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ABSTRACT 

A laser-doppler "fringe" velocity meter was developed with 

the use of simple optical equipment and low laser power (less 

than 1 milliwatt), for the measurement of the velocity of solid 

particles (diameter up to 500 microns) in a two-phase flow. 

The potential for a higher signal-to-noise ratio and the ease 

of alignment made the fringe technique more appealing than 

other laser-doppler methods for the present application of vel

locity measurements between zero and 20 meters per seconde 

A rotating simulation wheel was used during the develop

ment which used small wires of 100 to 500 microns in diameter 

to provide a most satisfactory repres entation of the actual 

particle and fringe pattern interaction. The present system 

gave doppIer signals of extremely good quality with accurate 

velocity readings. The results demonstrated the successful 

use of a fringe laser-doppler system to measure the velocity of 

particles of a size much greater than the average fringe spac

ing. For a fringe separation of about 35 microns, successful 

velocity measurements of 100 and 500 micron spherical glass 

particles in a gas nozzle flow we,re made. The present system 

may ea6ily be extended to a much larger velocity range by util

izing the full power of the 1 milliwatt He-Ne laser. 
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INTRODUCTION 

The purpose of the experimental research performed during 

the course of this project was to measure the velocity of the 

solid particles in a two-phase gas-solid nozzle flow. Initial 

review of the literature revealed optical methods to be the 

most advantageous in the present application due to their in

herent ability of not disturbing the flow and the difficulty of 

using conventional velocity measurements for the solid phase of 

the fluid. Among the optical techniques available were high 

speed photography to determine the partiele trace during a 

known exposure time; multiple spark photography to evaluate the 

distance between particle positions knowing the time interv.al; 

and dual beam counting techniques to measure the time lapse be

tween the particle passage of two parallel light beams. The 

application of recently developed laser-doppler velocity instru

ments proved to be of particular interest and provided the cri

teria for successful velocity measurements. 

During the course of the past years laser anemometers have 

been developed for several aerodynamic applications, such as 

the measurement of velocity from 10-4 cm/sec to several thous

and meters per second, density, temperature, and turbulence.(l, 

2,3,4,5) The general consensus of authors who have had exper

ience developing laser velocity meters is that the most effic

ient and economical systems are those designed for a particular 

application (ie, velocity, particle size, partiele density, 

flow geometry, etc.). The major applications have been for the 

measurement of fluid dynamic properties by seeding the flow 

with submicron size partieles so as not to disturb the flow 
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properties. Most applications required the measurement of the 

gaseous or liquid phase properties and did not uniquely supply 

information on the solid phase of the fluid. For those appli

cations where asolid phase measurement was of interest, tha 

solid particles were usually of the micron or submicron size. 

The objective of this report is to summarize the work 

which has been completed in an attempt to develop an optical 

measurement technique which is suitable for the measurement of 

the velocity of large particles (500 microns) in a two-phase 

gas-solid nozzle flow. 
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OPERATING PRINCIPLES 

The theoretical discussion of the measurement techniques 

considered includes the operating principle and comparison of 

the fringe and reference beam laser-doppler systems. 

DoppIer Frequency Shift 

utilizing a monochromatic light source of frequency fo, 

and wavelength Ào' to illuminate a particle moving at a veloc

ity V, the relative speed between the particle and the illumi-

nating wavefront of propagation direction ~i' is: 

\ , (1) 
1\0 t = f À - V· è· o 0 I 

where c = fo À 0' is the speed of light. (See Fig. 1) The par

ticle scatters ,light with a frequency: 

f' :. f 0 
(2) 

A stationary observer views these scattered waves in the direc

tion ës ' at a frequency: 

v· -t' es 
fs :. + 

Às 

(3) 

or using equation 2, 

- -
fs fo 

- ~ ej 
'= + V . ( - -) 

Às Ào 
(4) 

Now, since Ào=Às: 

fs fo 
V 

(ës - ëj ) :. +-
Ào 

( 5) 
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and the doppler shift is: 

V fd = f - f 11: (ë - ë·) 
5 0 Ào 5 I 

(6} 

The net change (doppler shift) in fre ç.uency observed by the 

viewer is due to the speed of the particle and the orientation 

of the particle trajectory with the illuminating ê i , and scat

tered ês , light directions. 

If scattered light is superimposed upon unscattered light 

from the same source, the signal output of a phbtomultiplier 

observing this superposition (or optical beating) will exhibit 

a doppler frequency tone (6). If the two waves a r e critically 

aligned, the signal will provide frequency information from the 

photomultiplier output from which the velocity of the moving 

particles can be measured. The basic principle of laser-doppler 

velocity measurement is the evaluation of this frequency shown 

in equation 6 by analysis of the signal recorded by the photo

multiplier and displayed on an oscilloscope or other electronic 

signal analysis equipment (ie, spectrum analyzer, frequency 

counter, frequency tracker). (6,7) 

Laser ::3 ource 

Before continuing the development of the two primary laser

doppler techniques, it is perhaps appropriate to discuss the 

unique laser characteristics which make it most suitable for 

frequency shift measurement. The laser light produces a highly 

monochromatic light with good temporal coherence, or frequency 

stab~lity. These laser characteristics allow high illumination 

by focusing and establish long coherence lengths over which the 

phase coherence is maintained. The coherence length may be 
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represented by: 

(7) 

Since the laser is of good temporal cOherence, the wavelength 

difference ~ ~, is extremely small, making lcoh very large. (7) 

Focusing of the laser beam provides a high illumination on 

the particles whose velocity is of interest thereby increasing 

the intensity of the scattered doppIer shifted light. The f1-

nite extent to which a laser berun can be focused is shown in 

Fig. 2. This leads to a very small scattering volume which 

tends to eliminate much of the flow region and provide reason-

able assurance that a single particle is being observed and its 

velocity measured. There remains, however, the limitation of 

measuring a single velocity component. 

With these few basic laser characteristics one can now con-

sider the theoretical development of the fringe and reference 

beam laser-doppler velocity measurement techniques. 

Fringe Technique 

The basic pl'inciples of the fringe technique can be des

cribed by calcula ting the doppIer shifts from two equal inten

sity laser beams focused to a common point in space. Scattered 

radiation is reflected from a common particle in a common di

rection from the two beams, and yields a doppIer shifted fre

quency which is independent of the viewing direction and of a 

constant value for a given partiele velocity. Another develop-

ment describing the formation of an interference or "fringe" 

pattern by the two converging beams allows an easier understand

ing of the operating characteristics and design principles of 



6 

this methode Both developments will be summarized to better un-

deratand how the fringe technique compares to both the reference 

beam laser-doppler technique and the dual beam counting methods. 

A schematic diagr~ of the fringe system is shown in Fig. 

3. Two parallel beams are focused to a common point in the 

flow, maintaining their spacial and temporal coherence proper

ties. The focused beams form long, narrow, pencil shaped beams 

with a Gaussian intensity distribution and essentially planar 

wavefronts. The two radiations interfere to form a series of 

light and dark fringes. Any two of these fringes are separated 

by the distance: 

= (8) 
2 sin 8/2 

The photomultiplie~ detects the velocity of a moving partiele 

across the fringe pattern by detecting the variations of light 

intensity between the light and dark fringes and displaying an 

electrical current in the fashion shown in Fig. 4, with a DC sig

nal showing the partiele passage through the focal volume and an 

AC modulation proportional to the rate of the fringe passage. 

The frequency of the AC or doppIer signal is: 

2 Sin 8/2 
= (9) 

~ 

which is equivalent to the doppIer shifted radiation from a com

mon partiele located at the intersection of the two beams. 

As mentioned above, the doppIer fre quency can be explained 

by considering the heterodyning of two radiations scattered from 

a common partiele illuminated from two different directions as 

shown in Fig. 5. The optical alignment is identical to that of 



7 

Fig. 3. The two illuminating beams are travelling in directions 

ëil and ëi2' respective1y, and are being viewed from . the direc

tion indicated by ès • Light scattered from beam 1 is of fre

quency: 

:: f 
o 

+ 
v 
~ 

and light scattered from beam 2 is of frequency: 

V :: f + - . (e - e· ) 
o ~ s '2 

(10) 

(11) 

When these two radiations intercept a photodetector, they gen

erate a doppIer signalof frequency: 

2 sin 8/2 
~ 

(12) 

where ëL is orthogona1 to (ëil + ëi2). It can easi1y be seen 

that this frequency is identica1 to that of equation 9, where 

the velocity component measured is orthogonal to the mean il

luminating direction and to the fringe pattern established by 

the interference of the two beams. 

The detected frequency, f d , is independent of the viewing 

directionj thus the signal strength can be increased by increas-

ing the solid collection angle of the viewing opties without 

altering the observed frequency. As will be shown later, the 

solid collection ang1e for reference beam techniques must be 

limited to prevent frequency broadening effects. The use of a 

rather large viewing lens for collecting the scattered light 

does introduce the requirement for an aperture at the photode

tee tor to avoid collecting unwanted signaIs. The aperture size 

must be matched to the size of the image of the foca1 volume 
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that is established at the photodetector to avoid the collection 

and measurement of stray signals which introduce noise contri-

butions to the laser doppler signal. (4,5,6) 

The pro be volume characteristics are shown in Fig. 6 and 

are represented by the dimensional relationships: (4) 

. I 

beam width: 2 b = l:!. ---L- ~ 
o rr 2 b 

6x(1/el
): 2bo 

A y(1!ea ) = 2bo 1 cos 9/2 

Az(1/e2 )= 2bo 1 sin Q/2 

The number of fringes can be computed from.: 

N(1/e1
) 2b, 2tan 8/2 

= 
~ 

or N (1/ e~) 4 0 
= --

11' 2b 

where N. = number of fringes 

o ': 2 f' tan 8/2 parallel beam separation 

2b ': unfocused beam diameter 

2 b ': f ocused beam diameter 
o 

(13) 

(.14 ) 

(15) 

(16) 

Increasing the number of fringes will increase the accura-

cy of the velocity measurements by providing a greater number 'of 

signal cycles from which the average frequency value may be ta

ken. As the number of fringes increases for a fixed velocity, 

or as the velocity increases for a fixed number of fringes, a 

smaller number of photons are scattered from. each fringe. This 

can lead to the requirement for more laser power and more sensa-

tive light detecting equipment. (7) 

The fringe system is similar in nature to the dual beam 

counting methods, since in principle one measures the time lapse 

of a particle passing between two parallel fringes at a known 
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distance. It is also analogous to the reference beam technique, 

since the velocity measurement can be obtained by considering 

the optical beating of the scattered radiation from two illum

inating beams. (8) 

Reference Bearn Technique 

The schematic diagram for a reference beam geometry laser

doppIer system is shown in Fig. 7. The optical system focuses 

each laser beam to a common point in the flow region. The re

ference beam that intersects the photodetector directly is of 

low power relative to the second beam which reflects scattered 

light as a particle passes the focal region. (This is in con

trast to the fringe system where two beams of equal intensity 

intersect to provide the most distinct fringe pattern and sig-

nals. ) 

The light scattered from the plane waves of propagation 

direction ëi by moving scatterers in the focal region is doppIer 

shifted by the arnount: 

v (- -) = -. e -eo 
À S I 

o 

... ..L sin 9/2 
À 

V· e.1. (17) 

with the velocity component being measured normal to the plane 

of the beam intersection. 

The reference beam of low intensity is incident upon the 

photodetector essentially unscattered and therefore is not fre

quency shifted. Light scattered from the partiele by the high 

power illuminating beam reflected along the vector ës coinci

dent with the reference beam direction. These two radiation 

sources interfere at the photodetector and generate a current 

of frequency fd. 
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The probe measurement volume is defined as the region in 

space at the beam intersection where the relative harmonie dopp

Ier signal current amplitude is at least 1/e2 of that maximum 

possible current amplitude which occurs when a particle passes 

the point P shown in Fig. 8. This 1/e2 probe volume is contain

ed within the 1/e2 intensity contours of the land R beams. 

The doppIer current generated by a single scatterer is not 

of a unique frequency, f d , but is slightly dispersed about a 

mean frequency, fd. This frequency dispersion is eaused by the 

fini te angle ~ 9 (see Fig. 9) of the seattered radiation which 

is superimposed upon and aligned with the reference beam at the 

photodetector surfaee. ~ 8 is the angle of the 1/e2 intensity 

contour of the converging reference beam. This angle is essen

tially constant at points remote from the geometrie focus, P. 

The net frequeney dispersion, ~fd' due to a finite89 is deter

mined to be: 

~ ~8 cot 9/2 
2 

= ~8 (smalt g) 
8 

(18) 

Eor small front scattering (small 8 ), the angle ~ 8 is 

made much smaller than e to minimize signal frequeney disper

sion and provide an accurate doppIer signal. A value of 0.05 

for ( Af_d AS 

fd e 
) will provide a veloeity measurement with 

an accuracy of about one percent. The small value of Ij. 8 limi ts 

the signal-to-noise ratio as the effective solid collection an

gle of the scattered radiation,~.n.:882, is restrieted. (6) 

Aperture requirements arise ' for the referenee beam teeh

nique to insure that the photodetector only views a smallA8 and 

no background noise or spurious refleetions from other partieles 
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in the flow. A1ignment is more comp1icated than the fringe me-

thod, since one does not have the advantage of the collecting 

lens to project an image of the focal volume to the aperture; 

and the requirement for small Ëf makes positioning of the fil

ter on the reference beam more difficult due to the narrow se-

paration between the two beame prior to the lens. Additionally, 

particles not crossing the probe volume exactly through the 

point P as shown in Fig. 8, will exhibit some frequency broad

ening in their doppler signals due to the inherent misalignment 

of the reference and scattered beams which propagates over the 

distance to the photodetector. 

Signal-To-Noise liatio Problems 

To more easily understand the signal-to-noise problems en

countered in the use of laser-doppler systems, one must consider 

the general signal-to-noise ratio applied to both the fringe and 

reference beam techniques. Fol1owing the development of Refer

ence 6, the expression for signal-to-noise ratio may be written: 

SNR = ( (19) 

where l\ is the quantum efficiency of the photodetector 

A is the radiated area of the photodetector 

h is P1anck's constant 

f, is the laser beam fre quency 

~f is the bandwidth of the photodetector 

S 1 S2 the intens i ty of the beams 

5 B the background light intensi ty 

For the reference beam technique, equation 19 becomes: 
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SNR :: 1\ A Ss SR (20) 

where SR & Ss are the reference and scattered light beam inten

sities, and ASS is the aligned scatter power within the 1/e2 

intensity region of the reference beam as it diverges from the 

scatter point. Since: 

::: 1 (21) 

ASS is related to the solid collection angle of the reference 

beam by: 

(22) 

where is( Q) is the differential scattered power. ~8 2 must be 

small to limit frequency broadening effects • 

.r'or the fringe system the two beams are of equal intensi ty, 

SI = S2, and equation 19 becomes: 

A S2 
SNR :: 1 5 «1 

hf1~ f 2S1 +SB B 
(23) 

. 2 
- 1\ !s( 8> ~8S -

2h f, ~ f 
where ASI is the a1igned scatter power at the photocathode and 

~ 95
2 is the solid collection angle of the scattered radiation. 

Since ~ 9s
2 iS not limited by frequency broadening as in the re

ference beam method, the signal-to-noise ratio can be increased 

by using a larger diameter collecting lens. 

By referring again to equation 19, one can see that for a 

given photodetector, the only mechanism for further increasing 
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the signal-to-noise ratio is by using a higher power laser to 

increase SI & S2 since a direct increase in the photocathode 

area is not possible because of aperture requirements. 
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EXPERIMENTAL PROCEDURE 

The development of a laser-doppler technique for the meas

urement of solid particles was directed towards utilization in 

the VKI two-phase, gas-solid flow facility, PI, where veloci

ties up to about 20 meters per second are presently experienced. 

The application of the device for higher velocities was left 

for future development. A picture of the flow facility is shown ~n 

Fig.10,(see refll) and one can see the location of the test sec

tion where the velocity measurements were made. The moving gas 

flowed through the horizontal pipe at a constant velocity, and 

the solid particles were injected into the flow fro~ the reser

voir by use of a valve to regulate the loading ratio. A mixer 

could be employed to inject the particles (spherical glass beads 

of 100 to 500 microns in diameter) into the gas with an initial 

velocity parallel to the gas flow. The partieles were then ac

celerated by the gas and the two-phase flow exited a nozzle of 

circular cross section into the test section. The particles 

could subse ~"uently be collected and reloaded into the facili ty 

as shown. 

Several optical arrangements were investigated so as to 

duplicate the measurement techniques previously discussed. In 

order to avoid the undesirable si"tua tion of testing in the ac

tual flow facility, an alternate means of simulating the flow 

was devised. A circular plexiglass disc was mounted on a motor 

axis. Solid particles of the same type as used in the flow fa

cility (diameter = 500 microns) were randomly affixed to the 

surface of the disc with a transparent spray. This simulation 

was used for the laser-doppler experiments for the measurement of 
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the tangential component of the particle velocity. An advantage 

of the simulation device was tha t it provided an excellent means 

of checking the accuracy of the velocity meter before actual 

flow testing. One simply compared the measured velocity values 

to those computed knowing the disc revolution rate and the po

sition of the particIe. Once developed, the laser-doppler de

vice had the advantage of not requiring any calibration before 

use as with conventional velocity measurement devices. 

~ith the aid of Dr. Trolinger of ARa, Inc. a fringe method 

laser-doppler velocity meter was developed with a set of very 

crude opties. The fringe method was utilized because of the 

potentially better signal-to-noise ratio and ease of implemen

tation with simple optical equipment. The optical system is 

shown in ~' ig. 11, and used a very thin flat plate window glass 

(1.15 mm) to reflect a small porti on of the full laser power 

in two parallel beams from its surfaces. The major portion of 

the 1 milliwatt He-Ne laser light was simply transmitted through 

the glass and not used for velocity measurements. The two par

allel beams were focused by a converg ing lens (f'= 165 mm) to a 

common point, and subsequently formed a fringe or interference 

pattern. The pattern could be analyzed by observing its pro

jeetion onto a viewing screen with the use of a microscope lens. 

By measurement of the fringe spacing and knowledge of the mag

nifying power of the microscope, one had an excellent means of 

eomparing it to the e a lculated values from equation 8. 

The viewing opties eonsisted of a collecting lens (f' = 
100 mm) for the scattered light which projected an image of the 

focal volume (and fringe pattern) to an aperture 0.4 mm wide 

mounted in front of the photocathode at the face of the photo-
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multiplier, which recorded the laser-doppler frequency signal. 

The photomultiplier was an EMl model 9558 with an S-20 cathode 

surface which had a spectral response sufficient to measure the 

light of the laser at 6328 angstroms. A high negative potential 

of 1400 volts was supplied to the photomultiplier and then var

ied slightly to provide minimum noise levels depending on the 

room background noise levels. The aperture served the purpose 

of filtering stray signals, and in conjunction with the collect

ing lens provided an excellent means of improving the signal

to-noise ratio even in the presence of ordinary room light dur

ing the testing periode 

The focusing and viewing opties were mounted on separate 

optical benehes with three degree of freedom adjustable supports 

for the collecting lens and the photomultiplier, allowing fine 

adjustment of the optical alignment. The op~cal benehes were 

supported by a heavy metal table with a wooden top to prevent 

vibrations from distorting the fringe pattern. 

The alignment procedure of the system consisted of project

ing the laser beam at the reflecting glass and having the two 

reflections pass through the converging lens to the measurement 

point. Because of the slightly skew nature of the two surfaces 

of the glass, it had to be rotated to a proper position to pro

vide parallel bedms. The parallel nature of the beams was ob

served when the projection of the focal volume by the microscope 

lens indicated the beams were aligned at the cross over region 

and the fringe pattern was the most distinct attainable. Hav

ing obtained a good quality fringe pattern, the collecting lens 

was positioned at a distance from the focal region slightly 

greater than its focal length thereby projecting areal, magni-
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fied image to the aperture at the photomultiplier. The photo

multiplier signal was then displayed on a storage oscilloscope, 

and the signal quality was optimized by final adjustment of the 

viewing optics. 

The storage scope was employed in the trigger mode which 

allowed a signal display only when a sufficiently high ampli

tude of the AC doppler signal was detected. The trigger level 

could be adjusted and only signals above that level recorded. 

In this way velocity measurements could be made only of those 

particles which crossed the fringe pattern at its center and 

provided the highest amplitude and best quality signaIs, there

by acting as a filtering device if one wished to utilize this 

capability. 

The use of electronic filtering devices also aided the sig

nal processing and display procedure. Low pass filters were em

ployed to eliminate noise and stray signals whose frequencies 

were above the frequency of the doppIer signal. dith the addi

tional use of high pass filte rs, one could eliminate the DC 

component of the doppIer signal, and have a signal which only 

conta ined the doppler frequency from which the velocity infor

mation could subsequently be processed by use of frequency 

counters or other electronic display equipment (6,7). This 

. means of data processing has the potentialof providing very 

accurate results for the velocity since one would electronical

ly measure the signal frequency r~ther than visually as is done 

with the oscilloscope display. 

During the experimental process, several different types 

of filters were used. A variabIe active filter with a 200 KHz 

maximum frequency capability and both low and high pass capa-
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bility proved useful for the lower velocity range (ie, 35 micron 

fringe spacing and velocities up to 7 mis). For increased vel

ocity both a 500 KHz passive filter and a 40 to 430 KHz band 

active filter were used, providing filtering up to 17 and 15 

mis, respectivel~. Bxperience showed the active filters to pro

vide a more accurate signal display and Ie ss distortion of the 

velocity data due to their more rapid response times and more 

sharply defined frequency limits. Additionally, one had to use 

care that the filtering process did not distort the true veloc

i ty values. 

Initial signals obtained from the laser-doppler system used 

with the simulation wheel indicated a frequency shift was pres

ent, but were not of sufficient clarity to provide any velocity 

data. In an attempt to improve the simulation, a new disc was 

used which contained small wires (diameter = 100-500 microns) 

projecting radially outward from the circumference. This elim

inated the possibility of reflection and refraction of the las

er light by the disc and the spray surrounding the particles. 

The use of the wire as shown in Fig. 12 proved to be the most 

efficient means of simulating the particle and fringe pattern 

interaction. 

A photograph of the fringe pattern is shown in Fig. 13, 

where the two beams crossed at an angle of 2.25 degrees forming 

approximately 11 fringes in the l/e2 intensity area with a spac

ing of 32 microns. The probe volume dimensions in the 4 x and 

Ay directions were approximately 350 microns. The number of 

fringes can be varied by changing the angle between the two 

laser beams. The easiest means of achieving this is to use an 

integrated optical unit as shown in Appendix 1. The present 
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system uses different thickness ref1ecting glass (1.15 & 11.25 

mm) and different ang1es of incidence of the laser beam to vary 

the number and spacing of the fringes. 
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hESULTS 

Of primary concern during the testing period of the fringe 

system were the pattern quality and proper matching of the 

fringe spacing to the particle size. The relatively simple op

tical equipment utilized provided excellent fringe patterns as 

was evidenced in Fig. 13, which were relatively insensitive to 

vibrations except when the system was used adjacent to a running 

continuous supersonic wind tunnel. Some distortion of the fringe 

pattern was observed which destroyed the clarity of the frequen

cy information. In severe situations shock insulation of the op

tical benches may be required to prevent signal distortion. he

ferring to Fig. 14, one can observe the variation of signal vis

ibility vs particle size as predicted by small particle scatter

ing theory. The signal visibility, I', is defined from the AC 

doppIer signal as the ratio between the difference and the sum 

of the maximum and minimum intensities of the modulated signal. 

This reflection analysis,when compared to the experienced values 

of I' for a 300 micron wire simulating the particIe, shows con

siderable disagreement. At a fringe spacing of 35 microns with 

the 300 micron wire, one w9uld expect an extremely small signal 

visibility. Analysis of the signals experienced showed values 

for I' around 0.5, indicating a much smaller particle was pres

ent. Because of this phenomena and that previous fringe system 

developers had indicated it was not possible to apply the system 

to large particles (diameter>fringe spacing), an attempt was 

made to discover the reasons involved. (4,7) Fig. 15 shows an 

enlargement of the 300 micron wire in the focal volume as viewed 

by the photomultiplier. As can be seen, only a very small por-
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tion of the wire surface area is illuminated as the fringe pat

tern is crossed (approximately 10%). This situation represents 

that of a much smaller partiele of the same order of magnitude 

as the fringe spacing (35 microns) being observed. It was pos

tulated that similar results would be obtained from the spheri

cal partieles in the flow facility. The results shown later 

wil 1 indeed prove this to be true, indicating one can measure 

the velocity of partieles larger than the fringe spacing provid

ed the viewing opties observe the flow from an angle sufficient 

to collect only the scattered light from one side of the parti

ele. (9) 

îhe success of the laser-doppler system which was developed 

is best illustrated by an analysis of the particular character

istics of several unique doppler signals that were obtained. 

1) Fig. 16 illustrates the poor quality signals which were 

provided by the initial simulation wheel using the actual parti

eles attached to the disc surface, and did not truly represent 

the interaction between the laser light and the partiele due to 

reflections and refractions of the wheel and spray which held 

the partieles. 

2) Signal quality was improved by utilization of wires to 

simulate the flow and a low pass filter to eliminate stray noise 

contributions. Fig. 17 shows these results as obtained from the 

simulation wheel with the 300 micron wire; and Fig. 18 shows 

those for the actual flow with 500 micron partieles. 

3) For a rather wide fringe spacing of 106 microns, Fig

ures 19 and 20 show a completely nonfiltered signal and one ob

served with the use of both a high and low pass filter. Care 

must be taken in application of the filter to maintain the dopp-
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Ier frequency, but it does provide velocity information in a 

format which is easy to apply to alternate display techniques 

such as frequency analyzers or electronic counters (6,7). 

4) Using the thicker reflecting glass (11.25 mm), one can 

obtain a larger angle between the two beams and, hence, an in

crease in the number of fringes over those shown above which 

allows more frequency cycles over which more accurate velocity 

information is obtained by averaging. Fig. 21 shows a signal 

obtained from the 300 micron wire with a fringe spacing of 28 

microns. 

5) The simulation wheel was used to investigate the effect 

of increased velocity on the signal as shown in Figures 22 & 23, 

where velocities of 4.78 & 12.35 mis are shown respectively for 

nonfiltered signaIs. It can be seen that the amplitude of the 

doppIer signal is decreased with higher velocity, confirming 

the predictions of Imperial College (7). 

Tne remainder of the results contain signals and velocity 

measurements which were made in the actual flow facility. A 

plexiglass visualization box with glass windows was placed a

round the exit of a 4.7 cm diameter circular nozzle to observe 

the flow and still maintain collection of the solid particles 

as the flow was exhausted into the air at atmospheric pressure. 

Velocity measurements were made about 1 cm from the plane of 

the nozzle exit with the laser beams and viewing opties utiliz-
~ 

ing the glass windows for transmittance of the light. A very 

slight refraction of the laser beam was observed as it entered 

and exited the glass windows, which did not perturb the veloc-

ity measurements. 

6) Having experienced signals on the simulation wheel, 
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an at tempt to obtain signals with smaller diameter (100 micron) 

partieles in the flow facility proved successful as shown in 

Fig. 24. 

7) Nith very precise optical alignment and aperture siz

ing, one can obtain quality signals without the aid of filters 

before display on the oscilloscope. Figures 25 & 26 show the 

results of measurements made in the facility with 500 micron 

partieles at two different veloeities without the aid of a fil

ter. 

8) Fig. 27 shows a comparison between the average measured 

partiele velocity at the exit of the nozzle to theoretical pre

dictions for the partiele to gas velocity ratio using a Stokes 

flow drag coefficient on a spherical partiele of 100 microns in 

diameter accelerated from zero initial velocity at its injection 

point in the flow. The measurements were taken at 1.6 meters 

from the partiele injection point and the gas velocity was as

sumed constant over the region extending to the nozzle exit. 

The measurements indicated that this particular two-phase drag 

theory compared within 2 to 3 per cent of the actual veloeities 

experienced. 

9) The velocity of larger diameter partieles (500 microns) 

was measured under similar conditions in a traverse of the nozzle 

exit as shown in Fig. 28. As can be seen, a rather uniform vel

ocity distribution across the nozzle was experienced with a dis

persion of partiele veloeities indicating flow irregularities. 

The exact location of the measurement points is somewhat uncer

tain due to the fact that the two separate optical benehes were 

moved and the system realigned to make these measurements. For 

more precise mobility of the system, it is recommended that the 
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optical benehes be combined into a single unit with a capabil

ity to be moved freely without necessitating realignment. 

10) A final comparison was made in Fig. 29 with the 500 

micron partieles veloeities being compared to theoretical values 

determined from Newtoniam drag theory assuming constant drag on 

the spherical partieles as they were accelerated by the gas flow. 

The values shown with and without the mixer represent the in

jection of the partieles into the gas with and without an ini

tial velocity component parallel to the gas flow. The measure

ments were made at the nozzle exit, 1.0 meter from the point of 

the partiele injection. 
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RECOMMENDATIONS 

1) A detailed analysis of the reflection process from large 

partie l es (d iameter>fringe spacing) and their interaction with 

t he fringe pattern should be conducted. 

2) Use of the I milliwatt He-Ne laser full power with the 

integrated optical unit should be attempted to extend the pres

ent velocity range. 

3) An investigation of alternate laser-doppler techniques 

as desc r ibed in the literature and Appendix 1 should be completed 

to determine their applicability to the present flow situation. 

4) Subsequent developers of laser-doppler systems are re

minded to insure the system design is compatible with the unique 

requirements of the particular flow situation of interest. 
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CONCLUSIONS 

1) Fringe laser-doppler velocity measurements can be made 

of solid part~cles much larger in size than the average fringe 

spacing provided the viewing opties only record the reflections 

of light from one side of the partiele as it passes each fringe 

in the foca1 volume. 

2) Very simple optical equipment and low laser power (leas 

than 1 milliwatt) are suitable for making velocity measurements 

in the present application ' of solid partieles in a two-phase 

flow. il ith increased laser power, higher velocity measurements 

are obtainable. 

3) Small wires of the aame size as the flow partieles pro

vide a most satiafactory simulation of the actual measurement 

process. 

4) A greater number of fringes in the focal volume allows 

more accurate velocity information by providing a larger number 

of cycles from which an average frequency is obtained. Care 

must be exercised that the particle size and fringe spacing are 

compatible with accurate velocity measurements. 

5) Jith the use of very precise optical alignment and 

viewing aperture sizing, one can obtain signals of sufficient 

quality to provide accurate velocity information without the 

aid of a filter for oscilloscope display analysis. 

6) The velocity measurements can be made with no flow dis

turbance and offer extremely convenient means of determining 

solid partiele velocity in a two-phase flow. 
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Df = 3~.2 microns 6=2.25 degrees 
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Effective partiele size observed on 300 micron wire 

WIRE REFLECTION 

Figure 15 
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Df = 150 microns 

t = 50 microseconds / div 

Signa1, Partic1e on Simulation Wheel 

Figure 16 
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Df = 140 microns t = 20 microseconds / div 

Signa1, Wire on Simu1ation Whee1 

Jt'igure 17 

Df = 1.40 mier.ons t = 20 microseconds / di v 

Signa1, 500 m.icron Partiele 

Figure 18 
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Df = 106 microns t = 20 microseco~ds / div 

Signal, Wire on Simulation Wheel, No Filter 

Figure 19 

Df = 106 microns t · : 20 microseconds / div 

Signal, Wire on Simulation Wheel, High/Low Pass Filter 

Figure 20 
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Df = 28 microns t: 20 microseconds / div 

Signal, Wire on Simulation Wheel, Increased 

Number of Fringes, Low Pass Filter 

Figure 21 
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Df = 34.2 m-ÏCl'ons t = 10 microseconds / div 

Signal, wire on SimuIa tion Nheel, No Elil ter, V • 4.78 mis 

Figure 22 

Df = 34.2 microns t = 2 microseconds / div 

Signal, Wire on Simulation Wheel, No Filter, V = 12.35 mis 

Figure 23 
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Df - 30.4 microns t = 10 microseconds / div 

Signal, 100 micron Partiele, Low Pass Filter 

Figure 24 
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Df = 34.6 microns t ,= 10 microseconds I div 

Signal, 500 micron Partiele, No Filter, V • 3.65 mis ' ' 

Figure 25 

Df = 34.6 microns t· 5 microseconds I div 

Signal, 500 micron Partiele, No Filter, V = 6.95 mis 

Figure 26 
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APPENDIX 1 

In order to eliminate the problems posed by the crude op

ties currently used for velocity measurements, an integrated 

unit was designed fashioned af ter those developed by Durst & 

Whitelaw (8,10). This unit will provide increased flexibility 

for variation of the angle between the two laser beams through 

the use of a movable beam splitter and mirror, and allow the 

utilization of alternate laser-doppler techniques. Full use of 

the laser power can be made with any laser-doppler technique 

shown on the fOllowing page, allowing extension of the present 

velocity range for partiele velocity measurements. 



REFERE NCE BEAM 

t 
Ic:: 

SINGLE BEAM 

OPTICAL UNI T MODES 

F RINGE M ETHOD 

t - -

Yy 
/0 

V1 
~ 



54 

APPENDIX 2 

Fringe Laser-Doppler Velocity Meter Equipment 

1 OIP model 165 He-Ne Laser (1 milliwatt) 

1.0 meter optical bench and supports 

1.4 meter optica1 bench and supports 

Visualization Box 

Reflecting Glass (1.15 & 11.25 mm) 

1 Converging Lens (fl = 100 mm) 

1 Converging Lens (fl : 165 mm) 

1 EMI model 9558 photomu1tiplier & emitter follower 

1 20X microscope lens 

1 500 KHz filter 

1 40-430 KHz filter 

1 0-200 KHz filter 

3 15 volt power supplies 

1 2000 volt power supplies 

1 Voltmeter 

2 Variable Transformers 

1 Gscilloscope - Tektronixmodel 7514 

1 Electronic Counter - Hewl~t Packard model 524C 
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