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1. INTRODUCTION

NASA-Ames Research Center and the U.S. Navy are actively engaged
in a2 program to provide technology for the design and development of future
advanced vertical takeoff aircraft. Efficient high performance aircraft with
a vertical or short takeoff and landing (V/STOL) capability are under study
for naval and marine applications. This type of aircraft shows significant
potential for extending current mission capabilities. The V/STOL aircraft

also introduces unigue aerodynamic design problema.

Propulsion-induced lift effects play an important role in the design of
V/8TOL aircraft, A complex flow field is generated by a V/STOL aircraft
operating near the ground during takeoff and landing as sketched in Fig, 1.

Flow
Regimes

4 Fuselape Flow

1. Turbulent
Free Jet

2. Wall Jet
Flow

s ol » > Ay e "T_’i’//—///// IO
3, Fountain Upwash Flow

Fig. 1 - Flow Field About a V/STOL Aircraft in Ground Effect




The flow field is characterized by: (1) the turbulent free jets from the lift
cruise engines; (2) the wall jet regions; (3) the fountain upwash flow region;
and (4) flow along the fuselage. Entrainment of the ambient air by the turbu-
lent free jets induces a flow of air around the aircraft. This resulis in a
"suckdown' force on the vehicle. The turbulent jet impinges on the ground
and generates a wall jet flow. A merging of the radial wall jets results in a
stagnation region near the aircraft centerline. At the stagnation region, the
opposing flow is turned in the vertical direction creating a hot gas fountain.
Impingement of the fountain on the fuselage produces lift, heats the airirame

surface and generates flow along the fuselage.

The complex flow fields of V/STOL aircraft in hover are extremely
difficult to measure accurately by conventional pressure sensing devices,
particularly in areas of high flow interactions. Even in the detailed design
development stage of V/STOLs, gross force and moment measurements and
inlet temperature data are the principal measurements obtained with only a
limited knowledge of the detailed structure of the flow field. However, since
the secondary flow which produces forces on the model is a strong function
of the jet entrainment, a knowledge of the details of the flow field is necessary.
Currently, a number of computer programs are under development for model-
ing the behavior of V/STOL aircraft in ground effect (Refs. 1 through 3}. Each
of these predictive models requires experimental measurements of the three-

dimensional flow and the turbulent mixing process in the aircraft near wake.

The traditional experimental techniques for determining propulsion
induced lift effects consist of: (1) measurements of the forces and moments
about the aircraft center of gravity using strain gauge balances; (2) measure-
ments of the distribution of static pressure at the surface of the aircraft or
near the ground with pressure transducers; and (3) measurements of the dis-
tribution of temperature at the surface of the aircraft or near the ground with
thermocouples. The balance measurements show the effect of variations in
aircraft configuration and operating conditions on the induced lift. The pres-
sure and temperature measurements provide a qualitative characterization

of the external flow.



Recently, pressure and temperature measurements were carried out
in the flow field of a hovering VAK-191B aircraft by a team from U.S. Navy
and VFW-Fokker (Ref,4). The measurements of aircraft footprint indicated

the need for improved flow sensing techniques,

While the traditional measurement techniques show the gross effects of
the jet induced flow, they do not provide sufficient information to model the
complete three~dimensional flow field analytically., For example, analytic
models based on a solution of the Navier-Stokes equation require specifica-
tion of the turbulence field. The turbulence coefficients such as the Reynolds
stresses are necessary to describe the jet entrainment and secondary flow,
These turbulence parameters cannot be measured with conventional pressure
transducers or temperature sensors. Because of the complexity of the flow
field, new measurement techniques are necessary for providing character-
ization of the V/STOL flow field, '

A mobile laser Doppler velocimeter (LDV) has been developed for re-
mote sensing of atmospheric flows (Refs, 5 and 6). The LDV holds considerable
promise for providing detailed surveys of the flow field of V/STOL aircraft.
Recognizing the necessity for advanced flow measurement techniques, NASA -
Ames Research Center supported the present study. The objective was to
investigate the feasibility of a system for measuring the flow field around a
hovering V/STOL aircraft. The motivating questions were; Will an LDV SYys-
tem function in the hot, dirty, turbulent exhaust gases emanating from a large
scale V/STOL aircraft? Can the LDV be configured to measure the vertical
and horizontal flow field of the aircraft operating in ground effect? Are the

measurements provided by the LDV useful in the study of propulsion induced

aerodynamics?

The LDV measurements were a part of a larger experimental program
to determine the propulsion induced lift effects for a three-ton lift cruise sub-
sonic V/STOL aircraft (Refs, 7 through 9). Balance measurements and tem-
perature and static pressure surveys were obtained during simulated hover

tests in an outdoor test stand facility at NASA-Ames for a 0.7 scale powered



aircraft model which are described in Ref, 8, These large scale ground hover

tests afforded a unique opportunity to obtain flowfield measurements with a

non-intrusive flow measuring system at the same time,

The specific objectives of the presenf, effort were to: (1) evaluate the
LDV as a possible method of measuring the flow velocities around a hovering
three-fan V/STOL aircraft model; (2) obtain flow velocity measurements
around a three-fan large scale V/STOL aircraft model during:static-$ests; and
{3) determine the usefulness of velocity measurements taken by the LDV in
the study of ground effect of hovering V/STOL aircraft., The results of the
V/STOL flowfield surveys with the mobile LDV system are described in this

report including a discussion of the instrumentation, experimental tests and
the results of the measurements.



2, INSTRUMENTATION

The flowfield measurements around the V/STOL aircraft were carried
out by means of a laser Doppler velocimeter (IL.DV) system contained in a
mobile van. ILaser Doppler velocimetry is a proven concept for the accurate
remote measurement of atmospheric flows. An LDV system senses air mo-
tion by illuminating a "sensing volume!' in space with laser radiation and
measuring the Doppler shift of the radiation backscattered by particulates
contained in this volume. The Doppler shift of the backscattered laser energy
is a direct measure of the magnitude of the velocity along the line of sight
(along the laser beam) within the sensing volume. The principle of operation
of the LDV system used for the flowfield measurements around the V/STOL
aircraft is summarized in Appendix A. The implementation of the field-type

LDV unit utilized during this investigation is discussed in this section.

2,1 LASER DOPPLER VELOCIMETER SYSTEM

The mobile LDV hardware utilized during this program is depicted in
Figs. 2 through 6, The LDV van is shown deployed at NASA-Ames Research
Center in Fig. 2. Details of the remote mirror assembly used for portions of
the test are sketched in Fig. 3. Since the LDV is capable of measuring the
magnitude of velocity along the line of sight, a remote mirror was necessary
for turning the laser beam in the vertical direction for obtaining measure-
ments of the vertical velocity, The mirror and shield assembly shown in
Fig. 3 was designed to withstand the hot exhaust gases from the jet engines.
A fluidic seal or air diode was incorporated into the design to minimize jet
impingement on the mirror. The fluidic seal consisted of a cylinder with a
series of cones inside to resist the flow, The mirror was mounted ona 3 m
long traverse mechanism so that the distribution of the vertical line-of-sight
velocity could be measured at different positions under the aircraft, The LDV

system was scanned in range through the remote mirror to survey the flow



Fig. 2 - Lockheed LDV System Deployed at NASA-Ames Research
Center for V/STOL Flowfield Surveys (Note traverse mech-
anism and shielded mirror located below aircraft.)
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Fig. 3 - Sketch of Remote Mirror Assembly for Vertical V/STOL
Flowfield Measurements



Fig.4 - Photograph of Laser Doppler Velocimeter Van (Right) and Mobile Computer
Facility Trailer (Left)




B RS OTRARSHATEE v e

4

L 'y
-

l: Fig. 5 - Interior View of Laser Doppler Velocimeter Van Depicting Display and Scanner
i"' Controls in First Rack, Computer in Second Rack, Digital Tape Unit Aft and
3 Optics Package on Right
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Fig. 6 - Interior View of Mobile Computer Facility Trailer
Showing PDP 11/34 Computer
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field at different vertical positions. For measurements of horizontal velocity,
the remote mirror was not required and the LDV was scanned in range at dif-
ferent elevation angles. The measurements of the frequency and amplitude of
the backscattered laser energy were processed to determine ‘the distribution
of velocity around the V/STOL aircraft,

The LDV system consisted of the LDV van, shown earlier in Fig, 2, and
a trailer housing the computer equipment. A photograph of the LDV van and
Mobile Computer Facility Trailer is given in Fig. 4. Interior views of the

LDV van and computer trailer are given in Figs. 5 and 6, respectively,

The pertinent operating characteristics of the LDV system used in the

Ames V/STOL measurement tests are summarized as follows:

Performance

1. Velocity Measurement Threshold; 1.06 m/sec
2. Velocity Range: 1.06 to 106 m/sec
3. Velocity Resolution: 1.6 m/sec

Sample Rate

1. Seventy Sample Points per sec

Spatial Resolution

1. Range Accuracy: +0.4 m at 24 m
2. Elevation Angle Accuracy: +0.25 deg

Scan Modes

1. Range Scan at Fixed Elevation and Azimuth Angle

2, Range Scan at Fixed Azimuth Variable Elevation Angle

11



3. Range Scan at Fixed Azimuth Angle and Discrete
Elevation Angle

4, Range Scan Through Remote Mirror

The I.DV operating mode during the Ames tests consisted primarily of
range scans at specified azimuth and elevation angles through the side window
of the LDV van., The overhead scanner with its three-dimensional scan capa-
bility was not used. The beam from the overhead scanner exited at an altitude
of 3 m and could not be lowered to the ground level without hardware modifica-~
tions, The static test facility at Ames was not prepared to accommodate the
LDV van at an altitude such that the overhead scanner could be leveled with
the test pad for the V{S’I‘OL flowfield surveys,

Since the objective of the tests was a feasibility demonstration, no hard-
ware modifications were carried ocut to the LDV system. The following limita-
tions were noted: (1) the flow direction (+ or -) along the line of sight could
not be determined; (2) the sampling rate of 70 signatures per second was not
sufficient to obtain measurements of the high frequency turbulence; and (3) a
full three-dimensional scanning of the flow field could not be accommeodated.

It was recognized that the above limitations could be eliminated once the basic
feasibility of the system was demonstrated. For subsequent efforts, the follow-
ing hardware modifications could be implemented: (1) a translator or acousto-
optic modulator (Bragg-~Cell) added to the system to enable measurements of
the direction of the line-of-sight velocity; (2) & surface acoustic wave (SAW)
processor substituted for the spectrum analyzer to increase the sampling rate
to 500 signatures per second; and (3) a ramp constructed at the site to accom-
modate the LDV van such that the overhead scanner would be at ground level
and the existing three-dimensional scanning capabilities of the system could

be utilized.

2.2 DATA PROCESSING

The output from the LDV system, consisting of the coherent backscatter

intensity versus frequency from the focal volume as well as the location of the

12



focal volume in space, was processed to yield the velocity field in the vicinity
of a V/STOL aircraft. A brief discussion of the LDV data processing system

and the data processing algorithms developed for the V/STOL flow surveys are
discussed in the following sections.

2.2.1 Signal Processing System

The Doppler frequency shift of the photodetector output is processed by
a spectrum analyzer which provides frequency spectra (intensity of returned
signal as a function of Doppler shift) at a rate of 70 signatures per second., The
resolution and range of the velocities (frequencies) measured with the LDV is
determined largely by the spectrum analyzer settings. During the Ames tests,
the spectrum analyzer was set at 0 to 20 MHz corresponding to a velocity range
of 0 to 106 m/sec. Sample runs indicated that the observed velocities of the
V/STOL flow field were genexally within this range. The bandwidth of the spec-
trum analyzer, defined as the frequency span where the signal decreased 3 dB,

was set at 300 kHz corresponding to approximately 1.6 m/sec resolution in

velocity.

The characteristic output signature from the LDV, the amplitude-velocity
spectrum, is given in Fig., 7. The output signature shows the motion of particles
within the focal volume at a given instant in time, To facilitate processing the
LDV signature, velocity and amplitude thresholds were applied to the signal and
the velocities (frequencies) associated with the highest intensity, Vpk’ and high-
est velocity, Vrnax’ above the threshold settings were extracted from the spec-
trum. The velocity Vpk is the magnitude of the line-of-sight velocity of the
most intense signal. It is characteristic of the mean velocity in the focal volume,

The velocity V_ is a measure of the maximum velocity above threshold en-

ax
countered in the focal volume. It is characteristic of the maximum velocity in
the focal volume, The intensity and velocity information is discretized into bins
corresponding to digital values and fed into a computer for processing in real~

time or in the replay mode,
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Intensity (bins}

it

Velocity (frequency) corresponding

pk to maximum signal intensity
Vma.x = Highest acceptable velocity
(frequency)
Vo = Velocity (frequency) threshold
Irn = Maximum signzal intensity
400 Velocity ISUM = ?J:?eunder intensity vs frequency
Threshold
I = Amplitude threshold
N = Number of acceptable velocity
(frequency) bins
lm T Signal from Focal Volume
i ISUM
i
N Amplitude Threshold
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| Background Noise
I-q————N ——— =
|
|
o v
Yok V ax 100

Velocity or Frequency (bins)

Fig.7 - Typical Qutput from LDV System
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2.2.2 Data Recording and Display in Real Time

The primary data gathering function is performed by 2 PDP 11/34 gen-
eral purpose minicomputer, Data gathered by the LDV system is formatted
by the computer software and stored on magnetic tape for playback and re-
processing. The DEC 9-track tape control and magnetic tape units allow
digital recording of data at 800 bpi at 45 ips. The data logged by the computer
include: (1) all scan volume location parameters (range, azimuth, elevation
angle); (2) "mode of operation' identifier (type of scan); (3) the instantaneous

line-of-sight velocity information (Vpk’ vV ); (4) the Doppler spectrum peak

strength (I); (5) spectrum intensity inforr;lna:i{:ion (ISUM); and (6) a data quality
identifier in terms of the number of data acceptable, N, the number of frequency
bins from the total 100 bins which have data which meet the specified amplitude
and velocity threshold criteria, When the LDV is operated using the side view
window (instead of the overhead scanner) only the range of the focal volume is
logged by the computer., The azimuth and elevation angles are recorded man-
ually.

The above LDV parameters, Vpk’ Vmax’ ISUM and N, are displayed as
a function of range or time on the CRT in real time via the IVPPRZ program,
A sample output from the IVPPRZ program is shown in Fig. 8. This program
enables the operator to monitor the real-time data acquisition process at the

site.

2.2.3 Data Processing and Display in the Replay Mode

Soiftware is also available with the LDV system to carry out data process-
ing and plotting in the replay mode. The data logged on 9-track tapes is re-
played via the IVPPRZ program to generate plots of Vpk’ v » IBUM or N

max
versus range or time. The program retrieves data using the run time or file

number as an input.

Analysis of the V/STOL flowfield surveys using the IVPPRZ program

showed large fluctuations in the velocity attributed to high turbulence levels,

15
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However, it is recognized that the relatively long focal volume of the I.DV in
comparison to the spatial gradients in the flow field and an uneven distribu-
tion of aerosols can also contribute to fluctuations in the observed line-of-
sight velocity distribution. The presence of velocity gradients (or turbulence)
in the focal volume leads to a broadening of the velocity spectrum shown earlier
in Fig. 7, making the identification of Vpk more difficult. An uneven distri-
bution of aerosols can introduce a bias error since particles with a large cross
section outside the immediate focal volume may produce sufficient backscatter
intensity to override the signal from the particles within the focal volume. For
these reasons, efforts were made to develop processing techniques which would
minimize the scan-to-scan variations in the velocity distribution due to turbu-~

lence, poor spatial resolution and non-uniform seeding of the flow.

Essentially two different types of programs were developed for process-
ing the sequential LDV measurements to extract the general flow trends. Both
programs divide the range excursions in the horizontal and/or vertical direction
into discrete bins and process sample points falling within these bins. The first
type of program, illustrated by the VTAVQQ and ANDYYY codes, performs an
averaging in time to determine the mean, standard deviation and range of the
values sampled in each range bin. The second type of program, illustrated by
the ANDKEN and TRANAYV codes, performs a spectral averaging to select the
velocity with the highest consistent intensity from the sampling points in each

range bin. Each of these programs is discussed briefly below.

The VTAVQQD program computes and plots the following parameters as

a function of range; V_,, V , 0., 5 C , maxV , and the number of
pk’ "max Vpk Voax max

sample points in each range bin, N. The VTAVQQ program is useful for process-
ing the horizontal range scan measurements fo define the velocity distribution
of the wall jets or flow along the aircraft fuselage. An example of the output

from the VTAVQQ program is shown in Fig. 9.
For processing the vertical line-of-sight velocity distribution obtained
using the remote mirror and traverse, the ANDYYY program was developed.

The ANDYYY program computes the magnitude of the vertical velocity, Vpk

17
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or V ., 882 function of distance from the jet {or fountain) centerline. The

input measurements consist of the range of the LDV focal volume and the posi-
tion of the remote mirror along the traverse as a function of timme, The initial
parameters include the position of the traverse mechanism and the position of
the jet (or fountain) centerline. The geometry for the remote mirror and tra-

verse assembly incorporated into the program is shown in Fig. 10.

A sample output from the ANDYYY program is shown in Fig. 11 for a
traverse through the jet exhaust from the front 1L/C fan engine. Since the
program does not consider spatial variations in the vertical direction, the
velocity profile in Fig. 11 shows the maximum vertical velocity occurring
between the aircraft and the ground plane. The ANDYYY program carries
out the following steps: (1) divides the total traverse excursion into approxi-
mately 100 traverse bins; (2) stores each velocity measurement (i.e., the value
of Vpk) into a traverse bin whenever the location of the LDV sensing volume
lies between the remote mirror and the underside of the aircraft; (3) after a
run is completed (typical duration 60 sec) it computes the mean and the
highest value of the magnitude of the line-of-sight velocity in each range bin;
and (4) plots the selected velocities versus lateral distance from the jet (or
fountain) centerline. The output from the ANDYYY program is the horizontal
distribution of the vertical velocity between the aircraft underside and the
ground. The ANDYYY program is useful for identifying the distribution of
maximum vertical velocity occurring below the nose fan and fountain. The
maximum vertical velocity occurs at the exit of the nose fan and near the

ground for the two-jet fountain,

Comparing the raw velocity measurements shown in Fig. 8 with the
averaged measurements shown in Fig, 9, it is seen that the general flow
trends are identified more easily from the averaged data, However, signif-
icant scatter still exists in the averaged data as illustrated by Fig. 11. This
scatter could be reduced if more sampling points were available for averaging.
Since the length of the records was fixed at approximately 60 sec (correspond-
ing to 4200 sampling points) a different processing technique was sought to
further reduce the spurious variations in the velocity field. Two programs,

ANDKEN and TRANAYV, were developed using a spectral averaging technique.
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Fig. 11 - Sample Qutput from ANDYYY Program Showing Distribution
of Maximum Vertical Velocity Between Aircraft and Ground
from Nose Fan Along Aircraft Centerline

21



The ANDKEN program generates plots of the velocity from the integrated
velocity spectrum, IPV, versus range. The program carries out the following
operations: (1) the total range excursion is divided into 40 range increments;
(2) for each range bin a two-dimensional array of signal intensity (100 bins)
versus velocity (100 bins) is established; (3) the contribution at each range bin

i=n
from each sampling point is stored in the composite intensity, ZIi versus

i=1
velocity array (n is typically 5 to 20); (4) after a run is completed (typical
duration 60 sec) the velocity bin, IPV, corresponding to the highest composite
intensity is selected for each range bin; and (5) the selected IPV values, repre-

sentative of the spectral average of the velocity, are plotted as a function of

range.

Since the highest composite intensity is associated with the velocity at
the center of the LDV focal volume, the ANDKEN program eliminates varia-
tions in the observed velocity field due to nonuniform seeding or spatial reso-
lution problems, A sample output from the ANDKEN program is shown in
Fig. 12 for a range scan through the wall jet from the nose fan. A line is
faired through the maximum IPV values to indicate the characteristic veloc-
ities in the flow. The scattered low IPV values are associated with range
bins with insufficient number of data points for accurate definition of the flow.
In comparison to the averaging technique illustrated earlier in Fig. 9, the
spectral averaging technique shown in Fig. 12 provides more details of the
flow field. The double peak signature in Fig. 12 is indicative of the stagna-
tion flow near the jet centerline. The single peak signature in Fig, 9 suggests
that the effective range resolution available with this averaging technique is

large compared to the dimensions of the flow.

While the ANDKEN program handles horizontal range scans, a second
spectral averaging code, ANDTRN was developed to process both horizontal
and vertical range scans., The ANDTRN program incorporates the geometry
for the remote mirror and traverse assembly illustrated earlier in Fig. 10.
The program computes the spectral average of the velocity, IPV, for a rec-

tangular 10 x 10 grid according to the technique discussed earlier, A sample
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cutput of the ANDTRN program is shown in Fig, 13, The velocity distribution
shows five or six data points along each vertical station below the nose fan.
Each data point is computed from approximately three sampling points. The
variations in the velocity distributions suggest that an insufficient number of
sampling points is available for accurate determination of the velocity field,
The lack of sampling points is attributed to the relatively short records (on
the order of 60 sec) and to the coarse range scan limits dictated by hardware
considerations, For example, approximately 15% of the sampling points fell
within the region between the ground and the nose fan. The remaining samp-

ling points were outside the field of interest.
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3. DESCRIPTION OF EXPERIMENTAL TESTS

A two-week test program was carried out with the mobile LDV system
deployed at the NASA-Ames static test stand facility, The first week of test-
ing was devoted to setting up, checking out and calibrating the LDV system.
During this time the traverse assembly was also set up and calibrated., The
signal from the traverse indicating the position of the remote mirror was fed
into the PDP 11/34 computer and was logged and processed along with the
LDV measurements, The second week of testing was devoted to the survey
of the V/STOL flow field including the fan jet exhaust, wall jet decay, fountain

vertical velocity, and flow along the aircraft underside.

3.1 TEST PROGRAM

During the LDV flowfield measurement tests, the 70% V/STOL aircraft
model was operated over a range of thrust settings (2000 fo 4000 rpm) for
three different configurations (basic configuration, basic configuration with
lift improvement device (LID) and basic configuration with hemispherical hub
on nose fan) and two different ground heights (1.5 and 3 m). The test condi-
tions for the flowfield surveys are summarized in Table 1. Additional infor-
mation on the test program as well as force, moment, pressure and temperature

measurements from the aircraft are summarized in Refs., 7 and 8.

3.2 OPERATION OF THE LASER DOPPLER VELOCIMETER

The LDV system was located along the aircraft centerline at a distance
of 21 m from the center of the nose fan as sketched in Fig. 14. From this
position the LDV surveyed the flow field of the V/STOL aircraft by focusing
its sensing volume at different range, azimuth and elevation angle settings.
The scan patterns utilized during the test sequence are summarized in
Table 2.
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Table 1
TEST CONDITIONS FOR, FLOWFIELD SURVEYS WITH LDV SYSTEM

Run | & | Date Configuration | Acft Fan rpm Flowfield Start End Tape | File
Ht (m) Nose | Left | Right Survey Time Time

25 2 {14 Jul | 3-51ded LID On | 1.5 2000 | 2000 | 2000 fWall Jet of | 10:29:00] 10 31:40( Ames 2 i

3 2400 | 2400 | 2400 [Mose Fan 10 32.30] 10 37 00 2
4 2800 | 2800 | 2800 10-37 05| 10 41-57
5 , 3200 | 3200 | 3200 10:42:28 | 10.45:14
6 3500 | 3500 | 3500 10:46 37| 10 48 57

26 2 {15 jul | Basic Config., 15 2000 0 V] Wall Jet of | 06:40:33| 06 41:12 | Ames 3 2

Rails On Nose Fan 06:41:32 | 06-41:44 3

06:42 04| 056.42:14 4

06:42:50 | 06,42:59 5

3 2400 06:43-48 | 06:45:13 6

06:45 41| 06 46:26 T

4 2800 06+47 36 | 06-48:17 8

06 49:02 | 06 49 22 9

5 3200 06:51 02| 06:51:29 10

3600 06 53 16| 06 53:56 11

7 4100 06:56 15| 06:56:47 1z

06:59:42 | 07 00 08 13

8 0 2000 0 07 05 12| 07 05 36 14

9 2400 07.08:01 | 07:08 39 15

10 2800 07 11 15| 07:12-10 16

I1 3200 07:14 14| 07:14 52 17

07 16:51 ] 07:17 11 21

12 3600 07 17.20| 07:17:48 22

12 0 3600 0 07-19:57 | 07:20 41 24

13 4000 07:20 41| 07 20 48 25

14 4] 2000 | 2000 07.27:11 ] 07:27:52 27

15 2400 { 2400 07 31:10| 07-31 36 29

16 2800 | 2800 07 34 22 07-35-08 30

17 3200 | 3200 07 38:06 { 07.38-39 31

18 3500 | 3500 07 41-34 ] 07:42:26 3z

27 2 0 0 2000 08 05:33 ] 08:06:17 k]

3 2400 08 09:34 | 08;10 28 34

4 2800 08-11:541 08:12 12 a5

5 3200 08:13 47 | 08 14:45 36

3 3600 08+17:20 | 08:18:05 3y

7 2000 | 2000 | 2000 08 24 52 | 08:25 31 ag

8 2400 | 2400 | 2400 08 28:27 | 09-29 07 39

08 30 21 | 08-30 57 40

9 2800 | 2800 | 2800 08 32:21| 08,32 50 42

10 3200 | 3200 | 3200 08 36 11| 08:37-10 43

08 39:28 | 08:39 40 44

11 3500 | 3500 | 3500 08 40 18| 08 41:14 45

Idle [lIldle |Idle 08 46-24| 08:46 50 46

08:;50:03 | 08:50:22 47

Off Off Off 08.53:54 | 08 54 09 48

09:03:15 | 09 03:15 49

28 3 [17 Jul | Basic Config., 1.5 2400 0 0 Wall Jet of [ 06 30:13 | 06:30:33 | Ames 4 12

Rails On Nose Fan 06:30 40 | 06 31-07 13

2400 [} 0 06 31 41| 06:31 41 14

06-31,48 | 06.32:11 15

4 2800 0 0 06 33:02 | 06.33:34 16

06:33,48 | 06:34 16 17

06-34:24 | 06h:34:46 18

06,34 53 | 06:35:14 19

06 35:21 | 06:35 31 20

5 3200 0 4] 06:36:15 | 06:36 42 21

06:36-51 | 06:37:24 22

06 37:35 | 06:37 58 23

06 38-06 | 06:38:24 24

6 3600 0 0 06:39:10 | 06:39:52 25

06.40:01 | 06-40:32 26

06 40 41 | 06 41:13 27

06-41-21 | D6 41:46 28

7 4100 0 0 06 42 45 | 06 43 23 29

06:43 31 | 06:44-10 30

06 44-20 | 06:45 13 31

06-45 23 | 06:45-52 32

8 2000 |2000 (2000 {. |06+50-43 | 06-51 17 33

L& 106,51:45 | 06:52 14 34

Fod 4 |06 52: 06:52:46 35

« |06 52:52 '} 06:53 27 36

- * 106.53:35 | 06-54 03 37

" |06:54:10 | 06:54:20 | _ 38

2400 | 2400 | 2400 . 06:56-28 | 06 57.10 39

21 (W ]
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Table 1 {Continued)

Run | 5 | Date Configuration | Acft Fan rpm Flowfield Start End Tape |Fue
Ht (m) Nose | Left | Right Survey Tune Time

28 9 | 17 Jul | Basic Config., 1.8 2400 | 2400 | 2400 | Wall Jet of | 06 57 20 |06 57 52 | Ames 4| 40

Rails On MNose Fan 06:58:05 | 06:58:55 41

06-59-02 | 06 49 29 42

06-59:36 | 06 59,54 43

10 2800 | 2800 | 2800 07:00:56 | 07:01:52 44

07.02.01 | 07.02:41 45

07-02 47 | 07-03:17 46

07.03 30 | 07:04 03 47

07:04 13 | 07.04 26 43

11 3200 | 3200 3200 07-05 44 | 07 05 55 50

07-06:03 | 07:06 56 51

07-07:04 | 07:07:29 52

07:07:39 | 07 08.13 54

12 3600 | 3600 | 3600 07-10:09 | 07:11:06 -1

07:11.18 | 07 11,52 57

07:12.11 { 07 12,54 58

07-13:03 | 07 13.32 59

18 Jul ]Hem: Hub on 2000 0 0 Nose Fan 06:10 30 | 06:11 31 | Ames 5 1

Noge Fan 2400 Verts Vel, |06-11-31 | 06:11 56 2

2800 06 12:45 | 04+13:58 3

3600 06-15:07 | 06:16:26 4

2000 | 2000 | 2000 06:18:13 | 06 19 41 5

06 20.39 | 06 20:48 [

06:20:49 | 06521:06 7

6 2800 | 28001 2800 06:22,04 | 06-23-11 9

3400 | 3400 | 3400 06:23-52 | 06:25 08 10

30 3 119 Jul | Hem: Hub on 3.0 2400 1} 0 Az, Scan 09 51:43 { 09-52:50 | Ames 6 2

4 Nose Fan 2800 Under Acft | 09 54 16 | 09:55:07 3

09,55:22 | 09:55:54 4

09 56:08 | 09-56:306 5

5 3200 09 58:42 | 10:00:01 6

6 3600 10-01 35 | 10502:11 T

10 02:21 | 10 02.43 8

10 02:55 { 10:03 30 9

i 4100 10,04 29 | 10:05 06 10

10 p5:2F | 10:05 43 11

10:05:59 | 10-06 43 12

8 2000 | 2000} 2000 16 12:16 | 10 13:01 13

10 13:15 | 10 13 40 14

10:14 08 { 10 14:30 15

9 2400 | 2400 | 2400 10-15:52 § 10:16:34 16

10,16:47 | 10:17:14 17

16,1737 | 10:18 07 18

10 2800 | 2800 | 2800 10:19:21 | 10:19 A3 19

10 20-10 | 10:20 44 20

10 20:57 |10 21-35 21

3200 {3200 | 3200 10 22-44 | 10:23:12 22

10:23:23 | 10-23 50 23

304 3.0 0 2000 | 2000 |2-Jet 12.59:5T7 |13 02 06 | Ames 7 1

Fountain 13:02:07 | 13:02-12 2

2400 | 2400 13 03:38 | 13 06.02 3

2800 | 2800 13 07:10 | 13.08:20 4

13 08 30 | 13.10-27 5

3200 | 3200 13-12:01 | 13-12 33 6

13.12.34 | 13.13 25 7

13.13:26 | 13:15:16 8

3600 | 3600 13:16 06 | 13,18:36 9

13.18:36 | 13-19:23 10

3600 3400 13:20:26 | 13 24 07 11

3600 | 3200 13 25:21 | 13:28 22 12

13,28:23 | 13-28 41 13

3600 | 2800 13,30 05 ) 13 33:57 14

3400 | 3600 13 35:27 | 13:36:32 15

3600 2800 |2-Jet 15 00:35 | 1503 42{ Ames 8 1

3600 | 3200 |Fountain 15 04:51 | 15206315 2

15 06:15 | 15 08 00 3

3600 | 3400 15 08:46 { 15 11:54 4

3400 | 3400 15 12357 | 15:16:19 5

30B 19 Jul 2800 | 2800 | 2800 15.18 43 | 15 21:59 [

15.22-05 | 15:22:05 7

15:22:25 | 15-22 46 8

185:22:54 | 15:23 07 2

15-23:38 | 15.24 01 10
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Table 1 (Concluded)

Run [ Date Configuration Acft Fan rpm Flowfield Start End Tape File
Ht (m) Nose | Left | Right Survey Tune Tune

308 | 10 | 19 Jul | Hemt Heb on 3.0 3000 | 3600 | 3600 § 2-TJet 15:26:02 | 15 28:49 | Ames 8 | 11
Nose Fan Fountain 15:29:07 | 15-30:06 12
15:30 12 | 15 30-45 13
15:30,52 | 15 31:13 14
. 15:31:19 | 15 31-36 15
15 31.42 | 15 31 50 16
31 5 | 20 Jul | Basic Confir 3.0 3200 [¢] 0 ‘Wall Jet 06:45:13 | 06 46 43 | Ames 9 i
6 35600 Stag. Flow | 06-47:24 | 06-49 31 2
7 4100 06-50:22 | 06:52 01 3
8 2000 | 2000 | 2000 06:59-08 | 08:59 45 4
9 2400 | 2400 2400 07:00:33 | 07:02:04 5
10 2800 | 2800 | 2800 07.04:07 | 07:05:51 7
11 3200 | 3200 3200 07:07-55 | 07:10 19 8
1z 07 11:40 | 07:13:01 9
07 13:51 | 07:15-27 1o
07-15:52 | 07:17-28 11
32 2 | 20 Jul | Basic Config. 0 2000 0 Rear LC 07:43 06 | 07:44:21 12
3 2400 Wall Jet 07:45:36 | 07:47:36 13
5 3200 07-48 10 | 07:49:35 14
07 50 50 | 07:52-42 15
6 0 3600 0 07 53:28 | 07:54 50 16
7 3950 0 07:56 11 | 07-57 47 17
8 2000{ 2000 | Fuselage 08-04:50 | 08-05 24 18
9 2400 | 2400 { Flow 08.06:11 | 09107 45 19
10 2800 2800 08:10:08 | 08:11:29 20
11 3200 ([ 3200 08 12,22 | 08:13 44 21
08.15:02 | 08.15:22 22
12 3600 | 3600 08-16:06 | 08 16:56 23
08 18:11 | 08 18-35 24
Wall Jet 08 18 56 | 08-19:2¢9 25
08 19:39 | 08-20-01 26
08 20 36 | 08-21;31 27
13 0 2000 | Wall Jet 08 26-13 | 08:26:45 28
14 2400 | Right L/C | 08 28 20 | 08 29:21 29
2800 08:31-29 | 08 32:37 30
3200 08:34:07 | 08-35:24 31
3600 08.37 09 | 08+38 32 32
33A 1 |20 Jul | 3-Sided 3.0 2800 2800 | 2-Jet 12.58 25 | 12:59 12 | Ames 10; 1
ILid On Fountain 12,59 12 | 13:00 22 2
13,00.22 | 13,01-23 3
2 0 3600} 3600 13:02:26 | 13:05 58 4
3 3600 3200 13.07-17 | 13:09:05 5
13:09:05 | 13:10 22 6
3600} 2800 13 B1:11 { 13:;11-37 7
13 11:37 | 13:12:55 8
4 |. 3200 | 3200 | 3200 13:28 26 | 13:;28-48 10
13+28:49 | 13,31 37 11
3600 | 3600 | 3600 13-33-08 | 13:36 24 12
5 3600 | 3200 | 3200 13:37:29 | 13 40-36 13
6 2200 | 2800 | 2800 15:05:38 | 15-08 20 16
15 08:21 | 15:08 57 17
3600 | 3600 | 3600 15 22:28 | 15;23:48 | ~ 22
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Table 2

SCAN PATTERNS UTILIZED DURING V/STOL TEST

Range Azimuth Elevation
No, (Variable) Angle Angle Comments
(m) (deg) (deg)

1 18-28 Fixed, 0 Fixed -5.5 Beam focused at region
of maximum horizontal
velocity.

2 18-28 Fixed, 0 Var,, -4, -6 Investigate vertical di-
mension of ground jet.

3 18-28 Fixed, 0 Discrete, Investigate lateral dimen-

-4, =5, -6 sion of ground jet.

4 25-35 Var., 1-359 Discrete, 0 Investigate lateral dimen-
sion of ground jet.

5 18-28 Fixed, 0 -4.6 Survey of vertical velocity
of nose fan — traverse in
Pos. 1.

6 25-35 Fixed, 0 -3.25 Survey of vertical velocity

of fountain — traverse in
Pos, 2.

It is noted that these scan patterns use only the side view window of the LDV

and represent only a small fraction of the full three-dimensional LDV scan

capabilities (see Fig. A-6, Appendix A),

Modifications to the test site or to

the existing LDV scanner would enable use of the overhead scanner and would

produce full three-dimensional scans.

The scan patterns summarized in

Table 2 provided the capability to investigate the horizontal velocity of the
wall jet, vertical velocity distribution in the nose fan and two-jet fountain,

and the horizontal velocity along the aircraft underside.

Since the ILDV provides an absolute measurement of velocity, i.e., the

Doppler shift is a direct measure of the magnitude of the line-of-sight velocity,

no calibration of velocity was necessary during field operations. To check the

range calibration and optical alignment of the system before and after each

test sequence, the 1DV was periodically focused on a spinning sandpaper disk

target placed at a fixed range,
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and the spatial resolution of the system was deduced from the variation in the
observed signal-to-noise ratio of the wheel target versus range. During the
tests, the hard target was also placed behind the hot jet engine exhaust as
sketched in Fig. 15. Less than a 1/2 dB difference was seen in the peak signal-
to-noise ratio from the wheel with and without the jet exhaust and no significant
change was seen in the range resolution, The range resolution is defined as
the range interval over which the return signal from a hard target decreases

to one-half its value (see Fig.A-6, Appendix A), The results suggest that
defocusing due to turbulence and temperature gradients was negligible at idle
rpm. The spinning disk was also used to check the alignment of the laser
beam during the runs utilizing the traverse and remote mirror assembly.
Measurements before and after each run showed that the LDV system main-

tained alignment through the remote mirror assembly.
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4. RESULTS OF LASER DOPPLER VELOCIMETER
MEASUREMENTS

Flow field measurements obtained with the ILDV system are discussed
below including the characteristic velocity distribution in the wall jet, fan jet,
fountain and fuselage flow. A listing of all of the LDV velocity surveys is given
in Appendix B.

4.1 CHARACTERISTIC VELOCITY SIGNATURE

The typical velocity signal from the LDV during a survey of the wall jet
of the V/STOL aircraft is shown in Fig. 16, The signature, taken over a 1/70 sec
sampling time, shows the backscatter intensity versus Doppler shift frequency
(velocity) from particles within the sensing volume of the LLDV. The velocity
corresponding to the highest amplitude, Vpk’ is representative of the mean
velocity of particles in the sensing volume, The highest velocity above the
amplitude threshold, Vmax’ is representative of the maximum velocity ob-
served. The amplitude and frequency thresholds are adjusted to filter out the
background noise of the system. Note that for the typical sample case shown
in Fig. 16 the difference between the mean and maximum velocity is large,
AV = (Viax -

flow and high turbulence levels. The area under the intensity frequency curve,

Vpk)/vpk = 41%. This is indicative of large gradients in the

ISUM, is a measure of the total scattering cross-sectional area of particles
within the sensing volume and is a function of the relative particulate concen-
tration in the flow, p. The total bandwidth of the signal is given by the number
of filled velocity bins, N, and is a function of the particulate concentration and
turbulence in the flow. The signature from the LDV survey of the V/STOL,
flow, shown in Fig. 16, is similar to the typical LDV output illustrated earlier
in Fig, 7.

The magnitude of the instantaneous line-of-sight velocity, vak" as a

function of range for scans through the wall jet of the nose fan is illustrated
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in Fig. 17. The geometry for the range scan measurements is sketched in the
top of the figure. The LDV was aligned with the aircraft centerline and the
elevation angle of the line of sight was adjusted until the maximum radial
velocity was observed in the wall jet. This occurred at -4.4 deg elevation
angle from the side window of the LDV van so that the beam hit the ground at

5 m from the jet centerline as shown in Fig. 17. The LLDV was scanned in
range through the wall jet approximately once every second producing a series
of line-of-sight velocity profiles. The start time and direction of each range
scan is labeled in Fig.17. The typical range resolution of the LDV is given

by the length of the sensing volume and is indicated on the bottom of the figure.
The sequential line~of-sight velocity profiles show that the horizontal velocity
ratio {I/Vj ranges from 0.12 to 0,86 in the region 0.5 to 1.5 jet diameters from
the jet centerline and within 0.2 to 0.5 diameters above the ground. The refer-
ence jet exit velocity, Vj’ is taken from measurements obtained from an internal
fan mounted pressure rake. Comparing sequential velocity profiles, there is

evidence of a large degree of unsteadiness in the flow.

The large fluctuations in the line-of-sight velocity were observed through-~
out the experiment and are attributed primarily to the high turbulence levels in
the flow., However, it is recognized that the relatively long focal volume of the
I.DV in comparison to the spatial gradients in the flow field and an uneven dis-
tribution of aerosols can also contribute to fluctuations in the observed line-of-

sight velocity distribution,

The magnitude of the instantaneous signal from the LDV is indicated in
Fig.18. The signal levels are indicative of the ability of the LDV to track the
movement of the particulates in the flow. The amplitude of the backscattered
signal, ISUM, is high (typical signal-to-noise ratio is 20 dB) and the signal
strength varies considerably with time and range as shown by the plots given
in Fig. 18. The occurrence of dropouts (signal intensities below the threshold
of the system) is low, indicating that a sufficient number of particles exist at
essentially all times within the focal volume for monitoring the flow field, The
localized high backscatter regions at various distances from the jet centerline

suggest nonuniform seeding of the flow, Puffs of smoke were observed
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occasionally during the tests. It is conjectured that this is the reason why

ISUM is not consistently maximum at the centerline of the jet.

Since the LDV system depends upon optical focusing for range scanning,
the nonuniform seeding can degrade the spatial resolution of the system. Par-
ticles outside the nominal focal volume may have a sufficient backscatter in-

tensity to register on the system,

Another characteristic of the LDV signature is the frequency range of
the signal or the number of frequency bins containing acceptable data. The
number of data acceptables, N, gives an indication of the gradients in the flow
and the degree of turbulence and the concentration of particulates in the flow.
For a given velocity field, the higher the relative particulate concentration
the higher the number of data acceptables, Thus, the number of data accept-
ables contains information on both the velocity gradients and particulate con-
centration in the flow. A typical distribution of the number of data acceptables
as a function of range is given in Fig. 19. The number of data acceptables

varies in a nonuniform manner with range very much like the ISUM plot shown

earlier in Fig. 18,

From consecutive range scan measurements discussed above, the velocity
field in the near wake of the V/STOL aircraft was determined. Due to the large
fluctuations in the instantaneous velocity, different averaging techniques were
investigated to identify the mean velocity trends. A comparison of the maxi-
mum line-of-sight velocities computed for the wall jet near the ground from the
nose fan is illustrated in Fig. 20, The three processing techniques included the
computation of the maximum value of Vpk’ average value of V K and the maxi-
mum value of IPV, For comparison, the maximum velocity measured in a
laboratory with a hot-wire in a wall jet is also shown, The results indicate
that the maximum value of Vpk is in agreement with the magnitude of velocity
measured with a hot-wire. The maximum value of V Kk and the maximum
value of IPV is on the order of 100% and 65% of the magnitude of the hot wire

velocity, respectively,
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4.2 WALL JET DECAY

The decay of the wall jet near the ground is shown i1n Fig. 21 for the nose
fan., The horizontal velocity distribution was obtained from a series of 60 or
more successive 1 sec range scans illustrated earlier. The range excursions
were segmented into 100 discrete bins and the maximum value of the line-of-
sight velocity was saved in each bin. A curve was faired through the maximum
of the values in the bins to eliminate any biases due to a lack of sampling points
or particles in the focal volume, The distribution of velocity 0.2 to 0.5 diam-~
eters above the ground indicated a peak velocity ratio of 0.85 at approximately
one jet diameter from the nozzle exit. For comparison, laboratory measure-
ments obtained on an impinged round jet with a jet Reynolds number Re = 1.6

X 1()5 are included in the figure

The maximum velocity observed near the ground as a function of fan
rpm is shown in Fig. 22. The maximum velocity ratio ranges from 0.73 to
0.93 and does not vary consistently with fan rpm, ground height or fan hub
geometry for the cases tested, Measurements with a hot wire of a round jet
impinging on a flat plate indicate a maximum velacity ratio of 0.85 at a loca-
tion 1.5 jet diameters from the jet centerline as shown by the solid line in
the figure.

4.3 FAN JET

The distribution of vertical velocity along the aircraft centerline at the
location of the nose fan is shown in Fig. 23. The velocity distribution was ob-
tained by fairing points obtained from a series of 13 range scans through the
traverse mounted remote mirror assembly. The large fluctuations in the

measurements, shown by the vertical bars, suggest high turbulence levels
in the flow,

The mean vertical velocity at the nozzle exit of the nose fan measured
by the LDV and by pitot probes mounted in the fan is presented in Fig. 24,
The LDV velocity distribution was obtained by plotting the maximum velocity

computed from IPV and Vpk versus range curves at each rpm. The velocity

[
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measured by the LDV is generally lower than the velocity measured by the

pitot probe. This is attributed to the different location where each measure-
ment was made.

4.4 FOUNTAIN

The distribution of vertical velocity along the aircraft centerline near
the ground for the two-jet fountain is shown in Fig. 256. The LDV measure-
ments were obtained by segmenting the traverse location into 40 discrete
range bins and by generating a composite frequency {or velocity) spectrum
for each range bin., The composite spectrum summed the signal intensity
versus Doppler frequency shift contributed from each sample point in that
range bin., The frequency shift corresponding to the maximum integrated
intensity, IPV, was taken to be the representative velocity for that range bin.
The processing technique was developed to minimize variations in the line-
of-sight velocity due to an uneven distribution of aerosols in the flow and to
compensate for the long focal volume of the system., The results in the figure
indicate that the maximum vertical velocity ratio in the two-~jet fountain is be-
tween 0.4 and 0.5. This high velocity region extends approximately three jet
diameters along the aircraft centerline. The velocity ratio and spatial extent

of the high velocity region do not change significantly with fan rpm for the
configuration tested.

The distribution of vertical velocity as a function of height above ground
in the two-jet fountain is shown in Fig. 26, The plot was generated from aver-
aging the measurements of the vertical velocity, IPV, at 10 lateral positions
and 10 vertical positions in the fountain, The results show that the maximum
vertical velocity ratio in the fountain occurs at 0.3 to 0.4 jet diameters above
the ground. The scatter in the measurements is attributed to the turbulence

level in the flow and to the averaging of the measurements from different loca-
tions in the fountain,
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The distribution of the maximum vertical velocity along the aircrait
centerline for the two- and three-jet fountain is shown in Fig, 27. The re-
sults indicate that a mismatch in engine rpm reduces the maximum velocity
ratio in the fountain from 0.46 to 0.39 for the 3600/3600 rpm and the 3600/3200
rpm case, respectively, The maximum vertical velocity is higher and the
fountain is tighter for three-jet operation. The results in Fig. 27 show an in-
crease in the maximum vertical velocity ratio from 0.46 to 0.49, and a 22%

decrease in the lateral extent of the fountain for the 3600/3600/3600 versus
3600/3600 rpm case.

4.5 FILOW ALONG FUSELAGE

Fuselage Flow

The distribution of the magnitude of the horizontal velocity along the
aircraft centerline on the bottom of the fuselage is illustrated in Fig. 28. The
LDV measurements were processed using the discrete ra.née composite spec~
trum technique discussed earlier. The measurements of IPV show two local-
ized high velocity regions with a maximum velocity ratio between 0.1 and 0.2.
The high velocity peaks are situated approximately one jet diameter forward

and aft of the lift cruise fan engines.
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5. CONCLUSIONS AND RECOMMENDA TIONS

The present study has shown the following results;

. Measurements were obtained of the flow around a three~fan 0.7
scale V/STOL aircraft model during static tests and following
trends were noted:

a, Wall Jet — Maximum horizontal velocity is 85% of the jet
exhaust velocity and occurs at 1 to 2 diameters from jet
centerline at 0.2 to 0.5 diameters above ground.

b. Fan Jet — Vertical velocity measured by the LDV at the
nozzle exif is 80 to 100% of the jet exhaust velocity meas-
ured by fan mounted pressure probes.

c. Fountain — Maximum vertical velocity is 40 to 50% of the
let exhaust velocity and occurs near the ground at the
centerline between the two lift cruise engines,

d. Fuselage Flow — Horizontal velocity along aircraft under-

side ranges from 10 to 20% of the jet exhaust velocity for
two-fan operation,

. The velocity measurements obtained by the LDV have been com-
pared with available velocity measurements based on pressure
surveys and show similar trends,

. The laser Doppler velocimeter is a viable method for measuring
the flow velocities around a hovering V/STOL aircraft. For sub-
sequent investigations, the following improvements to the IL.DV
system are recommended:

a. Add a translator to the system to resolve the plus and
minus flow direciion along the line of sight,

b. Add an improved signal processor to the system to in-
crease the sampling rate to enable measurements of
turbulence parameters.

c. Modify the test pad to accommodate the LDV system and
allow three-dimensional scanning with the existing hard-
ware,

d. Investigate the use of additional ILDVs to obtain simul-
taneous measurements along additional lines of sight to
resolve the three components of velocity.
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. Establish the calibration of the LDV by comparison with
other proven methods of measuring flow velocity.

. Determine the effect of the remote mirror assembly on
the flow field.
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Appendix A
DESCRIPTION OF LASER DOPPLER VELOCIMETER SYSTEM
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Appendix A

The LDV system developed and fabricated at Iockheed-Huntsville was
used to obtain the measurements of the V/STOL flow field during the Ames
tests, A description of the LDV system is given, including the principle of
operation, the basic optical system and the optic scanning system and the data

processing system. The overall system configuration is shown in Fig. A-1.

A.1 PRINCIPLE OF OPERATION

An analogy can be drawn between an LDV and a conventional microwave
Doppler radar. The microwave Doppler radar employs rélatively long wave-
lengths of electromagnetic energy which are backscattered by large objects
such as alrcraft, thunderheads, etc, The LDV transmits much shorter wave-
length (10.6 pm) radiation and receives energy backscattered from small ob-
jects such as aerosols, water droplets, salt spray, etc. In both cases the
velocities of backscattering targets are determined from the Doppler shift of
the returned radiation. In the case of the microwave radar, the range of the
target is typically determined by round trip time of a pulse of energy from
the transmitter to the target and back to the receiver. With the Lockheed
LDV depicted herein, the range to the target is determined by focusing the

system optics to selectively view radiation backscattered from specified
ranges,

An LDV system senses air movement by measurement of the Doppler
frequency shift of laser radiation backscattered by the atmospheric aerosol.
An instrument must incorporate means to transmit the laser radiation to the
region of interest, collect the radiation scattered from the atmospheric aero-
sol and to photomix the scattered radiation and a portion of the transmitted

beam on a photodetector. The difference between the transmitted frequency
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and the returned frequency is the Doppler shift frequency. The Doppler fre-
quency shift signal is generated at the photodetector and is translatable into
an analog-optic axis wind velocity component using appropriate electronics.
The magnitude of the Doppler shift, Af, is given by the equation shown below.

af = 215! cose (A.1)

>~

where

-—
= the velocity vector in the region being sensed

the laser radiation wavelength, and

® > |
n

= the angle subtended by the velocity vector and
the optic system line of sight

A Doppler shift of 188 MHz results per m/sec of line-of-sight velocity com-
ponent, Thus, measurement of the Doppler shiit frequency, Af, yields directly
the line-of-sight velocity component [Vl cose. Some typical advantages of the
laser Doppler method are: (1) the Doppler shift is a direct absolute measure
of the velocity (for example, the hot wire yields velocity via a cooling effect
on the wire); (2) the ease with which the position of the sensing volume can be
varied (optics pointing and focusing operations only being involved); (3) the
ambient aerosol provides sufficient scattering, thus enabling operation in
'clear air" conditions; (4) the ambient aerosol tracer has a small inertia and
responds quickly to variations in airspeed and is thus a good turbulence indi-
cator; and (5) from the intensity of the backscattered laser radiation the rela-

tive particulate concentration can be determined.

A.2 BASIC OPTICAL SYSTEM

The basic optical system is shown in Fig.A~2. The system depends on
focusing the transmitter telescope at the location of interest to control the

range at which the measurements are taken.

A horizontally polarized, 20-watt, continuous wave COZ laser beam
(10.6 micron wavelength) emerges from the laser @ and is deflected 90 *

degrees by a mirror . The approximately 6 mm diameter beam then
g y PP Y
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passes through a Brewster window @ and a CdS quarter waveplate @which
converts it to circular polarization. The beam impinges on the secondary
mirror @ and is expanded and reflected into the primary mirror (30 cm
diameter) @ and then focused out into the atmosphere, A small portion of
the original laser beam is reflected by the secondary mirror and the Brewster
window @ and is used as a reference frequency on the photodetector .
Energy scattered by aerosols, at the focal volume is collected by the pri-
mary mirror @, collimated by the secondar @, and passes through the
quarter waveplate @ The quarter waveplate changes the polarization of the
acrosol backscattered radiation from circular to vertical linear polarization.
The vertically polarized beam is approximately 78% reflected off the Brewster
window @ After passing through the collecting lens @ the two beams (i.e.,
a small portion of the original beam and the beam backscattered from the focal
volume) are photomixed on the detector in a heterodyne co'niiguration. The
electrical output of the detector is amplified @ with a 5 Mz bandwidth,
20 dB gain low noise type preamplifier and fed into a spectrum analyzer @
which gives an output of laser beam intensity as a function of Doppler fre-
quency shift.

A.3 OPTIC SCANNING SYSTEM

To provide the flexibility required to obtain measurements of three-
dimensional flows, a scanning arrangement as shown in Fig, A-3 is utilized.
The modes of operation include scanning capability in and azimuth and ele-
vation and range. The mirror assembly, AB, can be rotated about the vertical
axis for scanning in azimuth., Mirror A is adjusted to control the elevation
angle of the beam. The scanning hardware as deployed on the mobile van is

shown in Fig. A~4., The system's scan capabilities are shown in Fig. A-5.

Range scanning of.the system's focal volume is accomplished by vary-
ing the distance between the telescope secondary mirror, E, and the primary
mirror, D shown in Fig. A-3. This is effected by varying the position of the
secondary mirror, E, in a controlled manner by an electric motor/optical
encoder combination. The scan can be conducted through either the over-

head scanner or side window.
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BASIC SCAN MODES

RANGE SCAN ELEVATION SCAN
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Max Min Max Min Max | Mun |
100 to 800 m| 16 to 650 m | 0 1 to 6 9 Hz Scan Center | 10 t0 90°| 0t0 90°f 0 1 t0 0 5 Hz Scan Centor | 300° | 0° | 15%/sec|
One meter lncrement 0 1 Hz increm Angle Angle !
Also can be stepped between 8 preselected Scan Width 900 IOQ Scan Width 900 10° 1
ranges o 1 deg increment 0 | Hz increm Open Loop | 12 rpm ,

Variable
Range Arc
Scan
/ Raster 5can
Velocity Azunuth
hsplay (VAD) Scan
Altitude 1splay (VAD)
Scan

Finger Scan

Range - Azimuth Azimuth - Elevation

Range - Elevation

Fig.A~5 - Scan Capabilities of Mobile Laser Doppler Velocimeter System



The limits of the focal volume in the range direction are defined as the
points at which the intensity of the backscattered radiation per unit depth of
the focal volume ishalf of the maximum backscattered intensity per unit depth.
For the theoretical distribution of intensity along the focal axis, the sensing

volume length, AR (i.e., the distance between the two half maximum intensity

points) is

AR = 4.4 \R%/ra’ (A.2)

where A is the laser wavelength (10.6 um), R is the range to focus, and a is
the radius of the telescope primary mirror (15 cm). The theoretical and
measured range resoclution of the LDV is shown in Fig. A-6. The measured
values were obtained by focusing the beam at a hard target for maximum
returned intensity and then increasing or decreasing the range until the half

maximum intensity points were reached.

The nominal focal volume in the plane normal to the optic line-of-sight
axis is defined as the area which contains half of the total laser intensity.
The laser intensity in the plane normal to the optic line-of-sight is normally
distributed with respect to the transverse direction, The relationship for the

lateral limits of the focal volume is
AY = AR/a {A.3)

The theoretical and measured transverse spatial resolution of the LDV is
tabulated below.

Range to Focus Sensing Volume Width
R (m) AY (m)

Measured Eq.(A.3)

50 3.3x107° 1.8x 107>

100 6.6x 107> 3.5x107°

200 1.3x 1072 7.0x107°

600 3.9x10°% 2.1% 1072
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The measured value was obtained from a power meter with a pinhole
attachment and is the lateral position at which the power meter reading was
-2

€ ” of the maximum power meter reading.

The sampling volume of the LDV is a narrow elongated region whose
width is small in comparison to the dimensions of the V/STOL flow field but
whose length can be some fraction of the spatial dimension of the flow. For
example, if the LDV system is measuring the decay of the V/STOL wall jet at
a range of 24 m, the half-power level signal is confined to a region +0.4 m in
length and 0.2 cm in diameter. Assuming the characteristic length scale of
the flow is the jet diameter, D ~ 1 m, the spatial resolution of the measure-

ment is +40% of the jet diameter along the line of sight,

A.4 DESCRIPTION OF LDV DATA PROCESSING SYSTEM

Acquisition and processing of the LDV signature is accomplished by
means of a compact data handling system developed specifically for the
Lockheed-Huntsville mobile LDV. The general elements of the data acqui-
sition and data processing system are shown in Fig. A-7. The digitized LDV
intensity versus frequency signal along with its coordinates in space is fed
into the PDP 11/34 minicomputer. The minicomputer also has the capability
for replaying the data from the 9-track tape and carrying out: (1) detailed
processing of the LDV data; (2) generating plots of the processed data on the
CRT; and (3) producing hard copy plots and printouts of the processed data.
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Fig. A-7 - General Elements of LDV Data Acquisition and Data
Processing System
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Appendix B

SUMMARY OF VELOGCITY MEASUREMENTS OBTAINED WITH LASER
DOPPLER VELOCIMETER

Selected plots of the line-of-sight velocity versus range are presented
in this appendix. From a survey of all of the data, those plots have been
selected which are relatively free from noise (i.e., the velocity trends are
evident by eye). The line-of-sight velocity is computed from the highest
intensity signal (labeled max VPEAK) or from the integrated spectrum
(labeled IPV), The plots of VPEAK vs RANGE and IPV vs RANGE were
generated by the VTAVQQ and ANDKEN programs discussed earlier'in
Section 2. The velocity is given in units of COUNTS, The scale factor is
1 COUNT = 1/100 x 20 MHz Doppler frequency shift = 1.06 m/s for all runs
with the following exceptions; 1 COUNT = 0.53 m/s for tape Ames 9 Files
4-9 and 19-27; 1 COUNT = 0.26 m/s for tape Ames 9 File 18, The RANGE
is measured from the side window of the LDV van to the aircraft. The
centerline of the nose fan and lift cruise fan are located at 21 and 28 m
RANGE, respectively.



