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SUMMARY

A laser anemometer is described that was developed for use in a 508 mm diameter
annular turbine stator cascade facility. All three velocity components are measured
through a single restricted optical port, both within the stator vane row and downstream
of the vanes. The measurements are made through a cylindrical window in the casing that
matches the tip radius of the cascade. The stator tested has a contoured hub endwall
that results in a large radial flow near the hub. The anemometer uses a standard fringe
configuration (LFA) with a fluorescent aerosol seed to measure the axial and circumfer-
ential velocity components. The radial component is measured with a confocal Fabry-
Perot interferometer. The two configurations are combined in a single optical system
and can operate simultaneously. Data are presented to illustrate the capabilities of
the system.

SYMBOLS

ax»av,az unit vectors in Cartesian coordinate system

CFPI confocal Fabry-Perot interferometer

do diameter of probe volume between 1/e^ intensity points

FWHM full-width half-maximum instrumental bandwidth of CFPI

f focal length

fj) . Doppler shift frequency

fDl,2 Doppler shift frequencies of light scattered from beams 1 and 2

^1,2 wave vectors of incident beams

k0 wave number (2TT/A)

ks wave vector of scattered light

LFA laser fringe anemometer (AKA dual-beam laser anemometer)

PQ inlet total pressure

Ph,M hub static pressure at station M

Rl,2 inner and outer radii of annular clear aperture

To maximum transmittance of CFPI

V velocity vector

Vcr critical velocity (fluid velocity at Mach 1)

Vo velocity magnitude v

Vr radial velocity component

v
t measured transverse velocity magnitude

Vx axial velocity component

Vg circumferential velocity component

oij angle between fringe normals and cascade axis (x axis)

B one-half beam crossing angle

Afjj standard deviation of angular spectrum of incident beams (Eq. (15))

Afp standard deviation of Fabry-Perot bandwidth

Afj, standard deviation of laser frequency jitter

standard deviation of Doppler shifted spectral peak



standard deviation of receiver aperture broadening (Eq. (10))

standard deviation of sum of broadening effects (Eq. (17))

standard deviation of turbulence broadening (Eq. (16))

AVr standard deviation of fluctuations of radial velocity

e deviation of mean Doppler shift from true backscatter shift (Eq. (8))

6 angle between optical axis and flow velocity

6S angle between optical axis and scattered light vector

X ' laser wavelength

-o .- one standard deviation

<j> angle between cascade axis (x axis) and transverse velocity vector

<)>g angular coordinate of scattered light vector

vp angular width of clear aperture in mask used to reduce spectral broadening

ft solid angle of collected light

< > expected value operator

INTRODUCTION

Modern turbine engine designs incorporate geometries that generate highly three-
dimensional flow. The accurate measurement of all three velocity components in turbo-
machinery research facilities is required for validation of new three-dimensional
computer codes under development at the NASA Lewis Research Center and elsewhere for
modeling internal flow. The well-known advantages of laser anemometry often make it
the best method for obtaining these detailed measurements of internal flow fields.

The preferable approach to three-dimensional laser anemometry is to measure the
three orthogonal velocity components directly (Refs. 1 and 2). This generally requires
optical access from two orthogonal directions if a fringe (LFA) or two-spot anemometer
is employed. Turbomachinery research facilities rarely permit more than a single
(usually small) viewing port. With this typical restricted optical access, three-
dimensional measurements become much more difficult (see Ref. 3 for a discussion of the
problem).

The most common approach to three-dimensional measurements through a single port is
to measure nonorthogonal velocity components with an LFA (or a two-spot system) (Refs. 4
to 6). However, the error of the velocity component along the optical axis obtained
from this approach becomes large when the window size is small compared to the distance
from the window to the measurement region. In general, it is desirable to have an angle
between the axes of the LFA components of 30° or more (Ref. 7) , although measurements
with angles as small as 17° have been reported (Ref. 8). Thus, in spite of the advan-
tages of the LFA technique, its limitation to the measurement of transverse components
has led to the investigation of other approaches for the measurement of the on-axis
component;

One approach to measuring the component along the optical axis is the reference-
beam heterodyne technique. Used in a backscatter configuration, a reference-beam system
directly measures the on-axis component. This method has been combined with an LFA
(Ref. 9) to obtain three-dimensional measurements in a low velocity jet. However, one
difficulty with using the reference-beam method in high speed flows is that the Doppler
shift is about 4 MHz/m/sec for visible laser light. This results in Doppler shift fre-
quencies that can easily exceed the frequency response of most common photomultiplier
tubes. Another fundamental limitation of the reference-beam technique is expressed by
the Antenna Theorem (Ref. 10), which states that the maximum effective aperture area is
limited to about A /fl where fi is the solid angle subtended by the probe volume at
the receiver aperture.

Another approach for measurement of the on-axis component is the use of a high
resolution optical interferometer to directly measure the Doppler shift. One example is
the measurement of the optical-axis velocity component in rocket exhausts (Refs. 11 and
12). We have previously shown the feasibility of using a confocal Fabry-Perot inter-
ferometer to measure the optical-axis (radial) component in a 508 mm diameter turbine
stator (Ref. 13). Also, we have described three-dimensional velocity measurements in a
free jet with the Fabry-Perot in a backscatter optical configuration (Ref. 14). Other
reported applications of laser anemometry with interferometers include wind tunnels
(Refs. 15 to 18), an MHD generator (Ref. 19), and a plasma torch (Ref. 20).

Interferometric measurement of the Doppler shift shares with the reference-beam
heterodyne technique the characteristic of providing a direct measurement of the on-axis
velocity component in a backscatter optical configuration. It offers the advantage of



having essentially no upper frequency limit, which is important in high speed flows.
(Actually, the use of an interferometer for low speed flows is much more difficult than
for high speed flows because of the requirements of an interferometer with extremely
high resolution and a laser with very good frequency stability.) Another advantage of a
confocal Fabry-Perot interferometer is that the amount of usable scattered light is not
limited by the Antenna Theorem, but instead by its light-gathering power (etendue).
This advantage, however, tends to be offset by its relatively low transmission.

The subject of this paper is a new three-dimensional laser anemometer developed for
use in the Lewis 508 mm diameter annular turbine stator cascade facility. The require-
ments for the anemometer were to measure the three velocity components through a single
relatively small viewing port with accuracy of 1 percent of velocity magnitude and 1° of
flow angles. The flow in the cascade is in the high subsonic regime with a significant
radial component produced by a contoured hub endwall. (Tip endwall contouring was not
used because of the difficulty of obtaining optical access for the laser system.)
Furthermore, it is necessary to measure small radial velocity components in the presence
o£ large axial and circumferential components.

Conventional fringe-type optics using fluorescent seed were selected for measure-
ment of the transverse velocity components. This technique has previously been used at
NASA Lewis for measurements in compressor rotor and turbine stator test facilities
(Refs. 21 and 22). After an evaluation of the various techniques discussed above for
measuring the third component (the component along the optical axis), a scanning con-
focal Fabry-Perot Interferometer (CFPI) was chosen.

In this paper, the Lewis turbine stator facility is briefly described. An analysis
of scattering theory as it pertains to velocity measurements with an interferometer is
presented followed by a description of the optical configuration of the three-dimensional
anemometer. Data acquisition and processing are discussed, and some results are pre-
sented to illustrate the capability of the anemometer in the cascade facility.

EXPERIMENTAL FACILITY

Stator Cascade

„ The core turbine stator, full-annular cascade included an inlet section, a test
section, and an exit section. A photograph and a cross-sectional view of the facility
are shown in Figs. 1 and 2. In operation, atmospheric air was drawn through the inlet
section, the blading, and the exit section and then exhausted through the laboratory
altitude exhaust system. The cascade is described completely in Ref. 23 and briefly
below.

The inlet section, consisting of a bellmouth and a short straight section, was
designed to accelerate the flow to uniform axial-flow conditions at the vane inlet.

The test section, for this investigation, consisted of a sector of four vanes that
were part of a full-annular ring of 36 vanes. The annular ring is shown in Fig. 3 and
a schematic cross-sectional view is shown in Fig. 4. The untwisted vanes, of constant
profile from hub to tip had a height of 47.625 mm at the leading edge and 38.10 mm at
the trailing edge. The vane axial chord was 38.23 mm and the vane stacking axis was
located at the center of the trailing-edge circle. The hub endwall contour was "s"
shaped and the coordinates are shown in Fig. 4. The tip endwall had a constant diameter
of 508 mm and was not contoured, as explained in the Introduction.

Cascade Flow Conditions

The test conditions in the cascade were set by controlling the pressure ratio
across the vane row with two throttle valves located in the exhaust system. A hub
static tap located downstream of the test section, where the flow was assumed to be
nearly circumferentially uniform (station M, Fig.2), was used to set this pressure
ratio. For this investigation the hub-static to inlet-total pressure ratio Ph,M/pQ was

maintained at a value of 0.724. This prevented the flow from becoming supersonic within
the cascade. The design pressure ratio for the previously tested (Ref. 22) cylindrical
hub endwall configuration (no contour) was 0.65 and would have produced supersonic flow
within the vane passage had it been used.

Windows

• A cutout in the test-section outer vane ring (Fig. 3) provided optical access. A
second cutout was located downstream of the vane row. The windows were made from 3.175
mm thick window glass. They were formed into a cylindrical shape that matched the tip
radius by sagging them, in a vacuum furnace, onto a machined graphite form. The vanes
at the window were machined to the tip radius. A silicone rubber sealing material was
used to seal both windows to the cascade housing and to seal the vane tips to the win-
dow. At the vane row, the window covered about 39° in the circumferential direction
and was 4 cm high.



ON-AXIS VELOCITY COMPONENT MEASUREMENT

Scattering Theory

This section presents the theory of using the two beams of a conventional fringe-
type anemometer with an interferometer to measure the on-axis velocity component.

Consider two beams with wave vectors k^ and k2 incident on a particle moving
with velocity \7 as shown in Fig. 5. For simplicity, the beams are assumed to lie in
the x-z plane and have an included angle 213. (The fringes formed by the beams thus have
normals in the x-direction as shown in Fig. 6.) The receiving optics aperture is
assumed to be an annulus centered on the bisector of the beams with outer radius R2
and inner radius Ri and is located a distance f (the lens focal length) from the
beam crossing position. The wave vector of the scattered light is k"s. Thus, in
Cartesian coordinates with the optical axis along the z-direction

1̂,2 = ko '± sin B 3X +
 cos B 3Z) (1)

k = k (sin 6 cos <(> a + sin 6 sin <j> a + cos 6 a ) (2)

\7 = V0 (sin 6 cos <(> ax + sin 6 sin <|> ay + cos 0 az) (3)

where a^ denotes the unit vector in the i direction and the wave number ko = 2tt/\.
The subscripts 1 and 2 refer to the two incident beams, and the first subscript corre-
sponds to the upper sign.

The Doppler shifts of the light scattered in direction ks are

Dl,2 s s 2 TT s 1,2

= f- fv [sin 6_ cos(<() - < ( > ) + sin R cos .<(>] + V (cos 8 - cos 13)1
A L ̂  " L a _ J

(4)

where V^ = Vo sin 6 is the transverse velocity component and Vr = Vo cos 9 is the
component along the optical axis (the radial component in the cascade). Note that the
scattered light is spread over a range of frequencies because of the finite extent of
the light collecting aperture.

The mean values of the Doppler shift frequencies of the scattered light collected
Over the full annulus are

<fDl,2> "If*/ fDl,2(V*s> Si
9- *-*

where ( ̂  denotes the expected value, and

(5)-0 -. - - - . . _

/•i r71

n = J I sin 9_ d* d6. (6)
o n s s s
2

is the solid angle of collected light. The limits on the integration over 6S are
given by

Carrying out the integrations, Eq. (5) becomes

<fDl,2>= - I [± Vt Sin B COS * + 2(1 - e) Vr] (8)

where

1 .2 . 2n Tsin 6, - sin 6,
2 (cos 9.,̂  - cos 62)

 + cos fl

represents the deviation from pure backscatter and is generally ({ 1- If the scattered
light from the two beams is of equal intensity, then the mean value of the frequency of
the light scattered from both beams integrated over the annulus is

<fD> = \ (<fDl> + <fD2>) - - I U ' *> Vr

Thus, the mean Doppler shift is proportional to the optical-axis velocity component.

The standard deviation of the Doppler shift frequency of the scattered light is,
in general, given by



- <<£„- <fD>)
2>1/2 (10)

If the light scattered from the two beams is not of equal intensity, the terms in
Eq. (8) proportional to Vt will not cancel, and <fo> will not, in general, be pro-
portional to Vr. However, note that if the velocity is in the y-z plane (i.e., per-
pendicular to the fringe normals as shown in Fig. 6) , ij) = 90° and the Doppler shifts
of light scattered from the two beams are equal for any scattering direction.
Equation (8) in this case reduces to

<fDl>= <fD2>= - X V*- 90° (11)

Example

For the annular aperture described in the Optical Layout section,

9! = 176.3°

92 = 174.7°

B = 1.134°

e = 6.00169

To estimate the spectrum of the scattered light, we can let 6S = 175.5° (since 6s only
varies over a small range) and assume that the velocity is in the y-z plane (41 = 90°) .
Then the Doppler shift frequency given by Eq. (4) becomes

frJ4> ) = k 0.0785 sin * V. - 1.
US A ' S c

The mean value of the Doppler shift is (Eq. (11))

<fD>= - H

and the spectral width due to the receiving optics is (Eq. (10))

... 0 .0785 / . 2 \l/2,7 .,.,AfR = —jj ^sin <|>s^ Vfc (14)

For light collected over the ful l annular aperture, <sin2(j> s\l/2 = I /y2. For example,
if Vt = 250 m/sec and X = 514.5 nm, then AfR = 27 MHz.

r I (12)

(13)

Mask for Reduction of Spectral Width

A technique for reducing the spectral width caused by aperture broadening is to
introduce a mask having a clear aperture angular width 2fy as shown in Fig. 6. The
mask must be oriented as shown to ensure that the mean radial velocity measurement is
unbiased. An example of the spectral broadening for a transverse velocity Vt = 250 m/sec
is shown in the following table for several masks.

*r
deg

30

45

60

90

<sin2*s>l/2

0.294

.426

.542

.707

AfR,
MHz

11

16

21

27

If the flow angle 4> * 90°
values.

then the spectrum will be somewhat broader than these

One word of caution should be mentioned: if an angular mask is used which is not
properly oriented, then the mean Doppler shift frequency will be biased. But, if no
angular mask is used, the mean Doppler shift will be correct, although the spectral
width will be greater.

Other Causes of Spectral Broadening

In addition to the spectral broadening discussed above caused by the spread in the
wave vector of the scattered light, four other factors cause broadening. One is the



inherent instrumental broadening Afp. For the purposes of this paper, Afp is approxi-
mated by one-half of the FWHM bandwidth. (The FWHM bandwidth is given by the FSR
divided by the finesse, so Afj? = 30 MHz) .

Another factor is jitter in the laser frequency (Afi,) » which is typically about
10 MHz in a low-noise, low-vibration environment. In a noisy environment, such as a
test cell, the jitter will be greater. This jitter, of course, likewise affects the
unshifted peak and the Bragg peak. A third cause of broadening is the angular spectrum
of the incident beams, which is given by (Ref. 24)

AfB = Vt/(Ttd0) (15)

where Vt is the transverse velocity and do is the diameter of the probe volume.
For this application, Afg<l MHz and therefore can be neglected.

Finally, fluctuations in the flow velocity (i.e., turbulence) cause broadening of
the measured spectrum. If turbulence broadening is greater than broadening from all
other effects, then the spectral width can be used as a measure of the intensity.of the
radial turbulence. An estimate of the intensity of the turbulence fluctuations of the
on-axis velocity component is then given by

AfT = (Af^ - Afg)
1/2 (16)

where Af« is the measured width (la), and Afg is the sum of all other broadening
mechanisms except turbulence. The various broadening mechanisms are assumed to be
independent so Afg is given by the root-sum-square

9 9 9 91/9 • -
Afs = (Af£ + Afg + Af^ + Afp)

1/Z . . - (17)

:';.. If, for example, the turbulence is isotropic with 10 percent intensity, the mean
radial velocity is zero, and the transverse velocity is 250 m/sec, then the turbulence
fluctuations of the radial velocity AVr = 25 m/sec and Aff = AVr/(A/2) = 100 MHz.
This is larger than the broadening usually observed due to other causes; and, for this
case, the measured width could be used as a measure of the turbulence intensity. In
practice, the broadening due to the laser jitter and the instrumental bandwidth can be
determined from the width of the spectral peak of the laser light scattered from the
walls.

; - : '• LASER ANEMOMETER SYSTEM

Optical Layout

A photograph of the optical system and the layout are shown in Figs. 7 and 8. The
argon-ion laser was equipped with a temperature controlled etalon and had a maximum
output power of 0.8 W at a 514.5 nm wavelength with a vertically polarized TEMoO trans-
verse mode and single axial mode.

"Lenses LI-and L2 '(focal lengths 80 and 100 mm, respectively) function as mode-
matcriing lenses to position the beam waists at the focal plane-of lens L3. The beam
divider (constructed from two appropriately coated 6.35 mm thick glass plates) split
the single beam into two equal intensity parallel beams (approximately 10 mm separ-
ation). The divider was mounted in a motor driven rotary mount, so the orientation of
the fringes could be set at any desired angle. A half-wave retardation plate (gear
driven by the mount at one-half the angle of rotation of the divider) was located at
the input of the beam divider to maintain the proper linear polarization at the input
of the beam divider.

The two parallel beams from the beam divider were turned by mirrors M3, M4, and
M5. Mirror M4 was elliptical with a minor axis of 15.2 mm and major axis of 21.6 mm.
The parallel beams were focused by lens L3 (250 mm focal length, 46 mm clear aperture)
to cross at the probe volume after being reflected by mirror M5. Mirror M5 was mounted
on a motor driven goniometer stage with axis perpendicular to the plane of the optical
table. This enabled the optical axis to be positioned along the radial direction in
the stator cascade.

Th,e diameter (1/ê . intensity) of the probe volume was about 100 ynu and the fringe
spacing was 13 pm (about 8 fringes). Light scattered from particles passing through
the probe volume (after reflection by M5) was collimated by lens L3. An aperture mask
with a central circular stop (diameter 32 mm) was used to reduce the effective length
of the probe volume^ This mask blocked 50 percent of the full..clear aperture of the
collection lens'L3, which means, the receiving optics had an effective'f-number for light
collection of f/6. "The pair of lenses L4 and L5 (focal lengths 160 and 60 mm, respec-
tively) is used to reduce the diameter of the collimated scattered light beam to 17 mm.
The beam is then split with a dichroic beam splitter, which reflects 514.5 nm wave-
length light and passes the longer wavelength fluorescence orange light.

: , After passing through a long wavelength pass filter LWF (to remove any residual
5i4.5 nm light), the fluorescent beam is focused by lens L6 (100 mm focal'length)
through a 100 urn diameter pinhole (PH) located in front of photomultiplier PMT1 (RCA



4526) . The signal from this PMT is processed by a counter-type processor to provide
velocity components transverse to the optical axis.

The light reflected by the dichroic beamsplitter is light elastically scattered by
seed particles (i.e., not fluorescence). This 514.5 nm wavelength light is focused by
lens L7 (100 mm focal length) through another 100 ym pinhole and a 16 mm focal length
lens (L8, a 10X microscope objective). A narrow band laser line filter (LLF) removes
any residual fluorescence and background light before the light enters the confocal
Fabry-Perot interferometer (CFPI).

The CFPI has a free spectral range of 3 GHz and a maximum transmission of about
10 percent. The measured finesse (ratio of free spectral range to instrumental band-
width) was about 50. The light exiting the CFPI was detected by photomultiplier PMT2
(RCA 8850) . Photon counting electronics provided a digital count rate corresponding to
the light intensity passed by the CFPI. (Additional factors to be considered in the use
of a CFPI for laser anemometry are discussed in Ref. 13.)

An acoustic-optic modulator (Bragg cell) was included to generate a reference
signal offset from the laser frequency by 400 MHz. The 200 MHz Bragg cell frequency
was crystal controlled (the second order diffracted beam was used). This signal was
used to provide a calibration signal for each sweep of the interferometer. A lens (L9)
was used to collimate the beam before the Bragg cell.

Acoustic shielding was necessary to reduce vibration of the laser , which would
cause a large jitter in the laser frequency. (The acoustic noise level near the cascade
was measured at 105 dB.) The optics and laser were mounted in a wood box covered with
a layer of an acoustical foam and lead composite. The weight of the lead shielding used
was about 10 kg/m .

Positioning System

The laser and optics were mounted on a 610 mm by 1524 mm by 64 mm thick aluminum
optical breadboard, which was mounted on a 3 axis positioning system with a 12 ym
positioning accuracy and 1 ym resolution. The positioning system controller was
locaated in the test cell near the cascade with an RS-232 serial communications link to
the minicomputer located in the control room. In addition to the three linear stages,
the beam divider and goniometer mounted mirror were also controlled with this system.
This provided a sufficient number of degrees of freedom to allow the optical axis to be
directed along a radial line throughout the test region.

Calibration Procedures

A critical requirement for obtaining laser anemometer data for computer code veri-
fication is the accurate determination of the probe volume location relative to the
experimental hardware. For the stator cascade described in this paper, location accu-
racies of +25 ym are desired. A complicating factor in achieving this accuracy is
that the stator cascade hardware moves relative to the laser anemometer when going from
no-flow to flow conditions and when the ambient temperature changes. Because of these
reasons, position calibration must be done under test conditions. The needed parameters
are the coordinates of the cascade axis, the axial position of the leading edge of the
vane row, and the circumferential location of the suction and pressure surfaces of the
vanes at a given axial position.

These parameters are determined after the flow has been set to the test operation
condition and has stabilized. The location of a surface is determined by scanning the
probe volume through the surface and recording the intensity of the collected light.
The peak in the measured intensity corresponds to the center of the probe volume being
at the surface. An example of such a scan is shown in Fig. 9 for determination of the
hub location. The actual peak location is estimated using a least squares fit of the
data to a Gaussian as shown in the figure. By making several radial scans through the
hub at different circumferential positions, sufficient data is acquired to calculate
the coordinates of the cascade axis. The other parameters are determined similarly.
These procedures are automatically executed to minimize the loss of test time.

A scan through a normal surface, as shown in Fig. 9, also shows the length of the
probe volume. At the 1/e2 intensity points, the probe volume length is thus about
2.2 mm. Of course, the effective length of the measurement region can be less than this
due to the signal processor threshold and the size distribution of the seed particles.
In addition, the scattered light was simultaneously measured in both optical paths to
verify that the probe volumes defined by the fringe and the Fabry-Perot receiving optics
were located at the same position. The peak locations were within 0.25 mm.

The following procedure was used to calibrate the fringe orientation relative to
the vertical axis of the positioning system. A 50 ym by 3 mm air slit was aligned
parallel to the positioning system vertical axis and located about 140 mm from the probe
volume. The positioning system was used to twice scan the beams horizontally across
the slit. The transmitted light was recorded for each beam, and the optical system was
moved vertically between the two scans so that the beams were at the same position on
the slit, when the maximum light transmitted by the slit for both scans occurred at the
same indicated horizontal position, the beams lay on a vertical line (fringe normals



vertical). By rotating the beams 180°, the angular rotation could also be calibrated.
The goniometer stage was calibrated in a similar manner. The fringe spacing (13.0 ym)
was determined from the beam crossing angle measured by scanning the two beams across
the air slit with the probe volume at several distances from the slit..

Seeding

A fluorescent dye aerosol was used as the seed material for these tests. This
material allowed measurements (using the technique described by Ref. 25) to be made by
the LFA part of the system close to the hub, the vanes, and the windows. A liquid dye
solution (0.02 molar solution of rhodamine 6G in a 50-50 mixture, by volume, of benzyl
alcohol and ethylene glycol) was atomized with a commercial aerosol generator. The
aerosol was injected through a 6 mm diameter tube into the flow at the entrance of the
bellmouth.

The fluorescence, because it is broadband, is only usable for the fringe measure-
ments and not for the Pabry-Perot measurements. As a consequence, transverse component
measurements could be made closer to surfaces than could radial component measurements.
The Fabry-Perot measurements could be made to within 3 mm of the hub. Previous work
(Ref. 23) in a turbine stator cascade with a similar optical system using fluorescence
allowed fringe measurements within 1 mm of the hub. Of course, it is also possible to
use elastically scattered light for both the LFA and Fabry-Perot measurements. One
would just substitute an ordinary beamsplitter for the dichroic beam splitter and use
nonfluorescent seed. - ' •

DATA ACQUISITION :

A minicomputer was used for experiment control and data acquisition. It was also
used to generate on-line displays of the data so that the system could be monitored for
proper operation.

Fringe Signal

The fringe signal from PMT1 was processed with a counter-type processor using four
cycles of the Doppler burst. The counter output data, consisting of Doppler frequency
and time-between-measurements, were transferred to the minicomputer via a DMA interface
having a maximum transfer rate of about 200 kHz. Data were taken at several fringe
orientations at each measurement position. For this experiment, the maximum number of
fringe orientations was limited to seven by the available minicomputer memory. The
fringe orientations were selected at 10° intervals and bracketed the predicted flow
angle. At each fringe orientation, 1000 data pairs were taken. The frequency data
(corresponding to velocity components) were stored in 256 bin histograms for later off-
line processing. Typical data rates ranged from 1 to 5 kHz.

Fabry-Perot

Data from the Fabry-Perot interferometer were .obtained by scanning the passband
over a frequency range that included the laser frequency, the Doppler shifted frequency
of light scattered from seed particles, and the Bragg shifted reference frequency. A
linear ramp generator, which produced a sawtooth waveform with adjustable period, ampli-
tude, and DC offset, was used to scan the interferometer. The data from the photon
counting electronics were stored in 256 bin histograms; each bin contained the number of
counts in 1/256 of the sweep duration. An adjustable number of repetitive sweeps was
used to build a composite histogram. Typically, 20 sweeps of 1 sec duration were used.
Each sweep was examined by the computer to determine the bin number of the peak corre-
sponding to the Bragg reference peak. The data were then offset to place the Bragg
peak at a predetermined bin. This technique was used to eliminate the effect of drift
in the laser frequency for data taken over long time intervals. It was found to be
desirable to take data over several seconds to reduce biasing caused by short term
variations in the rate of seed particles passing through the probe volume. (The
observed variation in the data rate was believed to be caused by random cross-flow at
the entrance of the bellmouth where the seed was injected.)

If the radial velocity is near zero, the above technique is not applicable, but
the following previously reported (Ref. 14) technique can be used. In that situation,
the signal from the seed particles overlaps the zero-shift signal from the laser light
scattered from the cascade walls. To extract the desired signal, two histograms are
constructed: one with the seeding turned on and one with the seeding off. The histo-
grams are subtracted during the data processing to give a difference histogram that con-
tains only the desired signal. (Of course, the noise from the removed peaks remains.)
For the result presented in this paper, this technique was not used. It would be
necessary for surveys taken farther from the contoured hub.



EXPERIMENTAL RESULTS

Fringe Data

The fringe data were stored in histogram form - one 256 bin histogram for each
fringe orientation at each probe volume position. A typical histogram is shown in
Fig. 10. The mean velocity and flow angle of the projection of the velocity in the
axial-circumferential plane were obtained using a two-step procedure. First, each of
the histograms was least-squares fit to a Gaussian function to get estimates of the mean
transverse velocity components V as a function of the fringe orientation aj •

These Gaussian histogram fits also provided estimates of the standard deviations of the
flow fluctuations as a function of angle.

The second step was to determine the transverse velocity magnitude Vt and flow
angle <(>. These were found using the procedure described in Ref. 22, where Vt and
<|> are found using a least squares fit to (Fig. 11).

Vfc = Vfc cos(<(> - a.) (18)

The axial and circumferential components are then given by

Vx = Vt cos $, Ve = Vt sin $ (19)

Deviation of the data from the cosine model function provides an indication of angle
biasing errors. Angle biasing is caused by a variation of data rate with flow angle,
which causes the components at large angles from the mean flow direction to be biased
high (Ref. 26).

In addition to the Gaussian fit, the velocity components and standard deviations
were directly calculated from the histograms. The direct calculation usually gave
velocity components very close (within 0.5 percent) to those obtained from the Gaussian
fit, but the standard deviations tended to be larger (typically 5 to 10 percent larger).
This was probably a result of stray data on the tails of the histograms. Hence, the
results obtained from the Gaussian fit were used.

Fabry-Perot Data

For simplicity, no angular mask was used in the Fabry-Perot receiving optics
(i.e., >() = 90°), so light was collected over the full annulus. The spectral broaden-
ing due the receiver aperture is thus given by Eq. 14. Data was taken at each of the
fringe orientations used for the fringe measurement; no appreciable differences was
noticed in the spectral widths.

The Fabry-Perot histograms consisted of three spectral peaks (Fig. 12). The right
peak is a result of unshifted laser light scattered from surfaces near the probe volume;
its amplitude is a function of position of the probe volume. The left peak is the
reference peak from the Bragg cell; it is shifted 400 MHz from the right peak and its
amplitude could be controlled by the drive voltage on the Bragg cell. The center peak
corresponds to the Doppler shifted light scattered from the seed particles. Estimates
of the frequencies of the three peaks were obtained by a least-squares fit of the data
to a three peak Gaussian function. The Doppler-shift frequency of the light scattered
from the seed particles is thus proportional to the separation between the center and
right peaks, and the mean radial velocity is then given by Eq. 9.

It is also possible to obtain an estimate of the intensity of the radial velocity
fluctuations as discussed in the section Other Causes of Spectral Broadening. For this
test, the width (la) of the non-Doppler shifted peak was about 40 MHz, which included
broadening due to laser jitter and the instrumental bandwidth of the Fabry-Perot. The
receiving aperture broadening Afp, which depends on the transverse velocity, was less
than 30 MHz. Thus, the sum of all broadening effects except turbulence was less than
about 50 MHz. This is less than the observed width of the Doppler-shifted peak, so an
estimate of the radial component fluctuations can be calculated using Eq. 16. For the
histogram shown in Fig. 12, the rms radial velocity fluctuations were approximately
7 percent of the velocity magnitude.

Survey Data

An example of the measurement of the three velocity components is shown in Fig. 13.
These data show a circumferential scan between the suction and pressure surfaces of the
vanes at 80 percent axial chord and 10 percent span; this location is close to the
center of the contoured section of the hub where a relatively large radial velocity com-
ponent exists. The figure shows data taken on two dates as well as the results of a
three-dimensional inviscid computer code (Ref. 27). The DENTON computer program is a
time marching finite volume solution of the Euler equations. Shown are the axial com-
ponent Vx, the circumferential component Vg, and the radial component Vt. Also shown
is the velocity magnitude Vo. These are normalized with respect to the critical
velocity Vcr to eliminate differences due to ambient temperature changes between the
measurements performed on different days.



The trends in the experimental measurements and the agreement with the theoretical
calculations are quite reasonable and encouraging. However, these preliminary results
are only intended to illustrate the capability of the anemometer and are not meant for
code verification purposes.

. CONCLUDING REMARKS
9 ' ' . .

The laser anemometer described in this paper is shown as a viable means of measur-
ing the three mean velocity components in an annular turbine stator facility. .The addi-
tion of a confocal Fabry-Perot interferometer .to a conventional fringe-type anemometer
allowed the measurement of the radial velocity component with a backscatter configura-
tion. The advantage of this technique compared with other methods of measuring the
radial component is that it does not require-a large optical access port. An important
feature of the anemometer is its ability to measure a small radial velocity component
when the transverse component is much larger.

The scanning Fabry-Perot interferometer used in this work for measurement of the
.radial (optical-axis) component does, however, have some limitations compared with
fringe and two-spot anemometers used for measurement of the transverse components.
These include an increased data acquisition time, an inability to measure time history
data, the need for an acoustic enclosure to protect the laser from the high acoustic
noise levels, and poorer performance near walls. Other applications having more
generous optical access may be better served by other techniques.
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Figure 1. - Stator cascade facility.
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Figure 2. - Schematic cross-sectional view of core turbine stator cascade and laser
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Figure 7. - Three component laser anemometer.
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