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1 2 
a system capable of measuring a very wide range of flow 

3,532,427 LASER M [ ~ A ~ ~ R ~ ~  rate ranging from a subsonic to  the supersonic. 

T m E E  DIMENSIONAL VECTOR VEEBCIm SUMMARY O F  THE INVENTION 
T. 0. Paine, Administrator of the National Aeronautics 

and space ~ d ~ h i ~ t ~ ~ ~ ~ ~ ,  with respect to an invena~on In general the present invention is based on the prin- 
of Edward Wolf, Lincoln, and Kenneth F. Snnard, ciple of detecting the Doppler shift introduced into the 
Lexington, Mass., and Robert M. Huffaker, Huntsville, frequency of a coherent laser beam scattered from the 
Ma. moving particles embedded in a flow. Measurements are 

Rled Apr. 22, 1869, Ser. No. 818,349 made in three dimensions by providing three independent 
ht.  Cl. G0Bp 5/00 receiving systems that are all focused on the same scat- 

U.9. aC1.356-28 tering volume illuminated by the coherent beam. The 
Doppler shifted, scattered coherent beams are homodyned 
by coherently mixing them with portions of the laser 

A B S m C T  OF TEE DSCLOS beam that have not been Doppler shifted t o  obtain peri- 

A laser Doppler velocimeter for measuring the mean 15 odic signals having a frequency equal to  the difference 
velocity and turbulence of a fluid flow. Optical homodyn- in frequency of the beams. The nature of the difference 

ing of a of a laser beam scattered from moving signal or Doppler shift provided by a turbulent flow is 
particles embedded in a flowing fluid with a portion of a rapidly varying frequency centered about a mean fre- 
the laser beam is made from three different viewing angles quency. A frequency to voltage converter is ~rovided for 
to produce beat signals at the frequency of the Doppler 20 converting the Doppler shift in frequency into a D C  
shift due to the motion of the fluid. The Doppler shift voltage level corresponding to a carrier frequency or  
signal containing the mean velocity and turbulence infor- mean velocity and a time dependent random signal cor- 
mation is frequency demodulated to produce a fluctuating responding to the turbulent fluctuations. 
D C  output. The D C  output corresponds to  a carrier fre- A more complete understanding of the invention will 
quency or mean velocity of the fluid and a time-dependent 25 thus be obtained from consideration of the accompany- 
random signal corresponding to the turbulent fluctuations ing drawings in which: 
in the fluid flow. FIG. 1 is a schematic diagram of the three-dimensional 

Doppler velocimeter according to the present invention. 
FIG. 2 is a block diagram of the frequency to voltage 

ORIGIN OF THE INVENTION 30 converter of FIG. 1. 

DESCRIPTION O F  THE PREFERRED 
The invention described herein was made in the per- EMBODIMENT 

formance of work under a NASA contract and is subject 
to the provisions of Section 305 of the National Aero- Reference is made to FIG. 1 to illustrate the operation 

nautics and space of 1958, public L~~ 85-568 (72 35 of the present invention in the measurement of the mean 
Stat. 535, 42 U.S.C. 2457). velocity and turbulence of a stream of fluid through a 

chamber PO. The apparatus includes a source of coherent 
BACKGROUND OF THE INVENTION radiation, such as a laser 11, that is capable of generat- 

ing a coherent beam 13. The beam 13 is directed t o  a 
This invention relates to an apparatus for measuring 40 stream of fluid through a focusing lens I5 and transparent 

fluid flow velocity and more particularly to  an apparatus window 17 disposed in chamber 10. The lens 15 is uti- 
for determining the three-dimensional vector mean veloc- lized to focus the beam 13 onto a scattering volume 25 
ity and turbulence of a fluid flow. at a desired location in the stream of fluid. 

The measurement of fluid flow in both the gas and The fluid is seeded with optical scattering particles so 
liquid state is a well-developed art and a wide variety of 46 that a portion of the laser beam 13 is scattered by these 
devices have been developed over the years for accom- particles embedded in the fluid flow. Preferably the size 
plishing this measurement. Examples of such devices are of the particles is such that the particles follow the tur- 
Venturi, orifice and Pitot tubes, moveable vane, positive bulent flow accurately and do not change the flow. In 
displacement, and hot wire anemometry. The primary one embodiment the size of the particles was approxi- 
disadvantage of most previous methods of flow measure- 50 mately .5 micron and the scatter is described by the Mie 
ment techniques has been their dependence on maintain- theory. The Doppler shift in frequency of the beam 13 
ing constant physical properties in the flowing field being as a result of scattering from the moving particles is 
measured. Thus, changes in the parameters such as given by 
density or viscosity of a fluid will result in errors since 
most previous devices will remain calibrated only within 55 Af -:[(cos 8-1) cos a-sin e sin a] 
very restricted ranges of these parameters. A second dis- 8 - ~  (1) 

advantage is that almost without exception other methods wherein Af, is the Doppler shift, v is the velocity of the 
of flow measurement require the introduction of a physi- fluid, x is wavelength of beam 13, or is the angle of inci- 
cal testing device into the flow being measured. The dence of beam 13 with the fluid and o is the angle of the 
introduction of such devices into the flow tends to distort 60 scattered light from the axis of beam 13. 
the flow being measured. A third disadvantage results Lenses 18, 21 and 23 are utilized for viewing through 
from the fact that since the physical probe of some sort transparent window 27 the scattered beams 29, 31 and 
is used, the devices are subject to  damage in an extremely 33 from the scattering volume 25. Lenses 19, 21 and 23 
hostile environment such as high temperature or a chemi- are located a distance such that the scattering volume is 
cally corrosive fluid. 05 focused on the photo-multipliers 41, 43 and 45. It  will be 

I t  is therefore one object of the present invention to understood that lenses 19, 21 and 23 may be positioned 
provide an apparatus for measuring the three-dimensional a t  any angle around the axis of the laser beam 13 so as 
vector mean velocity and turbulence of a fluid flow. to view either forward scattered light as shown in FIG. 1 

It is another object of the present invention to provide or backward scattered light and that the scattering volume 
an apparatus for obtaining a velocity profile independent 70 is defined by the intersection of the focal regions of lens 
of the physical properties of the fluid. 15 respectively with lenses 19, 2% and 23. I t  will also be 

It is another object of the present invention to provide recognized that by measuring the DoppIer shift at three 
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scattering angles, the components of the vector velocity Accordingly the nature of the Doppler shift signal 
along three orthogonal axes can be determined. provided by a turbulent flow is a rapidly varying frequen- 

T o  obtain measurements of the Doppler shift, por- cy centered about a mean frequency. Therefore to obtain 
tions of the scattered beams 29, 31 and 33 are directed the turbulent information the Doppler shift input fre- 
through beam splitters 35, 34 and 39 respectively, onto quency must be demodulated. 
a mixer such as photo-multipliers 41, 43 and 45. The The output signals of the photo-multipliers 41, 43 and 
three-Doppler-shifted scattered light beams are homo- 45 are respectively demodulated by frequency to volt- 
dyned at  each photo-multiplier by coherently mixing them age converters 71, '73 and 75. Turning now to FIG. 2 
with portions of the laser beam 13 that has not been there is shown a more detailed block diagram of a fre- 
Doppler shifted. This process may be accomplished by 10 quency to voltage converter suitable for use in FIG. 
allowing a portion of beam %3 to  pass straight through 1. As shown, the output of the photo-multipliers, such 
window 27. The beam 13 is focused by lens 47 and is as photo-multiplier 41 is heterodyned in a mixer 77 
divided by a beam splitting prism 53 into reference beams with the output signal derived from a voltage controlled 
55, 57 and 59. The reference beams are focused by oscillator 79. The output of the mixer 77 is the sum 
lenses 61, 63 and 65 respectively onto beam splitters 35, 15 and difference frequency of the output signal of the 
37 and 39 which in turn directs a portion of each refer- VCO 79 and the photo-multiplier 41. The output of the 
ence beam to photo-multipliers 4k, 43 and 49 on the mixer is applied to  an I F  amplifier and bandpass filter 
same axis as the scattered beams 29, 31 and 33. 81 which removes the sum frequency and amplifies the 

Disposed on the reference arm of the present invention difference frequency. The output signal of the IF ampli- 
is a single sideband rnodalator 49 and also a variable 20 fier $1 is applied to a frequency discriminator 83 having 
neutral density filter 51 for adjusting the intensity of the a predetermined center frequency. The output of the 
reference beams 55, 54 and 59 so as not t o  overdrive frequency discriminator is fed back to the input of the 
the photo-multiplier tube while still maintaining the VCO 79 which in turn modulates the output of the VCO 
ratio of the intensity of the reference beams 55, 57 and to reduce the instantaneous frequency difference between 
59 to the respective scattered beams 29, 31 and 33 much 25 the Doppler shift frequency. 
greater than one. T o  obtain the mean velocity and turbulence informa- 

The need for the use of a single sideband modulator tion, the DC output voltage of the frequency discrimi- 
in the reference arm of the system is brought about by nator is monitored by recorder 85 and the AC output 
the fact that a photo-multiplier is a square law detector. voltage or fluctuation is monitored by recorder 87 for 
Accordingly the Doppler shift Afs resulting from homo- 30 statistical turbulence information. 
dyning the reference beams with the Doppler shifted It  will now be seen that the present invention provides 
scattered beams is a scaler and an ambiguity of 180" in a very accurate means of measuring the three-dimen- 
the vector velocity measurement of flow can occur. To sional vector velocity of a fluid flow. The apparatus does 
determine whether the frequency of the reference sig- not disturb the fluid flow and because the scattering vol- 
nal is greater or less than the Doppler shifted scattered 35 ume can be made very small, the resolution of the sys- 
signal frequency the insertion of an optical single side- tem is very high. 
band modulator is made to up or down convert the fre- The invention is not to  be restricted to the specific 
quency of the reference beam 93 by an amount greater structural details, arrangement of parts, or circuit con- 
than the maximum expected Doppler shift. The direction 4o nections herein set forth, as various modifications there- 
of the velocity compnoent may then be made by deter- in may be effected without departing from the spirit and 
mining whether the difference in frequency between the scope of this invention. 
reference signal and the Doppler shifted scattered signal What is claimed is: 
is greater or less than the single sideband modulator 1. An apparatus for measuring the three-dimensional 
The insertion of a single sideband in the beam X3 Or 45 me?n velocity and turbulence of a stream of fluid com- 
reference signal may be accomplished through the use prislng: 
of a modulator 49. I t  will be reCd3gnized that in means for generating a beam of coherent radiation; 

that the direction of the velocity vector is nleans for directing said beam onto a predetermined 
known, the use of the modulator 49 may be eliminated. scattering volume in said stream of fluid; 

In ~rocessing the output signals of the ~ h 0 t o - m ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  50 first, second and third radiation mixing means respec- 41, 43 and 45 in a system for measuring both the mean tively responsive to a Doppler-shifted signal and a 
velocity and turbulent motion of a fluid flow, the flow can reference signal for producing an electrical output 
be divided into a temporal mean and turbulent part. The signal having a frequency equal to the difference in 
velocity components in the flow can be written as frequency of said Doppler-shifted signal and said ref- 

where 7 ( t f )  equals the mean velocity of flow, averaged 
over a relatively long time period t'; and uf( t )  equals 
the time dependent turbulent velocity fluctuation part. 
Any turbulence that generates a change in velocity in the 60 
fluid will as expressed in Equation 1, generate a cor- 
responding Doppler shift in the laser wave front incident 
upon it. This frequency shift is detected by the homodyn- 
ing of the reference and the scattered beams on the photo- 
multiplier as previously described. For a given velocity, 65 
the Doppler shift corresponds to  some carrier frequency 
and any turbulence in the medium introduces additional 
Doppler shifts that modulates this carrier frequency. 
Therefore, Equation 2 can be expressed in the terms of 
corresponding Doppler frequency components as follows: 70 

Afs(t)=fc(t') +fciev.(f) 
wherein: 
f,(t')=carrier frequency correponding to Z(tf) 
faev.(t) =frequency deviation corresponding to u ' ( t )  75 

erence signal; 
first, second and third recieving means positiond around 

the axis of said beam of coherent radiation for col- 
lecting Doppler-shifted scattered radiation from said 
scattering volume at three different scattering angles 
and for directing said Doppler shifted radiation re- 
spectively to  said first, second and third radiation 
mixing means to form said Doppler-shifted signal; 

means for directing portions of said beam of coherent 
radiation to  said first, second and third radiation 
mixing means to form said reference signal; and 

first, second and third frequency to voltage convert- 
ers connected respectively to the output of said 
first, second and third radiation mixing means for 
frequency demodulating said electrical output signals 
so as to obtain a fluctuating output voltage having a 
D C  level corresponding to the mean velocity of said 
stream of fluid and AC component corresponding 
to the turbulence spectrum of said stream of fluid. 

2. The apparatus of claim 1 wherein said first, second 
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,ti-ril thrrd 1~1dldtlon lnlxing means compl plroio mnl-  orre rent In the orrlprit of sdrd first, 5econd drrti third Ire- 
trpllei s qiienLy to \ oltdge Lonver ier s. 

3 The dppaldrur of ~ l a ~ r n  2 where111 said iiisi, se~ond 
and th~rd  recelvlng means respectively compnse lenses References Cited 
positlolled to  focus scattered radiation f rom said scatter- 5 UNITED STATES PATENTS 
ing volume on the input of  sald photo-mult~pi~ers 3,403,369 ll/l968 Blchel -------------- 356-28 

4. The apparatus of claim 3 includ~ng a variable neu- 
tral density filter disposed in the path of said beam of OTHER REFERENCES 
coherent radiation for controlling the intensity of s a ~ d  Proceedings of the IEEE, "Laser Doppler Velocimeter 
reference signals. 10 for Measurement of Localized Flow Velocities in Liq- 

5.   he apparatus of claim 2 including a single side- ulds," by J .  W. Forman, Jr., et al., March 1966, pp. 424- 
band modulator disposed in the path of said beam of co- 425. 
herent radiation for selectively converting the frequency 
of said ~eference signals. RODNEY D. BENNETT, JR., Primary Examiner 

6. The apparatus of claim 1 including first monitor- 15 
ina means for recording said DC level output of said M. F. Assistant Examiner 
first, second and third frequency to voltage~converters; U.S. C1. X.R. 
and second monitoring means for recording the AC com- 73-194 




