system employs a nitrogen cooled lead-tln- 
tellurlde photovoltaic diode detector which has been devel¬ 
oped under a contract with Plessey 1n England. The cooler 
Is a nitrogen Leldenfrost-type system developed at RRE. The 
pre-amplifier which Is necessary for low noise performance 
has been built around an FET which has again been developed 
under contract for RRE by Texas Instruments, and the fre¬ 
quency tracking system has been developed In my own group 
at RRE. The frequency tracker has some points of difference 
between the other ones that have been discussed during this 
conference. I will just say that the frequency lock loop 
1s controlled digitally rather than by an analog-type system 
and the system essentially achieves the theoretical maximum 
tracking rates. 

The laser Is a nominal five watt single frequency 
CO2 laser normally run In the two to four watt region. We 
comfortably achieve the theoretical heterodyne noise perform¬ 
ance of the system. The whole system (Figure 1) Is now on 
field trials at the Royal Aircraft Establishment at Bedford. 
Figure 2 Is a comparison from these field trials of the ve¬ 
locity versus time of natural atmospheric movements compared 
with the output of a Gill-type vane anemometer. The two 
records have been put through a low frequency filter to cor¬ 
respond to the Gill response time which Is very slow. 

As Huffaker pointed out frequency response of the 
laser system Is much faster, but this 1s not really very 
beneficial In the system as we described It, the coaxial 
system, because the laser averages over spatial volume 
much the same as the Gill-type anemometer. However, you can 
see from this piece of record that the laser anemometer Is 
essentially giving you exactly the same Information as the 
conventional anemometer and Is a perfectly feasible Instrument 
for short range remote wind velocity measurement. 

There are several ways we Intend to move forward. 
First of all we don't like the low spatial resolution at 
long range for th*s system although our slgnal/nolse doesn't 
fall off very quickly with range. This Is only because the 
sample of atmosphere that you are taking gets bigger and 
therefore you are getting some sort of average wind velocity 
over a big volume of space. We are working on a bl-statlc 
type system which will Improve the performance of the Instru¬ 
ment In this respect. As far as the commercial or military 
future Is concerned this Is still under deliberation. We 
are planning a users' meeting of possible civil air authori¬ 
ties who might be Interested In the scheme. We are going to 
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give a presentation on this to see how many people are 
really Interested In taking the system further. 

DISCUSSION 

HAUER: Are there any plans to incorporate photon 
correlation techniques 1n the near future? 

PIKE: Well, the advantage of photon correlation 
techniques l4e where the "weight" of the photon Is suffi¬ 
ciently heavy. Unfortunately at CO2 frequencies the photon 
is just about room temperature and so it's not advantageous 
to use photon counting - in fact, it's not practical to 
use photon counting. I would certainly say as I mentioned 
after Mr. Lennert's presentation that it seems to me that 
photon correlation would be a better way of going about 
processing these signal bursts from both wind tunnel and 
atmospheric visible laser systems. 

LAWRENCE: Have you Investigated the possibility 
of combining an FM/CW radar to improve spatial resolution - 
imposing a triangular frequency? 

PIKE: I didn't really want to go into this, but 
since you've raised the point the whole system can be oper¬ 
ated as an FM/CW radar - yes. We have operated it in such a 
mode. There is a very interesting point. Following from 
my discussion of optimum ways of frequency signal processing 
the correlator system is equivalent to a parallel bank of 
filters and you couldn't do any better. The frequency 
tracker is equivalent to a single channel filter but it 
gets the advantage of the multiple channel system because 
it jumps around to follow the frequency. Naturally you can't 
get entirely the performance of a parallel bank in this way, 
but you can get somewhere towards it. Now there is a ve¡y 
interesting possibility of combining the correlator system 
in the middle of a frequency tracker so that you just use 
your frequency tracker to define instead of the one low pass 
bandwidth that we have at the moment, maybe ten of them. 
Inside that, since our frequency tracker is digital anyway, 
you just plug into a correlator. We are working on this 
idea. It should give you the best of all worlds. 

WELCH: Could I get back to ambiguity for a minute? 
Can I make one more statement in review. It appears to me 
that this is a simple case of a true blue sample system. If 
you run one particle through at a time the Fourier transform 
of each burst as you say is unique. Now if we get the fre¬ 
quency information out for that burst each time and if we 
list that particular center frequency then what will come out 
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nf this listlnq Is a unique transform. It will be a sampled 

l?Sx’r.Víí sí ¿rir,ic¿ .,<. 
no ambiguity even for turbulence. 



FLOW SEEDING WITH AMMONIA - S02 REACTION 

Allan Hauer 

Pratt and Whitney Aircraft 

E. Hartford, Conn. 

It was felt by Doyle that I had gone through as 
much consternation as most In trying to arrive at a proper 
seeding system, so I thought I would just mention a few 
things that might be of value to you. I think that we have 
gone through at least twenty different types of seeding 
methods. I'm sure I would duplicate what Bill Yanta has said 
as far as particle flow following and so on, but basically 
there is also the question of compatibility with various 
types of flow systems. This Is one thing I focused attention 
on recently. Jeff Asher was saying that he's used aluminum 
oxide. One thing that I would like to mention In that case is 
that you have to watch very closely the abrasive action of 
any particle as hard as aluminum oxide. When we levitated 
It the same way he did (with the levitation of powder) and 
Injected this Into a very high speed air flow we found after 
three days that It had eaten a hole through one of the feed 
tubes *nto the air flow rig and it was harming many of the 
valuable rig parts. Also aluminum oxide tends to agglomerate. 
You can get around that, but It is extremely difficult to do. 
We tried many different types of liquids. Liquids have tha 
possibility of coating observation windows. They can t bç 
used In hot flows and condensation Is an old story to many 
of you. 

The system that we came across very recently is a 
gas phase reaction which has proved to be advantageous in 
many types of flow. This Is a reaction between anhvdrous 
ammonia and anhydrous S09. This occurs in the air flow. You 
can change the mixing ráte just by the valves on the system 
to change the seeding level and also particle size. It s been 
a very nice system for uniform and controllable seeding levels. 
The one disadvantage is that Improper mixing does lead to a 
toxic flow but It's perhaps not as bad as many other systems 
In this regard. 
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Figure 1 is an electron photomicrograph of tne 
particles. I found that impactometers and other ways for 
characterizing particle size distribution have been extremely 
unreliable. For a sample in the flow, in the situation that 
we are talking about, a photomicrograph is a very good 
technique for particle size characterization. These are 
ammonium sulphate particles produced in the reaction. They 
were somewhat larger than I expected - on the order of 1.5 
micron average diameter. My conclusion is that when I ran 
this experiment I didn't have a proper mixing ratio because 
that's higher than I expected on the basis of some calcula¬ 
tions made by an aerosol expert. 

The question of whether to seed or not to seed is 
definitely a very pertinent one but we decided, as Dr. Pike 
said, that all readout methods are basically equivalent to 
some type of counting mechanism so that you can divide your 
data into two separate parts. You have mean velocity and 
turbulence intensity on one side and all higher order infor¬ 
mation - turbulence spectra and so on that require high 
sampling rates on the other. In other words you think of 
it purely from the basis of the sampling theorem. You may 
have more stringent requirements than that, but you're never 
able to do better than sampling at a rate at which you can 
characterize the mean value of the signal. So if you talk 
about forgetting seeding entirely perhaps you can do a lot of 
things, but I am quite skeptical. 

Table I outlines some of the experiences we've had 
with various seeding systems. 

1 think I will just say one other thing that might 
be of value to some people. Those of us w';o are occasionally 
humble enough to only be desirous of mean velocity informa¬ 
tion sometimes will come up with some nifty little gimicks. 
This is one of ours that might be helpful to you. We have 
one flow measuring situation where we are trying to charac¬ 
terize a flow in the cooling passages of turbine blades and 
other very small devices similar to the fluidic device that 
Dr. $hih was describing this morning. One way of getting 
large amounts of mean velocity information we've found was 
to display the LDV signal on a cathode ray tube - in this 
case it was a television. The television had a 10 MHz re¬ 
sponse. Little trains of dots are the intensity being 
modulated by the LDV signal so that they are actually being 
spaced out as the intensity of the raster trace of the 
television is being modulated by the LDV signal. What we end 
up with is one photograph of a single scan 1/30 of a second 
and the intensit) distribution on this particular piece of 
film is thus determined by the LDV signal. So we take this 
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table i 

Seeding material 

1 Oil vapor smoke 

2 Solid powder system 
a) Ti^ CI4 + Air 

h) Burning Mg 

c) (powder 

injected di¬ 
rectly 

d) Lampblack 

3 Gas phase reactions 
nh3 - so2 

Advantages 

Proper particle size 
Good scattering pro¬ 

duced excellent 
LDV signals 

Standard size 
easily available 

Very high melting 
point 

Same as A1203 and 

simulates com¬ 
bustion by pro¬ 
ducts 

Very uniform con¬ 
trollable seeding 
level 

Disadvantages 

Condensation clogged 
flow passages and 
caused nonuniform 
seeding at high 
flow rates. 

Caused coating of 
observation windows, 

Cannot be used for 
high temperature 
investigation. 

HC1 produced as 
by product 

Combustion hard to 
sustain at high 
airflow rates. 

Abrasive action on 
rig parts. 

Uniform seeding hard 
to maintain. 

Powder tends to 
agglomerate. 

Same as A1203 

Improper mixing leads 
to toxic exhaust 
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in nnMreîCc °f/ Photo9raph of one trace and put It Into 
an optical Fourier transformation system as shown In Figure 

Ltüîiî0mH ?P Wlth the Four1er transform. What we are 9 
îeiï fistd° Sp 5 comJut¡n9 the frequency spectrum optically 
tllLn IL, 6 Ctn what corresponds to reams of data just 
taking photographs of the television face and very easllv 
obtain mean velocity data. This 1s just a very ríuoh d a- 
gram of how the diffraction pattern of one paítiíSllr trfñc 

ne Strea's »ctü.lly^eTf^lSni ÎÎ3 ' 
Thl stíêaks caS hP ”r:esprds t0 the broadening, 
velocltv diti aSUred Very accurately to get mean 
when wi wfnîpd i? SySîem pr0Ved very conven1ent for us 
ÏÎp^h nf î î?d lar9e numbers of samples of mean velocity 1n- 

photograph1ngnthem°USandS °f SPeCtrUm dnalyzer tracers and 

DISCUSSION 

comnncpc 1 íb1nk ammonium sulphate sometimes de- 
hadPanf and blows railroad cars and ships apart. Have you 
had any problems with It breaking down In the air? 

e*.* HAUER: No. Another thing Is that one of the sub- 
f n « !!î®îî1ünida " tjtanlum tetrachloride, which is beautl- 
a bvoioduct1 nI? hp?f Sm0kl ‘.Produces hydrochloric add as a oyproduct. Not being a chemist I shouldn't open mv mouth 
anÍMds neípí iam famil 1 W1 th the situation you mentioned 
hí.P r 6 bfen,a Prob1em with os. The only problem we 

¿proper iníxlSr. tMS 9SS b»s been 

Ä FELLER: How do you ever get the safety people to 
oxíde?0 P0Ur ammon1a int0 tbe funnel, let alone sulphur dl- 

HAUER: You mean depending on where the exit is? 

FELLER: Yes, I mean the safety people go crazy. 

HAUER: That's true, you must be very persuasive. 

Editors note: Figure not available. 
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ÎnaonfîreîCc 0f/ ^hot°9raph of one trace and put It Into 
? anH11 Fourier transformation system as shown In Figure 
2 and come up with the Fourier transform. What we are 

Îe£ïaîast ¡¡e the frec>uency spectrum optically very rast. We can get what corresponds to reams of data inct 
taking photographs of the television face and very easily 

n - í;L. 
ThlCstíeakshÍcanabe mels^^d^5 t0 the ^H^^ntl^bîoUdeîlng. 
velocltv datS red very accurately to get mean 
IheS wíywanÍf; i™ SySîem proved very convenient for us 
fte6 dWofW anîî J hT nu"?be1 of samples of mean velocity In- 

5 SPeCtrUm ana,yZer traCerS and 

DISCUSSION 

FJL!:P: 1 think ammonium sulphate sometimes de- 
hAdP^n anJ.blows railroad cars and ships apart. Have you 
had any problems with It breaking down In the air? 

HAUER: No. Another thing Is that one of the sub- 
-- mî[!Î10n?df" tltan1um tetrachloride, which is beauti- 

ful for making lots of smoke - produces hydrochloric add as 

TNOt 5ei,??.a chemist 1 shouldn't open my moutS 
and1??^ oÏÎpÎ fül faml'1a[;iwith the situation you mentioned 
and it s never been a problem with us. The only problem we 

Improper míx?"r. wUh th1s 8as phase '■«cHon beep 

„ FELLER: How do you ever get the safety people to 
oxîde?U P0Ur amnionia int0 the tunnel, let alone sulphur d1- 

HAUER: You mean depending on where the exit Is? 

FELLER: Yes, I mean the safety people go crazy. 

HAUER: That's true, you must be very persuasive. 

Editors note: Figure not available. 
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PARTICLE FLUCTUATIONS IN TURBULENT FLOWS 

Neil S. Berman 
Arizona State University 

Nobody really has talked about the problem of measuring 
the turbulence intensity and the velocity difference that the par¬ 
ticles would have from the fluid flow. Vic Goldschmidt said something 
about this and the fact that they had found that when you Include some 
of the other terms you can get an Increase. That Is the particles In 
fact start going faster than the flow In some cases. Calculations that 
we did also confirm this. If you write down the equations of motion 
for the particle In addition to the ones we have seen before you find 
that there are three nonlinear terms and then a second derivative term 
In space that comes In. All four of these terms are normally neglected 
In making any of the analyses. If you do a fast calculation on what 
happens In most of your flow conditions you find that a few of these 
are more significant than the other terms that you normally keep. 

The equations of motion for a particle In a fluid have been 
formulated by Soo (1) among others. If these are linearized a solution 
of the form shown below can be obtained for the relative error In 
velocity fluctuations In turbulent flow: 

(1) 

where Vr * U-V 

U = Fluid velocity fluctuations 

V * Particle velocity fluctuations 

f(w) * Power spectral density of the turbulence 

w * frequency 
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+ 1 

y * fluid viscosity» p * fluid density, 

r = particle radius, Pp a particle density. 

If a power spectral density, PSD, is approximated as flat to a 
cut off frequency fu and then decaying as w up to another cut off at 
which the PSD drops to zero, the results shown In Figure 1 are obtained 
for particles from 0.15 microns to 2.5 microns as a function of fu and 
density when the fluid Is air. Errors are quite large for particles 
greater than 0.5 microns In diameter. 

The actual equation of motion contains non-linear terms. If 
these are assumed proportional to the velocity difference between 
particle and fluid with a proportionally constant aóK, equation (1) Is 
changed only by a slight modification of The last two terms are 
replaced by 

Now If K>0 or under some conditions regardless of the magnitude of K 
“jr —t 

the relative error decreases. The ratio of V to U can similarly be 
obtained. Details are In a NASA contractors report by N. S. Berman (2). 

1. Soo, S. 1., "Fluid Dynamics of Multiphase Systems" Blalsdell 
Publishing Co., Waltham, Mass., 1967. 

2. Berman, N. S., "Particle Fluid Interaction Corrections for Flow 
Measurements with a Laser Doppler Flowmeter" NASA-21397 Final 
Report. 

DISCUSSION 

JISHKE: Is this In air? 

BERMAN: Yes. The density of the particles 1? one and the 
fluid Is air. This Is the linear case and will Improve actually If I put 
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Figure 1. Particle Density Effect on Velocity Lag. 
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po,nî*d out- u cou1d even go the 
? «hL Jï~ ' ï. Ill bHg îtJf*ck UP a9ain- These ere velocity legs 
15¾ We did some similar calculations using actual power 
density spectra but they give essentially the same results. 

to Stoke'sQUwTIÍu thïï Sir t0 the case* Are y°u referring to atone s law - is that what you mean by linear? 

BERMAN: No, In the equation of motion I've removed all thp 
nonlinear terms and I assume here that the relative Reynolds number Is 
low enough so that we do use Stoke's law. "eynoias numoer is 

terns you ^ PhySlC*1 °rl9l"S °f theSe "on,,nMr 

BERMAN: Let me refer you to some references nn tk« 
equation Is derived by Hinze In his book and also by Soo In his book anc 
In Brockee's book on fluid flow. I think also In terns of the wa! I'Î2 

Terl ¡Ím?Íaraa¡ílvs1s1n ?!• flUl? dyna,r1cs of "»ultiphase systems does a 
literature ly 1 lt s qu1te a co,1,,on equation found In the 
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RELAXATION TIME OF SMALL PARTICLES 

H. Pfeifer 

Institute Franco-Allemand 

I will give you only very briefly some experimental 
results we have obtained on the time relaxation of small 
particles. There are mainly two different methods to deter¬ 
mine particle relaxation with respect to very high gaseous 
flow accelerations. One of them is to use stationary shock 
waves in a supersonic wind tunnel. In thJs case the initial 
velocity is supersonic and the final velocity may be super¬ 
sonic or subsonic and the velocity variation of the shock 
front may be from zero (a normal sound wave) to hundreds of 
meters per second. The other methods we have used in a 
traveling shock wave in a shock tube. In this case the 
velocity in front of the shock wave is zero and the velocity 
behind the shock wave can be chosen by the shock strength 
from zero (also a normal sound wave) to some hundreds of met.ers 
per second. For example, at a shock Mach number of 1.4 under 
normal conditions in the low pressure chamber the velocity 
behind the shock front is on the order of 200 meters per sec¬ 
ond. In any case the velocity variation occurs within a few 
mean free paths of the molecules and, under normal conditions, 
this means within a fraction of a micron. 

Figure 1 shows the experimental setup. The helium- 
neon laser served as a triggering source only. One photo¬ 
multiplier served for timlig the passage of the shock front 
through the observation volume. We get our signal from this 
other photomultiplier. Now first of all the particle's 
diameter has to be determined. This is done by our chemical 
department. Figure 2, curve a is the size distribution of 
dust particles. These measurements are made Viith an electron 
microscope. Curve b is the size distribution of smoke parti¬ 
cles in this shock tube. You see that they do not differ in 
order of magnitude. 

Figure 3 shows a record of the signal. The upper 
part represents the signal from the photomultiplier which 
gives us the time of passage of the shock front through the 
fringe system. The lower part is the doppler signal. We ob¬ 
tained an accuracy of 5 percent for the velocity of the 
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particles behind the «Jock front. 
?ou see here ‘ iiî.rs pîr second. 
here*so"e SncerU^ty'ïn'th; beglnolng of 
shock front through 
seconds. The total °f^/^îtlïïes 
than four microseconds for the particles 

result, 
velocl- 

You see 
r__ of the 

he order of 2 mlcro- 
1s In every case less 

shown In Figure 2. 



Figure 2 
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GENERAL COMMENTS ON PARTICLES AND SEEDING 

J. H. White!aw 

Imperial College of Science and Technology 

London 

I want to s«y something about particles and really what I 
wunt to say is to spread further the moderate feeling of gloom which we 
ôll have when we look at the particle situation. I can say first that 
our terms of reference relate largely to work in laboratories of the 
type where I suspect most operators of laser anemoneters will work. The 
people in industry with high-speed wind tunnels of large size are in a 
different ball park. If you look at the particle problem in detail, you 
find that you are faced with all sorts of problems which you can't 
really analyze. You have coagulation, your size changes, you have 
electrostatic forces, you have thermal phoresis. We have taken all these 
possible forces on the particles we could find and tried to do appropri¬ 
ate sums. In general, for the kind of flow in which we are interested, 
we don't come out too worried. We also go back to flow situations where 
hot wires taught us the answers five or ten years ago and make sure we 
measure the same answers with LDV. 

Now if I can comment very briefly on the flow situations in 
which we tend to work. In water I don't believe there is any problem. 
We don't know accurately what the size distribution of the particles is. 
We do know it's polydispersed with the mean somewhere about a micron, 
perhaps a little less - at least in the water we work in. If you add 
latex or milk it doesn't seem to do anything to the signal. If you mea¬ 
sure fully developed flow in a two-dimensional channel, for instance, 
and add latex particles of the right size so that you drown out the 
particles which are already in the flow, it doesn't do anything to the 
turbulence intensity or the range of turbulence i censity which is 
measured. The same can be said for milk. So in water I am really quite 
happy and normally we don't add anything. We just work with the dirt 
which we have in the available water. 

In air the situation is a little bit worse if you work with 
what's in the atmosphere. Fortunately London, since the Clean Air Act 
of 15 years ago, is relatively clean. There are few particles around 
and what we have again suggests that they are polydispersed with a mean 
of about one micron. We don't work in the unseeded case - it takes too 
long for us to get answers. Either we burn tobacco smoke (and with this 
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^«CÎ?nr!Sr0dUîî twP1-di,nens1onali turbulent channel flow results) or we 

Ssr!‘yS°f ‘Ä)4S,SÄ;S íõuU S« to'check3the l-1"6 

tr,ed MiÄiv r 
?ycîenÎhîcMsSîêSCs1^ntrÎCiWlth ef,f1c,?nt m,x,"9 then you heve 1 duty 

Me“S - n^Ästel'i? S .T" 

off red cells iÜîcVÂI Äin 
ah?p%S0 th::e àrl not many Problems here. We think that we might be 

for sihco™"™?* ire,r'^ 

"C£^?e 70o S2 t0 ^ e--"tUP leco^ir^rth^h^ írii- 

ct"9wh‘? don^t'evaporate 155 l^kTÄs^ ^ 

rS|L»aS£KsS“" 
that'al so is ^ZlfVyiït ZTl^^ ^ L 

DISCUSSION: 

ä m,S !• Sa HaíSíí, 
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burns It looks energetic, but It's actually a fairly feeble type of 
rranhii$t1on and it's very hard to maintain a very uniform seeding. In 
addition to that, a great amount of agglomeration takes place which you 
would not expect. 

LENNERT: There is one point I would like to make. w® 
•nmp exneriments with the LDV system and then took some shots with a 
double pulse holography setup. We noticed that the particles were ro- 
tatino and they were not spherical. I hope that when you start 
thinking about these particles you take into consideration the f«t that 
the drag coefficients might not be what you think they are because the 
Irregularity of the materials. 
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