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SECTICN 1.0

INTRODUCTION

1.1 BACKGROUND

A laser transit anemometer {(LTA), combined with photon-limited
pulse discriminators and digital correlation signal processing, offers
a high probability for measuring fluld velocities under some adverse
conditions where presently used fringe laser velocimeter systems are in-
adequate. Specifically, the LTA is likely to be superior for measure-
ments near a wall or in the boundary layer of a model. The surface
scatter and reflected light is so great that conventional fringe LV
systems are "blinded" with high noise or photodetector overload; how-
ever, the superior flare rejection capabilities of a properly designed
LTA system can allow operation closer to the surfacea. The LTA furnishes
mean velocity magnitude and direction to high accuracy in the plane nor-
mal to the incident beams. The same data may be processed to yleld two

dimensional turbulence intensity information on a statistical basis.

Some cases exist at AEDC where velocimeter applications are needed
and where numerous particles are contalned in the flow, but they are too
small for successful operation of the fringe type cof velocimeter. The
photon correlator combined with the transit time anemometer will be far

more likely to producze acceptable velocity data under these conditions.

High velocities in some applications may be more sultable mea-

sured with an LTA system.
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1.2 CONTRACT OBJECTIVE

The objective of this work was to demonstrate the principles

of the laser transit anemometer and its use with a photon correlator.
The AEDC had recently developed a new electronic processor for fringe
LV systems and scheduled a test in a free jet with a stationary Mach
dise to compare sensitivity of the new processors with the older

Model 8 burst—counter processor. The LTA system constructed under this
contract under the direction of Mr. Marshall Kingery, AEDC, was to be
demonstrated simultaneously with the AEDC fringe system to obtain some
measure of the relative sensitivity of -the LTA with respect to small-

particle relaxation behind a shock front.

1.3 HISTORICAL AND RELATED REFERERCES

Initial laser velocimeter (LV) experiments in this country
were made with heterodyne (reference beam) optlcal systems using
frequency tracking electronics. The dual-beam (fringe) optical sys-
tems and classical-signal burst-counter electronics have proven to
be more applicable to high-speed air flows and have been used with
success at the AEDC and elsewhere.

Particle lag problems are sometimes encountered in aerodynamic
LV measurementsl’z. Unseeded (or even filtered} air contains a very
large number of submicron particles which are sufficiently small to
follow high accelerations in the flow*, but obtalning adequate back-
scatter single-particle signal-to-noise ratios for classical burst-
counter measurements 1s difficult even with the higher powered argon

~

lasers.

%
W. T. Mayo has reported measurements of large numbers of particles
in the 0.2 = 0.8 micrometer diameter range In the laboratory ailr
at the AEDC3>4,
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In the .late 60's, the idea of a time of flight laser velocimeter
was discussed at the AEDC (private commmication, J. D. Trolinger), and

published by Thompson and Tanner5 at Queens University, Belfast.
Schod17 and others at DFVLR developed certain specific techniques

for implementation of transit anemometry. A. E. Smart reported mea-
surements with a different implementation of z transit anemometry sys-
tem in 1977 (Reference 11). The advantages of such systems include

much less total probe volume and much higher focused laser beam intensity
than typical fringe LV systems produce, and both of these qualities en-
hance sensitivity to small particles while decreasing the probability of
intercepting the more sparsely distributed large particles. In addition,
the higher resolution spatial filtering provides much better background

lipht {(flare) rejection when measurements near bodies are gesired.

Photon correlatlon has been known to be ideally more sensitive
than classical detection for several years. The techniques and theory
for fringe LV systems are reviewed in References 4, 8-13. Unfortunately, -
the avallable correlator electronic speed has not really been adequate*
to be compatible with transonic speeds and the simultanecus demands for
small probe volumes. An LTA system has a great advantage here. It
achieves lower electronic bandwidth requirements while increasing the
small-particle SNR and isolation. The reduced bandwidth makes the use
of a 50 nsec correlator feasible for supersonic velocities. Thus, the
combination of two-spot techniques and digital correlation offers excep-
tional improvements in small-particle sensitivity and is practical at

supersonic velocities.

A. E. Smart, formerly of Rolls-Royce, Derby, England, has taken
advantage of these compatible techniques (two-spot and digital corre-
lation) and extended them in some rather clever waysll_lz. He designed,

constructed and used a2 system employing a small helium neon laser to

*

John Abbiss has made supersonic measurements at the R.A.E. in England
but with large fringe spacing appropriﬁte for the 50 nsec resolution
of the Malvern Instruments correlator™ .,
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make backscatter measurements in both subsonic flows and supersonic
flows. The details of the Rolls-Royce instrument, which is capable
of mapping out the two-dimensional u-v veloeity probability function
for statistically stationary flows, are proprietary to Rolls-Royce
and have not been released. However, Dr. Smart later joined SDL and
assisted W. T. Mayo in the design and construction of a new argon-
laser transit anemometer system during the execution of the AEDC con-

tract reported herein.

In previous NASA, AEDC and ARPA sponsored research, W. T. Mayo,
Jr. has developed extensive laser wvelocimeter computer simulation and
design softwarels-l7 and photon correlatlon interpretation softwarels.
The experience and software have been used for calculations reported

in the next section.

1.4 SCOPE

During the period January 1978 through September 1978, Spectron

Development Laboratories personnel including and under the direction

of A, E. Smart and W. T. Mayo have designed, constructed, modified, and
demonstrated a new LTA system which includes not only significant novel
advances in optical and mechanical technique, but also in system sensi-
tivity theory and computation, electronic detection techniques, and mi-
crocomputer techniques for experiment control and data acquisition and

display. This system was transported to the AEDC in September 1978 and
used successfully in comparative unseeded free jet trials with an AEDC

fringe LV system.

This report describes the sensitivity of laser transit anemometry,
the experimental hardware constructed under this contract, and the re-
sults of the measurements at the Arnold Center. More recent transonic
backscatter measurements made at NASA Ames with the same equipment will

be reported elsewhere.

10
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SECTION 2.0

SYSTEM SENSITIVITY COMPUTATIONS

The outstanding advantages of the laser transit anemometry
over fringe laser velocimetry include the increased sénsitivity to
submicron particles in high-speed flow and the improved rejection of
flare light from surfaces. These two features enable a well-designed
LTA system to make backscatter transonic and supersonic flow measure-
ments through windows and near models and other surfaces. In order
to theoretically quantify and predict expected performance as an aid
to englineering selection of requlred laser power and other optical
parameters, we have performed computer simulation computations. Also,
the wall flare rejection of a co-annular transceilver optical system

has been examined, The results of these studies are presented here.

2.1 COMPARATIVE COMPUTER SIMULATION OF TRANSIT ANEMOMETER AND
FRINGE VELOCIMETER SIGNALS

Spectron Development Laboratories has a set of fringe laser
veloccimeter computer simulation programs which have been written over
the past three years for NASA Langleyl7, the Naval Underwater Systems
Center, the Advanced Research Projec;s Agencyls, and under SDL private
fundsls. We have modified two of these programs slightly to allow
simulation of a single spot system with no fringes and with one-~half
the total available laser power. We have simulated a single-particle
signal from 0,3 ym diameter particles with velocity 400 m/sec through
the center of the probe volume of cemparable fringe and transit ane-

mometer systems.
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Figure 1 1llustrates the geometry of the coaxial transmitter/
receiver objective lens with the dimensions of the 1132 Gaussian spot
diameters as shown. Table 1 lists the input and output system param-

eters of the two gystems.

We have assumed that the signals are produced with a photo-
multiplier tube (PMT) whose single photoelectron pulse response is a
triangular pulse 5 nsec wide at its half height. The PMT is assumed
to have a Gaussian pulse he{ght distribution with 25 percent rms stan-
dard deviation (an excellent tube). The PMT output signals are then
filtered by a Gaussian bandpass filter in the fringe case or a Gaussian
low-pass filter in the aﬁe-spot case. The filter response charagteristics
are plotted in Figure 2. As indicated by Table 1, we considered both

0

the conditions of zero background light and that of 101 photoelectrons/

second.

Figure 3 is the classical fringe velocimeter signal from the
0.3 ym dismeter particle with the amplitude given in photoelectrons/
second. TFigure 4 is the output of the photomultiplier tube, Figure 5
is the output of the bandpass fllter. As we can see, the peak mean
photo—electroﬁ rate is approximately 53107, so this signal would be
totally swamped by large background light. Figure 6 illustrates the
clagsically expected pulse from the single spot. Figure 7 shows the
PMT output, and Figure 8 shows the results of filtering. Figures 9,

10

10, and 11 depict the same signal in the presence of 107 photoelectrons/

gecond background light.

It is much more likely that one will obtain a high background
from flare when using the fringe system (with a 260 ym diameter pinhole
in the receiver) than when using a two-spot system (2 pinholes each at
10.6 um diameter). Thus, the two-spot system produceg large signal-
to—rolse ratio advantages for single signals in three ways: the filter
for the two-spot can be nearly the same bandwidth as the intrinsic
signal bandwidth without the necessity of having a tracking filter;
the two-spot has higher intensity signals by a factor equal to the

12
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Range = 400 mm

Annular
Collecting
Area

Qutput Beams:

Two~Spot System

Opaque
Stop

Figure 1. Dimensions of Transmitter Beams and Receiver Annulus.

13
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Table 1.

Parameter

System

Wavelength
Laser Power

System Parameters.

Two-Spot

514.5 nm

0.5 watt/spot

Optical Efficiency 0.3

Detector Quantum Efficiency 0.2

Transmitted Beam Diameter 25 mm

Range 400 mm

Beam Separation at Transmitter 0.5mm < ¢

No. of 1/e2 Fringes 0 -6

Probe Volume Spot Diameter 10.6x10 " m

Signal Frequency N/A

Probe Volume Width H/A

Single Burst Duration 26.6::10-g 5
Particle

Velocity 400 m/sec

Index of Refraction 1.5+50

Diameter 0.3x1078
Background Light

Two Levels: =zero and 1010 photoelectrons/sec

Fringe

514.5 nm
1 watt
0.3

0.2

1 mm

400 mm
20 om

25

N/A

38.9 M=z

262x10~°
0.655%10"°

400 mfsec
1.5+j0

0. 3x10"°

(equivalent to 20 nw optical power collected

by photatube)

14

Velocimeter

8
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Figure 2. Filter Characteristics.
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square of the ratio of the beam radii at the probe volume; the back-
ground light which will get through the pinhole spatial filter is
much less for the two-spot system due to the smaller apertures. On
the negative side, all optical aberrations, including those introduced
by windows and turbulent index of refraction effects, will enlarge the
achievable spot size and reduce the advantage of a transit velocimeter

system.

The simulation results have Indicated that there is no need
to use a 1 watt argon laser beam if good optics are used. It is
easy to see that aberrations can destroy the advantage of a higher
power laser, We anticipate that a 200 mw laser will be adequate for

most transit anemometer applications at short ranges.

Most of the material in this section was included along with
additional discussion in reference (13).

2.2 WALL FLARE REJECTION

The ability of a laser transit anemometer system to reject flare
light from model or other surfaces has been analyzed and discussed
briefly by A. E, Smart and presented verbally at the Dynamic Flow Con-
ference 1978, Baltimore, Maryland. A brlef paper written for that con-
ference i1s included here as Appendix A. The analysis shows that with
typical optical system parameters, an LTA system may approach walls
more closely than fringe LV systems by approximately an order of magni-
tude. However, aberrations can nullify much of the theoretical advan-

tages unless attention is given to optical and mechanical detaill.

25
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SECTION 3.0

HARDWARE
SYSTEM DESCRIPTION

3.1 OVERVIEW

We begin in this subsection with a system overview and proceed
in later subsections to describe specific subsystem engineering consid-
erations. Figure 12 is an interconnection diagram which illustrates
schematically the separate physical units which comprise the experi-
mental system. The dashed line indicates which units are located 15
meters from the optical head. Figures 13, 14 and 15 are photographs
which show a perspective view of the experimental optical head and the
cptical and electronic compenents inside the hesad. The optical and
electronic subsystems inside the head are listed in Tables 2 and 3

for future reference.

It is apparent that there are several major functions of the sub-
system components which include: production and manipulation of laser
light, detection, signal conditioning, fast (correlator) signal process-—
ing, signal monitoring, rotation controal, subsystem sequence control,

data acquisition, display and processing.

3.2 MICROPROCESSOR CONTROL, DATA MARAGEMENT AND DISPLAY

The conduct of meaningful experimental measurements requires
many rapidly repetitive sequentlal operations, significant bookkeeping
and data c¢ollection, and graphic presentation of data to the operator
in near real time for verification of proper system performance. Small

computer systems are now ideally suited in price and performance for

26
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Table 2. Optical Head Subsystems: Optical/Mechanical.

l. Main Frame Structure

2. Laser

3. Turning Mirrors

4. Beam Splitter Prism and Focusing Objective

5. Transcelver Mirror

6. Rotator Prism Assembly

7. Transcelver Lenses

8. Field Stop Pinholes and Enlarging Lens
9, Fiber Optics Assembly

Table 3.

1.
2.
3.
4.,
5.

"Optical Head Subsystems: Electronic.

Photomultiplier Tube Assemblies (2)
PMT High Voltage Relay Board

Pulse Discriminator Boards (2)
Rotator Control and Sense Board

Input/Qutput Connectors and Cables
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these functions, For these reasons, the prism rotator control and the
discriminator cards and the digital correlator have all been constructed
with digital interfaces and we have modified a commercially available

microcomputer with interactive graphic capability and included it in
the system.

The microprocessor system performs the following operations:
records keyed-in system parameters for the experiment; sets the discrim—
inator range; sets the spot rotator angular position; starts the corre—
lator and reads the cerrelogram upon completion; displays the correlo-
gram for normalization; allows the operator* to move cursor lines on the
screen with a manual controller; uses the cursor positions interactively
to compute an estimate of mean velocity and turbulence intensity; com-
putes a desirable angular spacing for the rotation sequence which fol-
lows; asks permission to go on or go back; automatically sequences the
spot rotator prism and operates the correlator in a sequence of measure-
ments at angles umiformly spaced about the initially selected angle;
calculates and displays data peak visibility versus angle and determines
an estimate of true flow angle wila operator interactive graphics**; and
records all input and computed data, including the raw correlograms in

a memoty array for later transfer to cassette tape.***

The microcomputer
system has the capability of direct on-line interface with another mas-
ter computer or computer data link, but this capability was not used in

the AEDC tests,

Appendix B is an operational description of the microcomputer

software as developed for the September tests.

*

New versions of the software written after the AEDC experiments have
automated these operator functions. The operator now merely glves per—
mlission to the computer to continue.

xk
This function has been automated by curve fit software since the

September 1978 experiments.
dkk
Recent improvements include replacement of the cassette tape with

a minifloppy disk system which avoids frequent stopping for data
transfer.
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3.3 OPTICAL SUBSYSTEMS

3.3.1 Main Frame Structure

The subsystems listed in Table 2 comprise the optical subsystems
which are briefly described here. First, the mechanical frame of the
optical head was designed with highest priorities for compactness and
rigidity to avoid mechanical stress and vibration problems in tunnel en-
vironments with inclusion of detector and signal conditioning electron-
ics to avoid electromagnetic interference problems. The unit uses an
internal spine plate and interlocking tep, bottom, end and middle plates
to effect a ribbed I-beam-like structure which simultaneously provides
strength and rigidity and separate internal compartments which are op-
tically isolated from each other. The side covers employ black fabric
dust and light seals, and the structure is black anodized to improve in-
ternal optical isclation. The optical head, including the laser, is
93 cm x 36 cm x 20 cm in length, helght and width, respectively, and
weighs 40 Kg with all subsystems included. The head was designed for
compatibility with a Lexel Model 75-0.2 200 mw argon laser as shown in
Figures 13-15.

3.3.2 Laser Selection

}

The laser was Belected as an optimization of power, compactneas,
and reliability. On the basls of small-particle sensitivity as limited
by photon ambiguity alone, higher power than 200 mw 1s sometimes desir-
able. However, many practical considerations preclude the use of the
higher power lasers which are available. These considerations include:
physical size, operator safety, degradation of optical components by

burning of coatings, evaporation of atmospheric particulates on optical
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gurfaces, beam phase front deformation and loss of focus by component
heating, significant difficulties in overload protection of high-gain

photomultiplier detectors, and, of less importance, cost af purchase.

A mechanical design review showed that the laser would be the
limiting length component, and that a penalty would be incurred for
using the larger model B85 series Lexel or other competitive lasers,
Also, sensitivity simulations indicated that the 200 mw laser would

6m diameter

be adequate for making transonic measurements with 0.3x10™
scatterers*, For longer range and for higher wvelocity measurements, an
increase of power up to approximately one watt with the added burden

of Class IV laser safety regulations instead of Class III regulations
and the longer length of the Model 85 laser, may be justified. How-
ever, deposition of vaporized particulates on the optics during tests
with the Model 75-0.2 unit verify that the larger laser powers atre

not desirable when not required.

3.3.3 Turning Mirrors

The system utilizes four l-inch diameter turning mirrors on two-
degrees—of-freedom mounts. These mirrors were chosen for high reflect-
ivity (98%). The purpose of the mirrors is to fold the laser beam path
under the laser to the cemter of the structure, and to allow small trans-
lational and angular adjustments required to get the output beam aligned
with the mechanically defined optical axis. Figure 16 illustrates the

layout of the optical components,

3.3.4 Beam Splitter Prism and Focusing Objective

The beam splitter assembly contains a quartz Wollaston prism

and a 10x microscope objective. The Wollaston prism is located with

*
As discussed In Section 2.1 above.
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its polarization axes at a 45 degree angle with respect to the laser
beam polarization. -The incident beam is thus split into two beams
polarized at 90 deprees with respect to each other, and diverging at
approximately one degree., The minimum beam waist diameter is deter-
mined from standard Gaussian beam formulas in terms of the input beam
diameter incident on the lens, wavelength, and the focal length. The
spot separation 1s determined from the angle between beams and the
focal length. The resulting parameters for the experimental system
were l2x10-6 m diameter (llez) spots separated by 3001{10“6 m; i.e.,

with a 253:1 spot separation te spot diameter ratio.

3.3.5 Transceiver Mirror

One of the key elements of the LTA optics 1s the transceiver
turning mirror. This mirror follows the generation of the two focusad
parallel beams and turns them through 90 degrees into the transeceiver
optical axis. The scattered light which returns from the probe volume
to be detected passes around the trangsceiver mirror which acts as the
opaque center stop illustrated schematically in Figure 3 of Appendix A.
The mirror was replicated onto a 1/8 inch diameter rod sectiomed at
a 45 degree angle. The replicated mirror was supported in a spider
mount which allows the return scattered radiation from the outer amnu-
lus of the receiver to pass around it., High optical quallty is required
for this mirror because small deviations from flatness will introduce

aberrations in the refocusing of the beams in the probe volume.

3.3.6 Rotator Prism Asgsembly

The rotator prism assembly is one of the outstanding features
of the present optical system. ' In order to appreclate this unique

device, one must first reallze that the retumm light scattered back

36



AEDC-TR-79-32

to the photo detectors should be ideally passed through the center of
apertures approximately 20x10-6m in diameter: the diameter obtained by
convolution of the transmitted beam focus spot pattern with the
diffraction-limited transceiver lens imapging resolution (two-dimensional
impulse response). That is, it is desirable for the return radiation

to remain fixed in relation to the photodetector apertures to within 1
or 2 micrometers to avoid rotation chanpes of system sensitivity. If
one uses a system which attempts to synchronously rotate the splitter
prism and the receiver pinhole apertures, as some have done, them the
mechanical difficulties of maintaining alignment during rotation become
extreme if not impossible., One solution which has been used by some is
to make the pinhole apertures larger; this approach reduces the effective-

ness of wall flare rejection. We have taken another approach.

In the previous development of an LTA system, A. E. Smart used a
glass image rotating prism through which both the transmitted beams
and the return scattered radiation passed. The effect of the image rotat-
ing prism on the return radiation is to derotate the image so fhat it
ig precisely gtationary at the detector pinhole apertures, thus solving
the problem of pinhole tracking. Unfortunately, glass prisme of the
required size are heavy and, worse yet, produce aberrations of the focug=~
ing and imaging system which are intolerable. In previous developments,
A, E, Bmart used monochroematic light to avoid chromatic aberration and

used correction techniques to partially overcome spherical aberration.

The present system utilizes 2 truncated mirror-dove image rotation
prism which consists of a front surfaced mirror and a prism with two
external mirror surfaces as illustrated In Figure 17. The design of the
prism is such to maximize the angular aperture and thus minimize the
internal optical path required while minimizing the weight of the glass.

The system iz capable of aberration-free operation.

The mechanical assembly which holds and rotates the prism and

mirror about the optical axis is illustrated in Figure 18. The same
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Figure 17. Truncated Mirror Dove Prism,
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figure alsc shows the servo motor gear assemwbly which drives the prism
assembly (lower right) and the linear potentiometer which semses the
angular position of the assembly (lower left)., The feedback control
card, discussed with the electronics later, allows digitally controlled
positioning of the rotated image and digital readout of position
obtained to 0.1 degree preclsion. Finally, the figure also shows the
mounts for the pinhole apertures {far left), the transceiver mirrer

(left) and the focusing objective (top left).

3.3.7 Transcelver Lenses

The selection and mounting of the transceiver lenses which image
the two focused transmitter beams to the probe volume and the return
scattered light back to the detector pinhole apertures is extremely
critical. Experience gained with fringe LV systems Is very misleading
because almost any lens is diffraction limited over the typical small
transmitter beam diameters; furthermore, the receiver lens in a fringe
system for transonic applications typically must only image 1ight from
reglions 150 micrometers in diameter or larger. Commonly available tele-—
scope objectives easily satisfy the requirements of fringe LV systems
without being diffraction limited over their entire aperture, and with
minor spherical and chromatic aberrations being unimportant. We now

know that such lenses are not always adequate for LTA systems,

In the design of the LTA system for the AEDC, a pair of 80 mm
diameter 380 mm focal length cemented achromats was obtained and tested
by observing the aberrations in the transmitted focused beams, using
multiple wavelength (primarily 514.5 nm and 488 nm) laser operation.

The results seemed satisfactory and these lenses were employed in the
system. Unfortunately, however, the transmitted beams pass through
the central 40 mm diameter portion of the lenses where their performance

iz the best. Subsequent additional testing of the lenses as receivers
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where the scattered radiation is imaged through the -outer annulus’
(radius in the region 20mm < r <40 mm) showed that the lenses exhi-
bited spherical aberrations which produced image spots on the order
of 100 micrometers in diameter instead of ;20 micrometers, and with
best focus of the blue (488nm) and green (514.5nm) occurring at
slightly different locations. The full extent of the difficulties
was not realized until it was tﬁo late to obtain new lenses before
the scheduled test, so the collection aefficiency of the fiber optics
(discussed below} was very poor. Meﬁsurements later after partial
improvement was made indicafe that the collection efficiency of the
fibers was about 5% due to improper lens focus. During later tests
conducted at NASA Ames in October, some improvement in collection
efficiency was obtained by demagnifyving the return spot images priocr
to Incidence on the fiber optics and using a single wave length selector
prism. However, this temporary £ix does not give back the lost flare
rejection capability which demands high resolution imaging. Future

systems will employ better lenses.

3.3.8 Field Stop Pinholes and Enlarging Objective

]

If all the opticél eleménts were perfect and did not scatter or
reflect light, then a palr of 20 micrometer diameter pinhole apertures
located approximately 300 micrometers apart (precisely conjugate to the
actual spot separation) and arranged éuch that the scattered light from
one beam went to one photodetector, and the scattered light from the
other beam went to the other aperture, would work well i1f such a mechan-
ical arrangement could be obtalned. Separafing the light from the two
beams is easy enough if a 50% beamsplitter is used, but then 50% cf the
power in each beam is wasted; and the mechanical alignment of 20 micro-
meter diameter apertures poses some iﬁnonvenience. In our approach, the
field stop pinholes are deliberately made considerably oversized (about

100 micrometers diameter) for ease of mechanical positioning, and are
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followed by an enlarging lens and a second field stop which actually
limits the receiver fileld of view (the end of an optical fiber). The
pinhole apertures thus only serve to block off-axis internal f;are

light generated by reflections and scatter inside the transceiver op-

tics compartment, but this is a very useful function,

The enlarging lens is a microscope objective which re-images
the return radiation onto the end of the optical fibers., We have used
200 micrometer diameter fibers with a 10x microscope objective planmed
to obtain the desired match to the 20 micrometer conjugate spot Images.
The objective was reduced in power to 7x for the test in September*, but
further reduction was not possible due to the latitude of adjustment

of the fiber optic assembly.

3.3.9 TFiber Optics Assembly

By choosing fiber optics whose core diameter is the desired en-
larged field stop size, we have provided bhoth the spatial filtering
function and also a means of separating the scattered light from the
two parallel focused beams to separate photomultiplier tubes without
space limitation. (The two fiber ends must be positioned a few milli-
ﬁeters apart.) The position of each fiber is separately adjustable so
that the receiver may be aligned, but the precision of location required
is on the vrder of 20 micrometers instead of 2 micrometers due to the

enlargement of the return image prior to the second field stop.

3.4 OPTICAL HEAD SUBSYSTEMS: ELECTRONIC

In order to avoid electromagnetic interference which often arises

in experimental environments aznd to avold analog waveform distortion over

* To partially compensate for the lens aberration as discussed above.
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long cables, several critical electronic subsystems have been located
inside the optical head. These subsystems were listed in Table 3 and
are described briefly here.

3.4.1 Photomultiplier Tube Assemblies

The limiting length of the laser allowed room for two 12-inch
long housings for 2-inch diameter photomultiplier tubes (PMT's). Two-
inch diameter tubes are desiragble, instead of the more miniaturized
tubes which are available, because they typically have better dynode
collection effieciency and better single photoelectron pulse height
statistics. We chose a new developmental tube, the EMI D305, which is
an improved version of the older EMI 9816. Both are high-gain 14
stage tubes with 5-20 photocathode material. The S-20 material was
chosen over a lower dark count bialkali material because of its greater
red respongse and higher cathede curremt, The D305 has a higher gain
first dynode which improves singie photoelectron pulse height statis-
ties. Unfortunately, EMI was unable to supply but one of the two D305
tubes ordered, and that only much later than promised. A 9816 tube was
substituted in one channel, as the tubes are interchangeable. Due to
lack of time, detalled tests to compare the 9816 and the D305 tubes

were not conducted, but both tubes performed gquite well.

The PMI housing contains dynode supply voltage divider resistor
network and a fast 10x preamplifier with low output impedance for
driving a 25 ohm load {a 50 coax cable in parallel with a 508 termi-
nating resistor), The cathode 1s overload protected by 2 high imped-
ance series resistor, and the firat dynode_voltage is maintained at
a fixed 300 volts by Zener diodes. The direct coupled 10x preamp
includes a 2508 dinput resistor. This gives an effective voltage gain
of 5%, with respect to directly driving a 508 coax, in addition to the

10x gain of the preamp. The additional gain is not needed in order to
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get adequate pulse charge from single photoelectron events under low
light level conditions--the phototube itself is quite adequate under
such conditions 1f the high voltage is turmed up to about 2500 volts,
The purpose of the preamp is to reduge the average ancde current which
results under high background light level conditions very close to
surfaces. With the preamp and 2502 load, single photon pulses between
0.1 and lv amplitude are obtained with high voltage of 2000 volts.

In practice, 1800 to 1900v is adequate for detection of photon limited

signal pulses,

3.4.2 High Voltage Relay Board

A high impedance direct current semse circuilt is used to mon-
itor the average current output of the PMT anodes by properly scal-
ing the average value of the output of the direct-coupled preampli-
fiers. The eircuit is an active low-pass filter with an RC time con-
stant of 0.5 second, and a comparator which opens a high voltage relay
if the comparator level is exceeded. The comparator level is the pro-
perly scaled value of the PMT maximum average anode current. The
maximum average anode current rating is a specification which typically
can be tolerated for up to 30 seconds, and will not damage the tube
appreciably except as it contributes to long-term tube fatigue; We
have more than adequately protected the tubes with the 0.5 second time
constant, since the effect 1s integrated, and the relay trips much

faster for larger overloads.

The optical head 1s equipped with an external reset button
which glows red when either of the HV relays is copened. Another reset
button with light is provided at the remote keybeard control console
s0 that the relays may be reset if an operator or a computer drives

the beam focus into a surface during experiments.
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3.4.3 Pulse LCiscriminator Boards

The Eulse discriminator boards are important signal-conditioning
circuits which produce identical high-level 25 nanosecond smooth pulses
for transmission to high-speed timing electronics when a threshold is
exceeded and the "best"” pulse center is estimated. It would be a simple
matter in principle to design these boards if ideal photon correlation
could be used. Ideal photon correlation cccurs when every single elec-
tron emitted from the photocathode 1s counted in uniformly periodic in-

“"tervals, and full multibit products'are formed and summed. With an ideal
PMT and an ideal full correlator, no discriminator function is required,
but such is never realized in practice. There are phenomena which we
discuss and demonstrate at some length in reference 16 (Sweden,

1978) whereby real pulse pile-up effects, the finite dead time of dis-
criminators, and the single-bit capability of high-speed real-time
correlators do not allow the realization of ideal photen correlation in
many practical tramsonic flow situations. A similar situation prevails
here. The ideas are simple: if we set the pulse detection thresheld to
detect single photo electron pulses, then when multiple photon (semi-
classical to classical) signals come along, only one disecriminator out-
put occurs instead of many due to the finite low-pass filtering effect
of either the PMT output circuits, the discriminator dead time, or the
correlator input rate. Thus, even if full produect multiplication were
available, the signal pulse time locations are numerically saturated and

cannot respond.

The practical solution to the numerical saturation effects is to
raise the discriminator threshold above the mean single-photoelectron
pulse level to emphasize statistically the events where finite bandwidth
{low-pass filter) effects cause the analeg signal to be higher. We
have demonstratedgexperimentally that this course of action dees pro-

duce a better signal-correlation (peazk) to background-photon-correlation
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{flat) ratio. And, thus, we see that with existing technology we are
forced to admit a semiclassical filter/pulse detection optimization
problem where idealized photon correlation is not the solution. Ex-
perimentally, we have shown that simple classical assumptions which
reguire large thresholds and zero-background single-photcelectron

events are also not optimum: the available number of larger particles

ig less (and less desirable for particle inertia reasons). We are,
therefore, forced to a practical optimum in the "photon limited" regime
where signal pulses are the sum of a small number of photoelectron pui-
ses and are only probablistically discriminated against background
events. Furthermeore, there are two tasks which the discriminators per-
form: ome is the detection of pulses and the other 1s estimation of

the center.of a pulse or a group of single photoelectron pulses which
arise from a single particle transit. The optimum filters for accomplish-
ing these two functions are different. The pulse center estimation fil-
ter requires Integration over the classical pulse duration; the time con-
stant of the detection filters must be less in order to avoid biasing the

detection towards the slower particles in turbulent flow.

The discriminator boards have seven overlapping ranges whose
detection filters have impulse responses which are nearly Gaussian in
shape and with pulse widths of 25, 50, 100, 200, 400, 800, 1600 and 3200
nanoseconds. The detection filter ranges are digitally selectable and
are labeled range ) through 7 respectively. Each range also has an in-
tegrating pulse center detection filter whose time constant is four
times slower than the detection filter for the range. The pulse center
deteciion estimation logic is only enabled logically after the detection
threshold comparator is "armed" by & pulse out of the detection filter.
The output is then the standardized 25 nanosecond pulse. This approach
is more expensive than commonly available constant fraction pulse dis-
criminators which use the same filters for both detection an& pulse cen-
ter estimation. The selection of time constants and the pulse center
estimation filter waveforms is such that a given range works without

anomalies from the single photoelectron sipgnals up through classical
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signals. The discriminator boards also include an isolation amplifier
which drives a 50 ohm output signal monitor with the input PMT signal

waveform.

A complete statistical analysis of the SDL discriminator cir-
cuits would be lengthy and has not yet been undertaken. However, ex-
perimental evidence shows that they perform well with photon limited

sipnals.

3.4.4 BRotator Control and Sense Board

The prilsm rotator assembly i1s driven by an analog servo motor
and gear assembly. An input digital angular address is converted by
a D/A converter to an analog voltage. The analog feedback voltage
from the linear potentiometer is compared with the requested voltage
and the difference integrated and amplified to drive the servo motor.
There is a small dead band such that when the desired position is ob-
tained within small tolerances the process ceases. For small angular
changes the time constant is approximately 2 seconds regardless of the
requested change. For large changes the maximum rate of the motor

is reached and the required time may be up to about 4 seconds.

At the completion of an angle change, a flag 1s set tec enable
the reading of the linear potentiometer via an A/D converter which

is also included.

The servo motor can also be run in either direction, either
"slow" or "fast" by use of two toggle switches at the control key

where the discriminator threshold level potentiometer is located.
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3.4.5 Cables and Connectors

The input connectors for the optical head inelude the follow-
ing: A multipin comnector for the manual and computer control, and
data acquisition system; a multielement comnector for the low-voltage
power supply; two 50 ohm signal monltor BNC conmectors; two 30 ohm
discriminator pulse output BNC connectors; two high-voltage BNC inputs
for the PMT supplieé; and two TTL BNC gate inputs for gating the dis-

criminators.

3.5 OTHER ELECTRONIC SUBSYSTEMS

The total system assembled for the AEDC tests includes electronic
power supplies, signal and correlogram oscilloscope monitors, and a
50 nanosecond Malvern correlator as illustrated in the overview sche-

matic shown in Figure 12.

3.5.1 Power Supplies and Oscilloscopes and Manual Control

The signal monitor requires an oseilloscope fast enough and with
enough writing intensity to comfortably view pulses of 10 nanoseconds
duration. The correlogram monitor oscilloscope can be gquite slow.
Neither oscilloscope is necessary to the system operation, since the
microcomputer data management system displays the accumulated correio-
grams on the videc monitor. However, when the operator is searching for
the correct initial angle using the manual® rotator control, the oscil-

loscope monitors provide faster feedback and are thus very desirable.
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The system includes a low-voltage supply located physically
with the laser power supply, (about 3 meters from the optical head
with the present system), and two 2500-volt variable supplies lo-
cated remotely at the control kéyboa;d. High voltage BNC cable is

used to connect these supplies to the .optical head.

3.5.2 High Speed Correlator

The system assembled for the AEDC tests included a 50 nanosecond
48 gtore Malvern correlator. The correlator provides high-speed cross-
correlation processing with digital elock accuracy and with only 50 nsec
dead time, The theory of the Malvern correlator has been described in

detail by Oliverlg and will not be described here.
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SECTION 4.0

EXPERIMENTAL RESULTS

The objective of this contract was to demonstrate an LIA sys-
tem employing a photon correlator processor and compare the result-
ing measurementa with simultaneously obtained fringe velocimeter mea-
surements, The system deacribed in Section 3.0 was transported to the
Arnold Center on September 18, 1978 after a poseponement due to work
on the ETF jet facility. Demonstration measurements along the center-
line of the jet were made with the LTA system once the facility modi-
ficatione were completed on Thuraday, September 21; however, due to
equipment difficulties experienced by the Arnold Center personnel and
time and funding constraints which precluded further SDL measurements,
no simultaneous measurements were accomplished. 1In this section we

report briefly the results of our experiments.

4,1 ETF JET FACILITY

The tests were conducted using a free jet test installation lo-
cated in Propulsion Research Cell (R-1lA=1) of the Engine Test Facility
at the Arnold Engineering Development Center. Assistance was provided
to SDL personnel by Mr. T. V. Giel, ETF, Mr. Virgil Cline, PWT, and
the facility technicians. A 1" diameter underexpanded unheated jet with
a pressure ratio of 4 was used. This jJet has been tested extensively
in the past with both laser velocimetry and shadowgraph techniques as
reported by Barnett and G:Lel1 in 1977. Figure 19 is a reproduction of
Page 72 of Reference 1 which 11lustrates the first and second Mach
discs located 1.73 inches and 3.39 inches dowmstream. Due to other
activities which had occurred since the calibrations of the jet, a
right angle bend had been installed in the jet supply pipe. It is
thus possible that minor differences in the flow would occur with res-

pect to the earlier measurements.
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Axial Station, X/D

Figure 46. Shadowgraph of underexpanded jet,
P,/P_= 4.

Table 4. Mach Disk Locations

Axial Location, X/D

Pressure Ratio, Pe/Pw

Primary Disc

Secondary Disc

LS P

1.08
1.48
1.73
1.97

Figure 19. Shadowgraph of Underexpanded Jet, Reproduced

from Page 72 AEDC-TR-76-156.
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4,2 PRE-TEST ACTIVITIES AND EXPERIMENTAL ARRANGEMENT

The welding modifications to the jet facility were not completed
and Inspected until the morning of Thursday, September 21, 1978. Dur-
ing the period September 18, 19 and 20, several pre-test activities

occurred which are deseribed briefly here.

First, the LTA system was uncrated and the various units inter-
connected in the control room for checkout purposes. This was accom—
plished with little difficulty and the system was demonstrated using a
small laboratory fan and unseeded room air., The optical system did
not need realignment after shipping; however, a few loose comnections
were discovered in the microcomputer interface which had resulted from
improper packing for shipment. These connections were rescldered and

the system worked well.

On Tueaday the optical head was transported from the control
room to the test cell and the 15 meter cables were installed. Figure
20 is a photograph of the optical head as it was located above the ARO
fringe LV system with the probe volumes aligned to be coincident. Fig~
ure 21 is a photograph of the data management system with a correlo-

gram displayed on the video monitor.

The optical head was mounted as shown in Figure 19 by removing
the side dust covers and bolting it to the support table using the
four holes in the base which normally are used for the four feet of the
head. After the system was mounted, it was found that the laser had
become slightly detuned, apparently due to the change of temperature
and physical orientation. Minor realignment of the optical system was
required. It was also found that the optical components had become
" dirty and were producing a lot of internal flare light. The cause
for this appears to have been the removal of the side covers immediately
after transporting the head from an air-conditioned room to a much warmer
and more humid rcom. The resulting condensation would provide an expla-
nation for the optics getting dirty so quickly, as this had never hap-

pened in weeks of previous work with the system.
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Figure 21. Photograph of Data Management System
with Correlogram Displayed.
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It was alsc found on Thursday that one of the discriminator
ranges was no longer functional, TInspection of the discriminator cir-
cuits upon return te Costa Mesa indicated that someone must have inad-
vertently knocked one of the integrated circuits loose while the elec-
tronic side of the instrument was open for mounting of the head, be-
cause the discriminator performed normally later whén the integrated

circult was replaced.

During the period of time that the LTA system was being set up
and checked out, an AEDC fringe velocimeter system was also set up so
that simultaneous data could be obtained once the jet facility was op-
erational. On Thursday, the jet was finally operational after lunch,
and data taking was Initiated. Difficulties with the AEDC equipment
caused postponement of the Fringe LV measurements which were repeated
the next week after the SDL equipment was shipped back to Costa Mesa on
Friday, September 22,

4.3 JET MEASUREMENTS

The output lens used for the jet test was a 622mm focal length
lens which resulted in a throw,or range, from the front of.the instru-
ment of 597mm, a spot separational 0.489mm as calibrated prior to
instrument shipping, and a spot size of approximately 20 micrometers
diameter. The axial speed and apparent turbulence intensities as de-
termined by the operator and the data management system were recorded
for several locations along the center line of the jet. Photographs
were made of the videc monitor display which show the choices made by
the operator using the interactive graphics approach. All of the pho-
tographs of the jet centerline data are reproduced along with the table
of raw data in Appendix C. Figure 22 is a plot of the axial speed, in

neters per second using the values listed in Appendix C.
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4.4 DISCUSSION OF EXPERIMENTAL DATA

.

We are pleased with the relative ease with which data was ac-—
quired once the jet was finally available for operation. However,
there was insufficient time to make extensive studies of the Instru-
ment capabilities. In addition, we learned in later work back in
Costa Mesa and at NASA Ames that the system sensitivity was more

than an order of magnitude below that of which it is capable.

By hindsight, it would appear that the particles whose wvelo-
cities were measured must have been.-nearly one micrometer in diameter
or larger. We suspect, in other words, that there were some."boulders"
in the jet greater than one micrometer which resulted from the newly
completed welds or some other source. Examination of the photographs
in Appendix C indicate a distribution of particle lags which produces
"apparent" skewed turbulence in regions where little true turbulence
would be expected. This effect is partially compensated by selection
of the mode velocity in most cases, but we still observe appreciable
particle lag effects in the plot of Figure 22; the shock relaxation be-
hind the first Mach disc could have been sharper if the system sensi-
tivity had not suffered from the fiber optic collection efficiency

which resulted from the lens aherrations.

At this writing, we have net seen the results of the fringe LV
measurements made during the next week. That system used a larger
collecting aperture in an off-axis configuration and a 2 watt laser
source. There is no way of knowing if the particle size distribution
was the same during the fringe LV experiments, so comparisons may be

meaningless at any rate.
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SECTION 5.0

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

Spectron Development Laboratories has designed and constructed
a physically compact experimental prototype laser transit anemometer
system with many innovative features including a microprocessor based
data management and control system, an aberration-free digitally con-
trolled spot pair rotation system, a fiber optic detection approach,
digitally controlled signal conditioning discriminators, and an auto-

matically controlled interface to adigital correlator.

The system has been tramsported to the Arnold Center and shown
capable of making supersonic backscatter measurements of an unseeded

jet flow with co-axial optics and only a 200 milliwatt laser.

In order to make the system more sensitive, easler to clean and
align, more reliable, and capable of velocity measurements up to Mach
10, we recommend the following: additional optical system development
to include diffraction limited transmitter receiver lens and more easily
removable (for cleaning) optical mounts, additional development of the
discriminator circuits to include a faster range, and the acquisition
of a faster correlation processor. 1If these steps are taken, a system
should result which is capable of measurements up to Mach 10 at ranges

of 0.6 to 1.0 meters.
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APPENDIX A
LASER ANEMOMETRY CLOSE TO WALLS
Presented at

Dynamic Flow Conference 1978
'Baltimore, Maryland
September 18-21, 1978

Dr. Anthony E. Smart
Spectron Development Laboratories, Inc, '
3303 Harbor Blvwd., Suite G-3
Costa Mesa, California 92626

ABSTRACT

Schodll, and others, have reported the development of two-
spot or transit anemometer systems. These systems appeared super—
ficially to make unsophisticated 'time of flight' measurements.

Work at Rolls—Royce2 and Spectron Development Laboratorie33 has led
to improved second generation optical systems and data processing
techniques with significant advantages over frinpe laser velocimeter

systems in certain applications.

In this paper some advantages of transit anemometry for meas-
uring close to walls and in periodic flows are demonstrated, The
unquestioned superiority of this approach for flare rejection does
not necessarily lead to longer measurement times. The more complete
data gives two-dimensional velocity probabilities and shear stresses
in places not easily accessible by standard technilques. Gated meas-—
urements are shown for non-statiomary situations such as rotating
machines and other cases not easy with backscatter fringe anemometry.
The high accuracy of the technique’ is a clear bonus as velocities are
easily measured to 0.5% and 30 arc minutes using sub~-micron particles.
The high dynamic range of this device, 1 ms-l to 1000 ms —, also

increases i1ts usefulness in a number of normally difficult situations.
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INTRODUCTION

Conventional real fringe laser anemometry has an impressive
history of successful applications where the signal received from
small scattering particles is not too seriously swamped by stray
light from other sources. In many recent applications, attempts to
use fringe anemometry have been frustrated by light scattered at the
laser wavelength from machinery close to the sampling volume, for

example, walls and blades in turbo-machines.

STRAY LIGHT REJECTION

Light scattered at wavelength other than that of the incident
laser may be rejected by suitable filters; and to this end some work
has been done on flucrescent mechanisms, either as a fluorescent seed
where the wavelength shifted light is accepted or as a fluorescent
coating to the wall in gquestion permitting rejection of the scattered
light from the wall. The former has been very successful but requires
the addition of special seed and the prevention of its deposition on
the surfaces which may give troublesome scatter. The latter is not
very effective as the mechanism of fluorescent ceating is such as to
carry the active absorber in a transparent medium. Only the light
which enters the medium can be absorbed. That which scatters at the
surface is just as troublesome as that scattered from the surface
before coating. The unsurprising behavior of some coatings is showm
in Figure 1 for 45° laser incidence. The laser used was helium neon
and a suitable fluorescent absorber was methylene blue in gelatin—-—

a somewhat fragile coating not suitable for use in hostile conditions.
(A carrier other than gelatin could be found.) Figure 2 shows a nor-
mally incident beam and the equiwvalent curves. The key to the letter

identification in Figures 1 and 2 is shown in Table 1.
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Table 1. Legend for Figures 1 and 2.

—— Sprayed Matt White Paint

—— Sprayed Matt White Undercoat (more Lambertian)}

—- Machined Aluminum (milled with some blaze asymmetry}
—- Brushed Matt Black Paint

Candle Smoked Carbon

—- Sprayed Matt Black Paint

—- Black Velvet (delustered rayon)

=B s B I - I B 0 T - 5
]
1

—-- Sprayed Matt Black Paint with 0.1-0.2 mm Overcoat
Layer of Methylene Blue Loaded Gelatin

I -~ Clean Optical Glass

It is clear from this that stray light can be reduced by these
methods, but they involve modification of the test situation which is,

of course, undesirable in many cases.

GEOMETRICAL CONSIDERATIONS

Geometrical subtlety Is a superior method of rejecting stray
light. The correct devising of optical systems and optimal stops is
not trivial. Using fringe systems ways to minimize focal depth, and
hence the susceptibility to scattered light from nearby walls, are
to use a wide aperture lens or to use oblique observation. The latter
is very effective but is not always convenient. It is frequently im-
possible to accommodate windows s=o large that they may be used with
such a system. Indeed in most gituations where wall flare is a prob-
lem, there is a constraint tc have very small windows. A coaxial back-
scatter system is a first choice and the use of proper stops to reject

wall flare is essential.

Here a transit system has some merit since it c¢concentrates
its light into a much smaller volume ~- yielding brighter light from
scattering particles and reduced light from background. Let us compare
two systems, fringe and transit in an attempt to make some quantita-

tive estimates,
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Firstly consider the receiving system as comprising the stops
shown in Figure 3. The geometrical analysis is very simple. We
know that the illumination is the highest on axis and consider the
amount of light receivable from axial points -- coordinates x, mea-

sured as positive away from the detector.

In consideration of Figure 3 we may look at purely geometrical
extreme rays, noting that in a real system there will be very signi-
ficant effects of diffraction. Diffraction serves to smear the clean
lines of Figure 3 but in no way changes its conclusions. We assume
that the lens is perfectly corrected for the appropriate conjugates,
but this is usually too difficult or tooc expensive to generate if the
system is to be at all versatile. To the extent that this criterion
is not met, ultimate performance will be inferior to the geometrical

ideal outlined here.

We will ugse {} as proportional to the total solid angle indicated
by & limiting ray cone and note the formulae of Table 2 in the notation
of Table 3.

Table 2. Formulae for Limiting Solid Angles.

Quter Value D2 (2f-x 2 EE
of Q. (2f+x)2 (2f+x)2 x2
2fa 2fa
Valid x Range 0 <x< Dta x > Dta
22 2 2
Inner Value (2£-x)"b (2f-x)" a~
of &. @e? (£-x)? (f+0)? <
af af
Valid x Range 0 <x<« bta X > atb
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We may evaluate the expressions in Table 2 for twe conditions

under which fringe and two spot systems may be comparable.

Table 3, Parameter Specifications

Symbol Fringe Transit
Recelver Aperture Radius : D (mm) 40 40
Sample Yolume and Quter
Stop Radius a (um) 250 10
Receiver Focal Length £ (mm) 250 250
Inner Stop Radius b (mm) 10 10

Thus, all quantities except the stop size/sampling volume width

are identical in both systems,

Flgure 4 shows a graph of the normalized intensity which may
he collected from a lumincus point on the sSystem axis a distance x { m)
measured in a direction away from the receiving lens, the direction of
interest in the rejection of light from walls. The normalization is
performed as though the entire raeceiver could be used. With the addi-
tion of a center stop, to permit the center of the lens to be used for
the outgoing beams, the plotted efficiency is reduced from its normal-
lzed value. Such a center stop 1s alsc that which limits the length
of the sampling volume teo the extent that we show. For comparable
optics it is clear that the improvement in sensitive length is from
fringe of 6.1 mm to transit of 0.25 mm. This represents a factor of
~25 which is somewhat degraded both by diffraction and residual lens
aberrations but is still a very significant improvément. With a small
change in optical arrangement for transit systems, the receiver center

stop may be made larger than we have shown. The reduction in overall
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efficiency is then a tradeoff with the reduced sensitive volume length,

which may thus be shortened even further.

The quoted collecticn efficiencies must be taken In conjunction
with where the incident light is available to be collected and repre-
gsent a further increase in the roll-off rate gshown. This 1s simply a

-2 ~y%/202
factor of ~x for the transit system and e

for the fringe sys-
tem; y/0 is a beam parameter near the walst of the fringe generating
beams. Substituting values appropriate to the former example, the l/e
point of 1llumination intensity along the axis 1s about 480 pm for the
transit system and 17 mm for the fringe system. (This corresponds to
forty 12.5 pm fringes.} In both cases it is seen to be the recelver aper-

ture which is the eritical component.

We have only considered axial properties and it is clear that
there will also be contribution to unwanted flare from cff-axis posi-
tions which receive illumination. The contours of constant flare will
be represented by the lines of constant product of the illuminating and
receiving hyperboloids, with allowance for the near paraboleidal trunca-
tion on axig. This will reduce the efficiency of both systems ro a
comparable extent since we have supposed that the transit system has
been illuminated by a cone not far separated from the inner boundary
of the receiving cone, and also that the fringe system is illuminated
by beams close to the inner recelver cone boundary but with reduced d4i-
vergence. Lt is apparent that these constraints are more sericus on the
receiver gide of the focus which we have not considered here as they do
not have a significant effect on wall flare. An analogous analysis
could be performed for the receiver side of the sampling volume. This
would have relevance to dirty windows. The specular window component
must, of course, be rejected by obliquity. In flows with many particles
there is some possibility that this effect could limit the maximum tol-

erable particle concentration.
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OTHER ADVANTAGES

For the geometries we have considered, the increase in illumina-
tion intensity at the sampling volume is somewhat under a factor of
200 when going from the fringe system to the transit system. Because
this makes possible the acquisitiovn of good signals from smaller par-
ticles, the data rate need not fall by a similar factor in a naturally

seeded system which may contain more smaller particles.

The observation of a wvelocity probability in a chosen direction
with facility to rotate the spots about an equivalent centroid makes
the measurement of shear stress very straightforward., Also because of
the small size and large separation of the spots, typically a ratio
of 1:25; the measurements of velocity magnitude and direction can both

be very accurate.

The system may have the spot rotation arranged without difficult
optical alignment by making the output and received imapes conjugate.
It is highly desirable to do this to take full advantage of the fore-
going discussion and arrange optimally small stops. For the SDL tran-
sit system we accomplish imapge rotation by use of a mirror Dove of novel
design which works at £/4 or a little better without intermediate image
and is aberration free in a diverging beam., This makes the whole instru-—
ment quite short. One point of Interest 1s the necessity to reject not
only scattered light from each beam into its own Yeceiver but from each
beam into the other receivey. This is essential, and ¢f course we use
two recelivers and further stops designed with the above criteria borne
in mind. At each point in the optical design the nature and type of

stop should be considered -- whether field, aperture or hybrid.

SOME EXAMPLES

Figure 5 shows the appreach to a wall with the earliar Rolls
Royce system, and Figure 6 shows measurement in a subsonic fan. Both
figuras are only illustrations of system performance which has been

substantially improved in the newer SDL equipment.
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CONCLUSIONS

1. Flare light can be most satisfacterily rejected by well con-

sidered geometrical deslgn and attention te optical components.

2. The transit configuration allows at least an order of mag-
nitude improvement in the proximity to walls at which good measurements

may be made, given similar constraints,

3. The capabilities of the transit system to look at smaller
particles and measure stresses by spot rotation are especially useful

close to walls.
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OPERATIONAL DESCRIPTION OF MICROPROCESSOR SYSTEM

After the program has been loaded from the tape

*dﬁi-

RUN o
E:he screen will clear]
DATE (MO,DAY)= 9,28 3

TIME(HR,MIN)=14I3g1

SPOT SEPAR. (MM)=

X,Y,2=

DELAY=
DESIRED RANGE=

THETA SET?

THETA= 9§.4
DESIRED THETA= 96.2
THETA=96. 2

GO ON?i

Underline indicates user-typed
command or response. '3
represents hitting carriage return.

Enter MONTH,DAY of today's date
Enter HOUR,MINUTE of this run--

use military time, e.g. this example
would indicate 2:30 p.m,

Enter spot separation in millimeters

Enter X,Y, and Z values separated
by commas.

Enter time delay in microseconds,
Enter desired discriminator range 1-7

Set rotator angle manually if desired
and then hit return

Reports current rotator position
Enter desired rotator position
Reports new rotator pasition.

Hit return when ready to continue.

At this point, the Malvern correlator is automatically started.
When the set number of samples has been collected, the Malvern stops
(red light goes on) and the plot of the correlogram is drawn on to the
terminal screen. Using the ''paddle', the user sets certain vertical and
horizontal lines on the screen as described on the following page.
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When the correlator stops, a plot
such as the one shown in Figure A
appears on the screen. The right-
most vertical line can be moved by
turning the dial on the paddle.

This line should be used to locate
the approximate peak of the plot

as shown in Fig. B. When the desired
position is located, press the button
on the paddle to lock in this value
and to continue the program.

*RANOTE%** Moving the horizontal and
vertical lines causes erasing of the
function at intersection points. Type
any character to have the function re-
plotted.

A horizontal line should now appear
along the top of the plot and another
horizontal line is available for the
user to move (with the paddle). This
line should be used to locate the

Figure D
approximate base line of the function
as shown in Fig. D. Press the button
—— — when the desired position has been
7 L reached.

The program now automatically draws

a line which is 1/e distance from

the upper line. Also another vertical
line appears, as shown in Fig. E.

- ———— Move this line to one of the points
‘}/ Figure F where the 1/e line intersects the function,
+ and then press the button. Another
+ . \L—-_4==_k vertical line should then be moved to
J the other point at which the 1/e
—1 { —— line intersects the function, then

press the button again. See Fig. F.

The screen clears and then presents the input variables and calculated

values in the following format:

DTHETA=

T-ACT= T-REQ=
TI= N=
DISC= IDEAL=
Y= i=

76



DTHETA - the
T-ACT -~ the
T-REQ - the
\ - the
TI - the
N - the
sS - the
DlIscC - the
IDEAL - the

X,Y,Z - current scan coordinates

AEDC-TR-789-32

change in the rotator angle for each iteration {in degrees)
actual position of the rotator {degrees}
requested posltion of the rotator (degrees)

calculated velocity

calculated turbulence intensity

desired number of angles (DTHETAs) to process
spot separation (mil)imeters)

current value of the discriminator range
calculated ideal discriminater range

DTHETA will remain blank until the value for N {the no. of angles)
is specified, at which time the value for DTHETA will be printed out.
On the first run, B wlll remain blank since it will not have been assigned
a value yet. After N gets assigned a value, this value will be printed.

The computer next asks:

SAVE THIS RUN? Y

2

User examines the calculated results
to determine if this data should be
saved. Hit return 7f you don't

want to save it; type any other
character and then hit return if

you do want to save it.

If this run is not saved, control passes to start point A. (See page 2 )
If this run is saved, then the following options are presented:

If this was not the first run, then:

CHANGE NO. OF ANGLES? Y

Hit return if same ne. of angles

i5 desired; hit any other character
and then return to set a new no. of
angles,

If this was the first run, or some character was entered in response
to the question '"'CHANGE NO. OF ANGLES?', then:

NO. OF ANGLES= 3

G0 ON?;

)

After this value is entered, the header
information for DTHETA and N will
automatically be updated.

Hit return when ready to go on

and vary the rotation angle by the
calculated DTHETA degrees.

-

Now, as the rotator alternates in direction from +D& to -D& to
+20¢ to =-2D€, etc. until the specified number of angles has been reached,
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the program will present plots with harizantal lines on them as shown in
Fig. G. The upper line is fixed; move the lower line te the base line of the
function and press the button to go on.

3

When all the angles have been processed, a plet of the visibility
ratio at each of these angles is displayed with a vertical line which should
be positioned at the estimated peak of the function which would join these
points. (See Fig. H). Then press the button.

|
Figure 1
m
I -
T E s L -
The computer responds with:
SAVE THIS RUN?J Hit return if you don't want it

saved; type any other character and hit
return to save it.

Control then passes to the A start point which continues with the
following questions:

This point can be returned to (after aborting the program with
RESET) by typing PG, return, and then GOTO346.

CHANGE )C'.?‘1 Hit return 1f you want same value of
X; otherwise type any character and
return.

CHANGE Y? Y 3
Y=2 ) Enter new value.

CHANGE DELAY?A

Now the program continues as described previously by requesting

desired range, desired taeta, etc.
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APPENDIX C

"RAW DATA

Table Cl1 is a reproduction of the raw data obtained from the
jet centerline measurements. The speed and turbulence intensity are
those computed by the data management system based on the operator
selection of the vertical censor locations., Photographs were made of
the video monitor display for axial locatioms %x/D = 1.06 through 1.90.
These photographs are numbered 1 through 11 and are reproduced here
as Figurep Cl through C11.
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Table Cl. Table of Results.
Tube

Run Phote Time Pog}ﬁion Speed Turb. Volts Time/
No. No. C.T. MS-1 4 ¥ Threshold
1 14.10 0.66 367.1 15.8 1900 50 3.8
2 14,32 0.66 357.5 16.9 1300 50 4.5
3 14.46 0.66 380.8 18.1 " " "
4 14.51 0.86 388,1 15.8 " " "
5 1 14.58 1.06 411.6  17.3 2000 50 5.8
6 2 15.05 1.26 411.6 14.6 " " "
7 3 15.15 1.46 433.5 15.2 " " "
8 4 15.23 1.70 438.2 11..7 " " "
9 5 15.37 1.73 438.2 5.6
10 6 15,41 1.74 428,9 5.95
11 15.44 1.75 424,5 5,90
12 7 15.45 1.76 420,1 4.30
13 8 15.54 1.77 407.5 4,58
14 9 15.57 1.80 399.5 4,1
15 10 16,00 1.85 377.3 2.15
16 11 16.02 1.90 367.1 3.56
NOTE: Runs 1 through &4 were made before the jet was "on condirion"

at pressure ratio of 4.0.
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Figure Cl.

Figure C2.
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Figure C5.

Figure C6.
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Figure C3.

Figure C4.
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Figure C7.

Figure C8.
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Figure C9.

Figure C10.
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Figure Cll.
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