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ABSTRACT

The application of laser anemometry to the
study of flow fields in turbine engine components
is reviewed. Included are discussions of optical
configurations, seeding requirements, electronic
signal processing, and data processing. Some
typical results are presented along with a discus-
sion of ongoing work.

INTRODUCTION

Laser ansmometry (LA)--also called laser
velocimetry (LV), or laser Doppler velocimetry
(LDV), or laser Doppler anemometry (LDA)--refers
to the remote measurement of local flow velocity
using laser light scattering. The chief virtue of
the laser anemometer as a flovw measurament instru~
ment is that no physical probe is placed in the
flow field, Insertion of probes, such as Pitct
probes, temperature probes, or hot wires, can
greatly alter the flow pattern under study. The
applications of laser anemometry range from map-
ping the velocity profile within blood vessels of
living animals to the measurement of atmospheric
wind velocity many miles from the instrument.

The lLewis Research Center has an extensive
program in computational fluid dynamics with the
goal of developing computer codes which will
accurately predict the detailed flow within turbo-
machinery components. Knowledge of the internal
flow conditions is very important to designers of
new high performance, fuel efficient, quiet air-
craft engines. Being able to calculate the flow
with confidence will enable a great reduction in
the amount of expensive experimental testing
needed in the development of new engine comprnent
deaigns. However, these new computer codes .aust
be verified by comparing them with accurate ex-
perimental data obtained for well-defined gecme-
tries. It is in this rcle that laser anemometry
is being extensively employed at Lewis.

In this paper we briefly review the funda-
mentals of laser anemometry. Included are dis-
cussions of single-beam and duai-beam laser
anemometers, Two applications of laser anemometry
at the Lewis Research Center are describsd. The
first is a dual-beam LA designed for a compressor
rotor facility, and the second is a single~beam
system designed to measure the line-of-sight

velocity component in a turbine stator facility.
A summary of ongoing work concerned with the
application of LA to high temperature flows is
then given.

BASIC CONCEPTS

Laser anemometry uses radiation scattered by
moving objects as a means of remotely measuring
velocity. In some commonly used types of laser
aremometers the physics of the technique can be
described in terms of the Doppler effect. In
other types of laser anemometers it is more appro-
priate to consider the measurement in terms of the
+. @ required for the flow to move a known dis~
tance.

Doppler Effect

The physical basis for most laser anezometers
is the Doppler effect, named for Christian
Doppler, who in 1842 theorized that since the
pitch from a moving source varies for a stationary
observer, the color of the light from a star
should vary accordiny to the star's velocity rela-
tive to the earth., Light reflected from an object
that is moving toward a light source, when viewed
from the source, is raised in frequency by an
amount depending on the velocity of the cobject.
For a receding object the frequency is lowered.

Consider a plane wave with wave vector kg
(and frequency £ = k, c¢/27 where c is the
velocity of light) that is scattered by a particle
moving with velocity v (Fig la.). The freguency
shift of the scattered light relative to the fre-
quency of the incident light (the Doppler shift)
is proportional to the particle velocity and is a
function of the scattering angle X, (i.e., the
angle between kg and k). For Doppler shift
frequencies much smaller than the frequency of the
incident light, the Doppler shift is

fa = £g = fo = (1/27) (kg — ko)'¥ a)
Single Beam LA Systems

As described above, the Doppler shift of
light scattered from a moving object is propor-
tional to the component of the object's vslocity
normsl to the bisector of the incident light wave
and the scattered light wave. Thus, for a back-
scatter optical arrangement such as shown in Fig.lb,
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Fig.l. Wave vector diagram (a) general scattering
{b) single-beam backscatter configuration (c) dual=-
bean configuration

the measured velocity component lies along the
propagation direction of the incident laser beam.
The Doppler shift for backscatter is given by

fgq = 2 v/A 2)

vhere v is the target velocity component along the
beam and ) is the wavelength of the laser light.
For visible light the Doppler shift is approxi-
mately 4 MHz/meter/scc.

Two approaches are used to measure the
Doppler shift frequency. One is a heterodyne
technique (called the reference beam technique)
where the scattered light is heterodyned with a
local oscillator signal obtained from the laser
beam on a square law photodetector. The output of
the photodetector (usually a photomultiplier tube)
contains the difference frequency between the fre-
quency of the scattered light and the frequency of
the original laser light., This difference fre-
quency is just the Doppler frequency. The hetero-
dyne detection scheme was the basis for the first
demonstration of a laser anemometer by Yeh and
Cumminsl in 1964. They measured the velocity
profile of the laminar flow of water in a circular
tube. The laser light was scattered, not from the
water itself, but from small particles suspended
in the flow. These particles, which are essential
to almost all types of laser anemometers, can bes
either naturally occurring or intentionally addsd
material (seed material).

One difficulty in using the reference beam
approach with a backscatter geometry in turbo-
machinery applications is the large dynamic range
in the Doppler frequencies. The high flow veloci-
ties, which can approach Mach 1, result in fre-
quencies that exceed the frequency response of
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commonly used photomultiplier tubes (about 200
MHz). Unfortunately, the backscatter geometry is
usually the only feasible geometry in most turbo~
sachinery test facilities.

Another difficulty with heterodyne systems is
a fundamental limitation expressed by the Antenna
Theoren,? which states that the maximum effac-
tive receiver aperture area is limited to A2/Q,
where I is the s0lid angle subtended by the probe
volume at the receiver aperture.

The second approach to analysing the scat~
tered light in a single-~beam system is to use a
high resolution interferometer to directly wmeasure
the Doppler shift. The interferometric approach
offers the advantages of essentially no upper fre-
quency limi* and a larger availsble receiver aper-
ture, An interferometric type lassr anemometer
used to zeasure the radial velocity component in
an annular stator cascade will be described below.

Dual Bean Systems

The most common type of laser anemometer is
the dual-beam or fringe-type system. The reasons
for its popularity are its ease of alignment, high
light collection efficiency, and ability to mea-
sure velocity components normal to the viewing
direction. In the dual-beam laser anemometer the
single laser team is divided into two parallel
beams of equal intensity (Pig.lc.). The two beams
are focused at a common point. Near this point
the two bsams occupy the same spatial region, and
particles passing through this region will simul-
taneously scatter light from both beams. The
scattered light that is collected by the receiving
lens (often the same lens used for focusing the
incident beams) is detected by a square law photo-
detector.

The output of the photodetector contains a
component with a frequency equal to the difference
of the frequencies of the two scattered beams.
This difference frequency is found by using
equation 1,

fa = £51 - £32 = (1/27) (ko2 = Xko1)°¥ 3)

Because f4 is independent of the direction of

the scattered light, the aperture of the receiving
lens may be of any size (i.e., the light collec-
tion solid angle is not limited by the Antenna
Theorem as it is in a reference beam system).

Also note that the difference frequency is prepor-
tional to the velocity component in the plana of
the two incident beams normal to the bisector of
the beams, Written in terms the angle 6 batween
the beams a-d the wavelength of the laser light 1},
this relatic~ between the difference frequency
and velocity beccaes

fa = (2 v sin 6/2)/) (4)
vhere Vv is the measured velocity component.
Fringe Model
The dual-beam laser anemometer is often ex-

plained in terms of a fringe model first proposed
by Rudd.3 In the fringe model the two inter-



secting beams are assumed to form interference
fringes. These fringes are planes with normale in
the plane of the two beams and perpendicular to
their bisector; the fringe normal is then in the
direction of the measured velocity component. The
separation between the fringes is s =« )\/2 sin 6/2.
Thus, the relation between the observed frequency
and the measured velocity component is

f=v/s (5)

vhich is interpreted as the rate that the target
particle crossed the fringes. This fringe model,
although not a rigorous physical description,4

is adequate for most applications. It is also
appropriate for the dual-beam laser anemometer
using laser induced fluorescence that is described
below.

Two-Spot Systems

Another type of laser anemometer is the two-
spot, also called the dual-forus, or time-of-
flight, or laser transit anemometer. In this
system the laser light is focused into two small
diameter parallel beams in the probe volume; the
beam diameters typically are about 20 micrometers
and are spaced a few hundred micrometers apart.

As a particle passes through the two beams in
sequence, the scattered light is detected and pro-
cessed to determine the time of flight between the
two beams. The velocity is then calculated from
the time and known beam spacing. This type laser
anemometer offers the potential of being able to
measure smaller particles than the dual-beau sys-
tem because the laser light is more concentrated.
However, a limitation is that in order to be mea-
sured a particle must pass thcough both beams;
this means that the two beans must be aligned with
the flow direction. For turbulent flow the flow
direction fluctuates and only a fraction of the
particles that pass thrcught the first beam will
also pass throught the second beam. This results
in a reduced data rate compared to the data rate
obtainable for laminar flow.

SIGNAL PROCESSING

The electronic processing of the eignal from
the photodetector to extract the Doppler frequency
is a critical part of laser anemometers. In this
section signal processing in dual~beam laser ane-
mometers will be discussed. The Doppler fre-
quency, as discussed above, 1is proportional to
the velocity of the particle passing through the
probe volume.

Doppler Burst Signals

R Doppler burst occurs when a particle passes
through the prohe volume. As shown in Fig. 2a,
the burst signal from the photodetector in a dual-
beam LA, without considering noise, has the enve-
lope of the Gaussian laser beam profile with modu-
lation at the Doppler frequency. The bursts occur
at random times at an average rate that is deter-
mined by the concentration of particles in the
flow. With lightly seeded gas flows, the Doppler
bursts rarely overlap, so each may be treated in-
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Fig. 2. Doppler burst (a) burst signal no noise
(b) burst signal with noise

dependently. However, because of the spread in
particle sizes and because of the random nature of
the individual particle trajectories, the ampli-
tudes of the Doppler bursts are random. FPurther-
more, actual signals include a noise component as
shown in Fig. 2b. The noise is a result of the
discrete photon nature of light (shot noise).

The lower error bound for the measurement of
the velocity of a single particle is found using
maximum likelihood estimation methods® to be

iy 3/2
%\ .2 (he) o ____"5"0 ©
v)e T ok \Mow) B AT e

This expression was derived for the case where the
background light amplitude Ty is larger the peak
Doppler burst amplitude. It shows that the error
becomes smaller for lower velocities v, larger
light scattering cross sections 0, higher laser
power P), smaller probe volume diameters 2w,,
larger solid viewing angle [, and a larger number
of fringes N. Also, h is Planck's constant, c is
the velocity of light, and n is the quantum effi-
ciency of the photodetector.

Since each Doppler burst measurement gives
the instantaneous velocity, it is necessary to
take many individual measurements (often 1000 or

more) to obtain the statistical parameters such as
mean and standard deviation that describe a turbu-
lent flow.

The rate of measurements of the individual
particler in the flow is very important because it
determines the type of information obtainable from



the msasurements as well as the sxperimental run
time. JFor example, if turbulent scale and power
spectra are to be determined, the data rate must
be high enough so that a significant fraction of
the times between the measurements is leas than
the Ryquist sampling period. (Because of the ran-
dom sampling times, the mesan data rate does not
need to be greater than the Wyquist rate.) On the
other hand, sampling at rates in sxcess of the
correlation time of the flow does not give inde~
pendent sampler 7

Spectrum Analysis

The signal may either be processed in the
frequency domain or in the time domain. The sim-
plest method to deterxmine the Doppler frequency is
to use a spectrum analyser. A conventional swapt
frequency spectrum analyser was used in much of
the early work. However, because it only has a
single narrow bandpass filter, it is an ineffi-
cient burst processor. A real-time spectrum ana-
lyser, such as a filter bank, provides a much more
efficient means of processing the Doppler bursts.

Counter Processors

Special purpose signal processors that oper-
ate in the time domain have besn developed and now
are commercially available. These so called
"counter processors” operate by first high pass
filtering the Doppler burst to remove the low fre-
quency component of the burst, and then measuring
the frequency by measuring the time between the
zero crossings of a fixed number of cycles. These
processors use the amplitude of the burst to en-
able the time interval measurement circuitry so
low level noise is not measured, The accuracy of
the time interval measurament, which determines
the ultinate accuracy of the measurement of the
frequency of a single burst, typically is 1 nano-
second. The maximum burst processing rate is
usually set by the associated data acqguisition
equipment; using DMA, rates in excess of 200,000
measurements per second can be realized. However,
the actual rate achievable in experiments is
usually set by the concentration of particles in
the flow. In most gas flow experiments the
natural particulates do not have a high enough
number density to provide the desired data rate,
80 additional particulates are introduced into the
flow. This is commonly referred to as seading the
flow.

SEEDING

Rlthough the physical parameter of interest
is usually the fluid velocity, it is actually the
velocity of small particles suspended in the flow
that is measured with a lase:r ansmometer. In
order to identify the particle velocity with the
f£luid velocity, which is thu usual assumption, the
particle must accurately follow the motion of the
fluid. This ability of the particle to “"follow”
the flow is determined by its size and mass den~
sity; small particles with low mass density are
desirable. However, the intensity of the scat-
terad light is a strong function of the size of
the particle as well as its refractive index, The
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Fig. 3. Influence of particle size on particle
tracking in oscillating flow field. Particle mass
density, 1 g/cm3d; maximum gas velocity,

15.2 m/sec

problem thus faced by the laser anemometrist is to
select particles small enough to follow the flow,
but large enough to scatter sufficient light to
allow the accurate measurement of the particle's
velocity. An indication of the size of particles
needed is given by Pig. 3 which ahows the fre-
quency response of particles in an oscillating
flow. The particles used in laser anemometry in
turbomachinery typically have diameters of about 1
micromster. ERither liquid or solid serosols may
be used depending on the application, Liquid
aercsols, such as mineral oils or silicone oil,
are easily produced and are commonly used for low
temperature applications.

When particles with accurately known sizes
are needed, polystyrene latex spheres are often
used. For high temperatire applicutions, where
liquid aerosols cannot survive, solid refractory
materials such as metal oxides are used. Commonly
used refractory sesd materials include aluminum
oxide and titanium oxide.

LASER INDUCLD FLUORESCENCE

The phenomenon of laser induced fluorescence
is used in some applications where laser light
scattered from surfaces near the desired measure-
ment point causes s decrease in the signal-to-
noise ratio, which consequently limits how close
measuremants can be made to the surface. With
this technique, a fluorescent seed material is
used, which when irrsadiated by laser light at one ‘
wavelength, radiates at a longer \-uv"o.'l.onqt:h.a
An optical filter placed in the receiving optics
is used to block the light at the original laser
wavelength while passing the longer wavelength
fluorescent radjation. This technique is used for
cold flow studias at Lewis; one application is '
discussed in the Applications section.
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APPLICATIONS

Two spacific applications of laser anemometry
in turbomachinery studies at the Lewis Research
Center will be described. On2 is the mapping of
the velocity in a single staye transonic compres-
sor rotor facility using a dual~beam fringe type
laser anemometer. The other is the measursment of
the radial velucity component in an annular tur-
bine stator cascade facilicy using an single-beaw.
system with an optical interferometer.

General Approach

The general approach that has been taken in
the design of laser anemometer systems for turbo-
machinery facilities at Lewis can be summarized as
follows:

1) Use window designs that do not affect the
flow under study; this me-ns that windows must be
curved to match the contou- of the teat rigs such
curved windows introduce wstigmatism into the
optical system which can either be minimized by
making the windows thin, or can be compensated for
by using auxiliary optical components.

2) Keep the optics as simple as possible;
this has included using »nly single velocity com-
ponent measurements (optics are mechanically
rotated to obtain other components); also, all
optics and the laser are mounted on a single rigid
plate, which is moved to position the probe volume.

3) Use rapid data acquisition equipment and
computerized control of optics positioning: mini-
computers are used for thess functions, and the
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Fig. 5. Block diagram of complete anemometer for
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davelopment of software is a major part of the
system development.

Dual Beam Fringe Type LA for Comprassor Facility

This laser anemometer system was designed to
map f.ow velocity within the rotor passage of a
transonic compressor rotor. An LA was salected
for this application because, in addition to the
usual flow interf.-ence problems, it is only with
excreme difficulty that probes can be used to mea-
sure the flow within rotating components. System
design emphasized rapid and efficient data acqui-
sition under computer control.

The optical layout of the dual-beam system is
shown in Fig. 4. It is an on-axis backscatter
system that uses the 514.5 nm line of an argon-ion
laser. As discussed above, the particular compo-
nent being measured lies in the plane of the two
beams and is perpendicular to the bisector of the
beams. Thus, any component in the axial-
tangential plane can be measured with this system
by rotating the splitter to the desired angle.
Fluorescent seed particles coupled with an orange-
pass optical filter in the receiving optics reduce
detection of unwanted scattered light. This
allows measurements near the rotor hub and casing
window.

A simplified block diagram of the complete
system is shown in Fig. 5. Velocity measurements
occur randomly along the measured circumferential
path since a measuremant depends upon a seed par-
ticle passing through the probe volume. At any
given time, the system accepts measureaents from
any of 1000 sequential angular positions along
this circumferential path. The position informa-
tion for each velocity measurement is provided by
an electronic shaft angle encoder that was devel-
oped for this system. When a measurement is
cbtained, the particle velocity and the rotor
position are recorded and processed by the mini-
computer. In this way, velocity measurements are
accumulated along a circumferential path. A com-
plete velocity map is obtained by determining
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veloc. y profiles at a sequence of axial and
radial positions. Details of this system are
found in reference 9.

Because the dual-beam LA measures only veloc=-
ity components transverse to the optical axis, the
radial velocity component is not directly measured
with this system.

Single Beam LA for Turbine Stator Rig

In this laser anemometer the single-beam
optical system shown in Fig. 6 was used to measure
the radial component in the annular stator cascade
shown in Fig. 7. The optical system has both the
axis of the incident beam and the axis of the
receiving optics at a 3 degree angle to the axis
of the focusing lens. This near backscatter
geometry results in a Doppler shift frequency pro-
portional to the velocity component along the
optical axis, which is in the radial direction of
the stator.

The scattered light is passed through a con-
focal Fabry-Perot interferometer operated in a
scanning mode. This is the optical analog of a
swept frequency rf spectrum analyser. The system
also includes an acousto-optic modulator (Bragg
cell) used to generate a reference signal offset
from the laser frequency by 78 MHz., Figure 8
shows typical spectra taken inside the stator
passage, The spectra shown in Figs. 8a and 8b are
for unseeded and seeded flow, respectively. The
unseeded spectrum shows “wo peaks: the peak on the
left is due to the non-Doppler shifted laser light
scattered from surfaces lucated near the probe
volume, and the peak on the right is due to the
frequency shifted light from the Bragg cell. The
seeded spectrum in Fig. 8b shows the Doppler
shifted light as well as the non-Doppler shifted
and Bragg shifted peaks.

Note that because the radial velocity compo-
nent is small, the Doppler shift is also small;
and the Doppler shifted light from the seed parti-
cles overlaps the non-Doppler shifted light. The
difference between the seeded and unseeded spec-
tra, which contains the desired information, is
shown in Fig. 8c. The Doppler shift here is about
25 MHz, which corresponds to a radial velocity
component of about 6 m/sec. Note that the flow at
this locaticn is predominately in the axial-

Fig. 7. Turbine stator showing cutout for laser
window
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NON-DOPPLER SHIFTED
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NON-DOPPLER SHIFTED
SIGNAL + DOPPLER
SHIFTED SIGNAL

Fig. 8. Optical spectra for single-beam anemometer
taken in stator passage (a) no seeding (b) with
seeding (c) difference of seeded and unseeded
spectra



tangential plane) previous measuressnts made with
a dual-beam LA gave an axjal-tangential velocity
magnitude of 185 m/sec.

For larger radial velocity components the
peak caused by the Doppler shifted light will be
separated from the non-Doppler shifted peak, and
thus will be easier to analyse thon the exazple
given here.

Details of this system are found in refarence
10.

OMGOING WORK

Current work is concentrated in two areas.
One objective is to develop a system that combines
a dual-bsam LA with a single<beam LA; the combined
system will be able to measure all thrse compo-
nents in turbomachinery from a single viewing
direction. 7This systea will be used in tests of
new turbine stator designs ~hat have curved end
walls. These stages will have large radial veloc-
ity components, and data taken with the combined
LA system will bs used to verify new 3D computer
codes.

The second area of work is to develop laser
anemometer systems for use in high temperature
turbine facilities. The laser anemometer is the
ideal instrument for such studies in hostile envi-
ronments because of its nen-intrusive nature.

Work is being done to extend the techniques
developed for cold flows to the high temperature
regime. The main effort is to develop windows
capable of withstanding the high temperature envi-
ronment and to find appropriate seed materialam and
methods of generition. Also, the effect of the
hot turbulent flow on the operation of the optical
system is under study.
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