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ABSTRACT 

This report describes the application of a laser Doppler velocimeter 
(LDV) in a transonic wind tunnel.    The LDV,   an in-house-developed in- 
strument,   measured two velocity components using the dual scatter 
principle.    The flow was not seeded for this test,  and the output data 
was processed by a special data processor developed at AEDC.    The 
velocity data and flow angularity are presented for five Mach numbers 
together with the velocities obtained using conventional wind-tunnel in- 
strumentation. 
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SECTION I 
INTRODUCTION 

The application of the laser Doppier velocimeter (LDV) for making 
velocity measurements of fluid flows has several distinct advantages 
over conventional measurement techniques.   It has the ability to make 
measurements without perturbing the flow and also to make point 
velocity measurements in small or inaccessible areas.    There have 
been minor drawbacks to the application of the LDV to actual wind- 
tunnel measurements.    First,  there was the necessity to seed the flow 
being measured,  and the time required to make a velocity measurement 
using a spectrum analyzer for the frequency readout instrumentation 
was exceedingly lengthy.    These drawbacks were recognized (Ref.  1), 
and with extensive development work have been eliminated.    In 
September 1970 the USAF at AEDC requested a test be performed to 
demonstrate the following LDV capabilities: 

1. Calibration measurements were to be made in a 
transonic wind tunnel covering both subsonic and 
supersonic flows. 

2. Artificial seeding of the airflow would not be 
allowed in performing the measurements. 

3. A two-component, dual scatter LDV was to be used. 

4. Automatic data acquisition electronics would be em- 
ployed. 

The test was successful in meeting all the requirements,   and this 
report presents the LDV results together with the wind-tunnel calibra- 
tion velocity data for comparison. 

SECTION II 
DESCRIPTION OF THE 1-FT WIND TUNNEL 

The Aerodynamic Wind Tunnel (IT) in the Propulsion Wind Tunnel 
Facility (PWT) is a continuous flow,  nonreturn design (Ref.  2).    It is 
powered by a 3000-hp,   constant-speed motor driving a single-stage 
compressor which delivers the air into a stilling chamber having by- 
pass and recirculation circuits.   The tunnel nozzle has rigid,  paralleled 
side plates and flexible top and bottom plates which can be adjusted to 
obtain supersonic velocities.    The tunnel is normally operated over a 
Mach number range from 0. 20 to 1. 50.    It has a test section 12 in. 
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square in cross section and 37. 5 in.  long which is enclosed in a plenum 
chamber connected to a steam ejector evacuation system.    The test 
section walls are normally perforated to allow partial pumpout of the 
test section through the plenum chamber; however,  for this test the side 
walls were replaced with walls having optical glass inserts.    These in- 
serts are 9 in.  high and 11-1/2 in.  long,   extending from tunnel station 
(TS) 14. 8 to 26. 3 and centered on the tunnel horizontal centerline.    The 
plenum chamber walls have optical quality inserts which superpose the 
test section inserts.    No models or stings were present in the tunnel 
during this test. 

SECTION III 
LASER DOPPLER VELOCIMETER AND INSTRUMENTATION 

The Laser Doppier Velocimeter (LDV) used for this test was a two- 
component,  dual-scatter unit used in the forward-scattering mode.   The 
size and construction of the IT wind tunnel made it necessary to 
assemble the LDV as two independent packages (Fig.   1,  Appendix).   The 
laser,  a Spectra-Physics Model 140 argon laser with a nominal power 
output of 0. 75 watts at a 4880-A wavelength in the TEM00 mode,  and 
the input optics consisting of the beam expanding and collimating lenses, 
self-aligning beamsplitters (Refs.   3 and 4),  polarization rotators,   and 
the 3-in. -diameter,   36-in.  focal length focusing lens comprised the in- 
put package.    The laser,  beam expanding and collimating lenses,  and 
the self-aligning beamsplitters were remotely located from the wind 
tunnel (Fig.  3).    The polarization rotators and the focusing lens were 
mounted on an x-y traverse which allowed measurements to be made 
axially and transversely through the wind tunnel test section.    The 
beams were brought up from the beam-splitters to the traverse by first 
surface dielectric mirrors. 

The probe volume formed by the intersection of the input beams is 
an ellipsoid and had characteristic dimensions of 0. 094 in.  in length 
and 0. Oil in.  for the major diameter.    The volume of the ellipsoid was 
7.42 x 10-5 cc. 

The output or receiving optics which were located on the opposite 
side of the wind tunnel (Fig.  4) consisted of two 6-in. -diam,   30-in. 
focal length lenses which collimated and focused the scattered light 
from the probe volume onto a pinhole aperture,  a collimating lens, a 
polarization separation prism,  and two photomultiplier (PM) tubes. 
The pinhole aperture and the collimating lens were mounted on a pre- 
cision micro-traverse.    All of these optics were mounted on an x-y 
traverse which matched the movement of the input optics traverse. 
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Selective light polarization was used to discriminate between the 
two velocity components.    The beam splitters divided the input laser 
beam into three path-length-compensated beams with intensity levels 
of 25,   50,   and 25 percent of the input beam (Fig.   5).    These three 
beams formed a right triangle with the most intense (50 percent) beam 
at the vertex of the triangle.    The input polarization rotators rotated 
the polarization plane of the 50-percent beam by 45 deg and one of the 
25-percent beams by 90 deg.    This rotation cross polarized the two 
velocity component measuring beams (i. e. , the polarization plane for 
one velocity component was made perpendicular to the polarization 
plane of the second velocity component) and substantially reduced the 
mutual interference or cross-talk between them.    The polarization 
separation prism (Glan-Foucault air-spaced type) in the receiving 
optics was properly rotated about its axis to transmit the polarization 
of one velocity component and internally reflect the polarization of the 
other component.    The PM tube for the transmitted component was 
mounted directly behind the prism.    The PM tube for the reflected com- 
ponent was mounted to one side and the polarized,   scattered light 
directed to it with a first surface mirror. 

The PM tubes were RCA Model 8644 with external resistor bias 
networks installed.    The PM tube output was connected in parallel with 
a Tektronix Model 585 oscilloscope and the Doppler Data Processor* 
(DDP) (Ref.   1).    This is an in-house developed instrument which deter- 
mines the period of the Doppler signal produced by a particle crossing 
the probe volume.    The DDP is a plug-in module used in conjunction 
with a modified Hewlett-Packard Model 5245M counter.    The frequency 
range of the DDP used in this test was 1 to 50 MHz.   The period of the 
Doppler frequency is displayed on the counter and printed out by a 
Hewlett-Packard Model 5050A digital line printer.    The limit of this 
printer is 20 lines/sec which fixed the maximum rate of data acquisi- 
tion.    A block diagram of the signal processing and recording equip- 
ment is shown in Fig.   6. 

SECTION IV 
INSTALLATION AND TEST PROCEDURES 

The installation of the LDV in the IT tunnel test area required two 
alignments; the mechanical alignment of the two traverses and the align- 
ment of the optics.    The mechanical alignment consisted of locating the 

'Patent pending 
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traverse platforms relative to the test section windows so that the 
movement of the traverses encompassed the test section windows, then 
leveling and aligning them so that a point on the traverses remained 
equidistant from the test section windows during horizontal traversing 
and perpendicular to the windows during transverse traversing.   The 
input optics mirrors were aligned so the point of intersection (probe 
volume) of the three input beams remained in a horizontal plane during 
traversing.    The probe volume was physically located on the vertical 
centerline (Y = 0) of the test section by positioning the input traverse 
and the input focusing lens.    Prior to installing the receiving optics, 
the input beams were allowed to expand from their focal intersection 
onto the test area wall approximately 30 ft away.    Here, they were pre- 
cisely located relative to each other.    This allowed the determination 
of the angle between the beam pairs,  their orientation relative to the 
test section centerline,  and the angle 0 for each of the beam pairs. 
Initially, the common angle between the beams was 88°55', with one 
beam oriented 30°58' above the test section centerline and the other 
57°57' below the centerline (Fig.   5a).    The subsequent orientation had 
one beam at 44°38' above the centerline and the other at 44°17' below it. 
The included angle between them remained 88°55' (Fig.   5b).    The re- 
ceiving optics were installed,  and the direct beams passing through the 
probe volume were blocked at the output collimating lens.    This reduced 
the background noise level of the PM tubes caused by extraneous scatter- 
ing from these beams.    The focusing lens,  aperture,  the polarization 
separator,   and the PM tubes were then aligned with the probe volume. 
This alignment was checked to verify that it was maintained when tra- 
versing both the input and receiving optics. 

The test requirements specified data to be taken on the test section 
centerline at Mach numbers 0. 6,   0. 8,   1. 0,  and 1. 2 with traverses to 
be made across the test section (y) if there was time available.    The 
measurements were made in order of increasing Mach number.    Since 
there was no artificial seeding of the flow, the time required to make a 
velocity measurement at one location varied from a few seconds to 
several minutes,  depending upon the time average of the particulate 
concentration at the measurement location.    An attempt was made to 
obtain a sufficient,  and approximately equal,   number of data points at 
each measurement location so that a good statistical sample of the 
velocity distribution could be obtained.    The sampling time at each 
location was further increased since only one DDP unit was available 
for use.    This necessitated connecting it to a PM tube and taking data on 
one component then disconnecting and connecting to the other PM tube 
to obtain data on the second component.    Alignment was verified at each 
position during the traverses. 
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When the data at Mach number ]. 2 were completed,  there was a 
limited amount of tunnel time remaining.    Since all specified data had 
been taken,  the tunnel was operated at Mach number 1. 5 and the time 
was used to record velocities at a single centerline location.    During 
the time the LDV measurements were being made,  conventional wind- 
tunnel pressures and temperatures were recorded by PWT personnel 
and using previous tunnel calibrations determined the free-stream 
velocity for comparison with the LDV data.    Although conventional 
velocity data were not taken for all LDV data points,  a sufficient num- 
ber were obtained to give a comprehensive comparison. 

SECTION V 
DATA REDUCTION 

The processing of LDV particle burst data requires a terminology 
explanation to properly define it.    A data point refers to the Doppler 
frequency information obtained from a single particle passing through 
the focal volume.    A component velocity is the velocity of a single com- 
ponent of a multi-component LDV which is determined from many indi- 
vidual data points.    The velocity refers to the magnitude of the velocity 
vector at some particular flow angle,  which is determined from the two 
component velocities at some particular spatial location in the test 
section. 

The IT tunnel test involved 6729 individual data points.    They 
ranged in number from six to as high as 384 for an individual velocity 
component with an average number of 104 data points per component. 

The output of the DDP is the period of the Doppler frequency in 
nanoseconds and was printed in digital form on a paper tape.    Since 
many of these data points are used to determine a single velocity com- 
ponent,   a computer program was written to evaluate the data.    The 
program determined the arithmetic mean period and the RMS variation 
about the mean for each group of component data.    Nine statistical bands 
were then established,   each 1/4 standard deviation (Ref.  5) (a/4) wide 
around the mean,   and the percentage of the velocities that fell within 
these bands was determined.    Finally,   a Gaussian distribution curve 
was established, 

G(v) = —— 

— 2 (v-vr 
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where v is the velocity at a point and v is the average velocity of the 
stream.    The number of data points that fell under this curve was deter- 
mined.    A typical set of data from the program is shown in Fig.   7.   The 
Gaussian distribution gives an indication of the validity of the statistical 
sample.    If an infinite number of data points were taken,  the distribu- 
tion of the data should fall under the resulting Gaussian curve.    At the 
completion of this calculation,  the period data were recycled by the 
computer,  and based upon the RMS (o) variation determined from the 
first cycle,   all data points whose value was more than two standard 
deviations (2cr) above or below the mean period were eliminated.    This 
procedure eliminated any obviously scattered data points and a new 
mean period,   an RMS variation about the mean,  new statistical distribu- 
tion bands,  and the Gaussian distribution curve based on this data were 
recalculated by the computer.    The results of this procedure applied to 
the data of Fig.   7 are shown in Fig.   8.    The number of data points that 
fell more than 2CT beyond the mean was,  on the average,  four percent of 
the total.    The mean period and the RMS period values of the component 
velocity were converted into mean velocity and an RMS variation in fps, 
which was referred to the horizontal axis of the wind-tunnel test section. 

The magnitudes of the velocities of the two components for 
M ^ 0. 8 should have been identical since the beam pairs were\set at 
~45 deg to the test section axis,  and the velocity was assumed to be 
parallel to the axis.    However,   in no case was this true.    This led to 
the conclusion that the velocity at the point of measurement was not 
parallel with the tunnel axis.    The two components were therefore 
solved simultaneously to determine the magnitude and angle of the 
velocity vector with respect to the horizontal axis of the tunnel test 
section.    The RMS or standard deviation of this velocity was statis- 
tically determined (Ref.   6).    This technique demonstrates that when an 
unknown is measured by two methods,  each having standard deviations 
o^,   i = 1,   2, the standard deviation of the resulting combination of the 
two can be determined by the relationship 

ffv = 
al2 + (Q\lu2'    a2' 

(l-KcJ1/a2)2)2 

where a weighted average of the standard deviations of the two com- 
ponent, velocities is used to obtain the deviation of the velocity vector. 

The reduction of the individual data points to determine the com- 
ponent velocities,   RMS and distribution data,  was done on the IBM 
360-50 computer.    The simultaneous solution of the components to 
determine velocities,   flow angles,   and the velocity RMS deviation were 
accomplished using a Wang Loci II computer. 
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SECTION VI 
RESULTS AND DISCUSSION 

The coordinate convention and the area of measurement are shown 
in Fig.  9.    The data are presented by Mach number and position.    Data 
taken for M = 0.6 are shown in Fig.   10.    These data fall generally from 
710 to 715 fps.    Six PWT data points are also shown that were taken 
simultaneously with their corresponding LDV point.    These points were 
based on the latest tunnel calibrations and were corrected for axial 
Mach number distribution in the data reduction process.    The variation 
in velocity - or error estimate - shown with the PWT data is a constant 
for any Mach number since it is primarily a function of instrument 
precision and reading accuracy.    The LDV  RMS and the PWT estimated 
error values overlap each other at all points in Fig.   10,  indicating a 
very good correlation between the data at this Mach number. 

Two traverses,   axial and transverse,   were made at a Mach num- 
ber of 0. 8.    Figure 11 shows the data for the axial (x) traverse.    These 
data were taken in increments of two inches.    The LDV data are grouped 
around 925 fps ± 3 fps.    The RMS and the PWT estimated error limits 
overlap each other only on the first two points.    The PWT velocity ad- 
justed for axial position drops off about 7 fps from the initial to the final 
point,  which is much more pronounced than in the M = 0. 6 traverse 
where it was practically constant.    The transverse traverse at M = 0. 8 
is shown in Fig.  12.    This and the succeeding traverses were made at 
Tunnel Station (TS) = 20. 55 in.    The LDV data showed a decrease in 
velocity from 935 to approximately 925 fps across the test section from 
the left to right looking upstream.    The PWT velocity was 914 fps and is 
shown at the centerline position only since no correction could be made 
for transverse position.    The separation between them was approxi- 
mately 4 fps. 

A transverse traverse was made at M = 1. 0.    The LDV velocity 
spread (Fig.   13) was between 1149 and 1156 fps.    A very large RMS 
spread occurred at y = 4 in.    This was because of large RMS deviations 
associated with the components at this location indicating that the 
particles being measured had widely fluctuating velocities.    The PWT 
center-line velocity was 1135 fps.    The LDV RMS limits only at the 
y = 4-in.  position approximated the PWT estimated error at the center- 
line.    The transverse traverse at M = 1.2 (Fig.   14) showed a much 
greater variation in flow velocity across the test section.    The esti- 
mated error limits of the PWT centerline measured velocity of 1322 fps 
was in good correlation with the LDV RMS spread except at the 
y = -4 in.  position where the LDV measured velocity increased sharply 
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to 1349 fps.    The LDV RMS values were approximately ±10 fps for all 
data points.    A single centerline data point (Fig.   15) was taken at 
M = 1.5.    The discrepancy between LDV and PWT data was most pro- 
nounced at this Mach number,  with the LDV measuring 1614 fps and 
PWT measuring 15 71 fps.    The LDV RMS remained about the same as 
on previous points,   whereas the PWT estimated errors decreased as 
an inverse function of Mach number. 

The data in Figs.   10 through 15 are for flow velocity magnitude only. 
The flow angularity for these data is shown in Figs.   16 through 21 and 
is plotted in degrees above or below the test section centerline as a 
function of location.    Figure 16 shows the angularity fori the M = 0. 6 
traverse.    No data are shown at TS = 19. 55 in.  since only one com- 
ponent of velocity was measured and therefore no angularity could be 
determined.    Likewise,  the velocity at this location,   shown in Fig.   10, 
was from one component.    The flow angularity for the M = 0. 8 axial 
traverse (Fig.   17) shows little correlation with the M = 0. 6 traverse 
other than the flow angularity at TS = 18. 55 in.,  which is -0. 1 deg for 
both.    The transverse traverses indicate the greatest flow angularity. 
Figure 18,   for M = 0. 8,   shows an angularity of 0. 5 8 deg at y = 4 in. , 
with all the other data less than 0. 25 deg.    The angularity plots for 
M = 1.0 and M = 1. 2 (Figs.   19 and 20) show characteristics similar to 
those in the M = 0.8 plot,  not only in the large flow angle at y = 4 in., 
but also in the magnitudes and signs of the angles.    The single measure- 
ment at M = 1.5 is shown in Fig.   21 and has a flow angle of 0. 14 deg. 
The deviation of the angular measurements is shown plotted with the 
data.    These angular deviations were a function of the RMS deviations 
of the component velocities used in the angularity calculations,  and 
therefore varied rather widely as shown on Fig.   17.   The flow angularity 
for TS = 16. 55 was calculated to be -0. 05 deg but the deviation was 
±0. 25 deg,  while at TS = 20. 55 it was -0. 21 deg with a deviation of 
±0. 015 deg.    Generally, the centerline data had the smallest angular 
deviations as indicated in Figs.   18,   19,  and 21.    The greatest devia- 
tion was ±0. 25 deg which occurred at TS = 16. 55 on Fig.   17 and the 
smallest was 0. 002 deg at y = 0 on Fig.   18. 

Figures 22 through 27 illustrate the nondimensional velocity ratios. 
The axial traverses (Figs.   22 and 23) have data only where there were 
corresponding PWT data.   All LDV velocities were normalized with the 
one centerline PWT velocity for the transverse traverses in Figs.   24 
through 27.    These curves illustrate the variation relative to the center- 
line velocity rather than at the actual position.    All of the data had a 
variation less than 2. 5 percent except for M = 1.5 where the variation 
was approximately 2. 7 percent.    One interesting fact is apparent:   all 
of the LDV measured velocities were greater than the PWT-determined 
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velocities.    No explanation is offered at this time for this result.    On 
the contrary, one reasons that the particle velocity will lag the flow 
velocitv bv some small amount; however,  this was not indicated. 

SECTION VII 
SUMMARY OF RESULTS 

The LDV successfully demonstrated several capabilities in this 
test that prior to this time were only known to be theoretically possible 
or were confirmed only in the laboratory.    The first,  and perhaps the 
most significant of these,  was the ability to make velocity measure- 
ments with no artificial seeding of the flow,  using only the natural con- 
taminants present in the air. 

The use of the DDP electronic data acquisition system showed that 
"on-line" velocity data can be easily,  quickly,   and accurately acquired 
and processed.    The data can then be further processed,  statistically 
analyzed,   or examined at leisure.    This is a significant improvement 
over previous techniques using spectrum analyzers which give an inte- 
grated average of the data over some finite time period. 

The two-component LDV provided flow angularity data in a very 
rapid,   straightforward way.    The acquisition of both components 
yielded an average of flow velocity variations in both magnitude and 
direction at a point in the flow.   With the inclusion of additional Doppler 
Data Processor systems in the near future,   simultaneous acquisition 
of multicomponent data should be possible.    This should be a valuable 
tool for the study of turbulence and turbulent fluctuations by providing 
a technique for a much more comprehensive understanding of the tur- 
bulent process. 

Finally,  the LDV has demonstrated the capability of making fast, 
accurate velocity measurements in a transonic wind tunnel under oper- 
ational conditions.   The full range of velocities was measured without 
modifying either the LDV optics or the data acquisition instrumentation. 
The traverses through the test section were accomplished without diffi- 
culty.    Mechanical vibrations,  present in every wind tunnel,  presented 
no obstacle to the successful operation of the LDV. 



AEDC-TR-71-165 

REFERENCES 

1. Lennert,  A.   E.,   Brayton,  D.   B. ,   Crosswy,   F.  L.,   et al.    ''Sum- 
mary Report of the Development of a Laser Velocimeter to be 
Used in AEDC Wind Tunnels. " AEDC-TR-70-101 (AD871321), 
July 1970. 

2. Test Facilities Handbook (Eighth Edition).    "Propulsion Wind Tun- 
nel Facility,  Vol.  5."   Arnold Engineering Development 
Center,  December 1969. 

3. Brayton,   D.   B.    ''A Simple Laser Doppler Shift Velocimeter with 
Self -Aligning Optics.'"   Proceedings of the Electro-Optical 
Systems Design Conference,  September 16-18,   1969. 
New York, N. Y. 

4. Brayton,  D.  B.  and Goethert, W. H.    ''A New Dual Scatter Laser, 
Doppler Shift Velocity Measuring Technique. "   Proceedings of 
the Sixteenth International ISA Aerospace Instrumentation 
Symposium,  May 11-13,   1970. 

5. Standard Handbook for Mechanical Engineers.    Baumeister and 
Marks,  Seventh Edition,  pp.   17-25. 

6. Beers, Y.    "Introduction to the Theory of Error, " Chapter VI, 
Section A.    Addison-Wesley Publishing Company,  Reading, 
Massachusetts,   1957. 

10 



AEDC-TR-71-165 

APPENDIX 
ILLUSTRATIONS 

11 



CO 

30-in. Collimating Lens 

30-In. Focusing Lens 
Mirror 

Beam Splitting Package 

-Beam Expander 

Polarization 
Separator 

•Aperture 

-Laser 

> 
m 
□ 

Fig. 1   The IT, Two-Component, Dual Scatter LDV 0> 
in 



AEDC TR 71  165 

Fig. 2   1T LDV Self-Aligning Optics 

14 



AEDC-TR-71  165 

A   E  D  C 
A   «976-70 

Fig. 3   1T LDV Input Optics Traverse 

15 



~ 

o 
n 
H 
3) 

e 

Fig. 4   1T LDV Receiving Optics and Traverse 



AEDC-TR-*1-165 

25% 

88°55' 

25% 

a.  Initial Orientation 

25% 

44°38t 

88°55' 

25% 

b.   Final Orientation 
Fig. 5  LDV Beam Orientation about Test Cell Centerline 

17 



Photomultiplier 
Tubes 

> 
m 
O 
O 

Oscilloscope + 
a Gate Trigger 

Doppler 
Data 
Processor 

HP 5245M 
Counter 

HP 5050A 
Digital 
Printer 

Fig. 6  LDV Signal Processing and Recording Equipment 



AEDC-TR-71-165 

6.CO 6.00 rtACH   0.60        COMPONENT   1 

UATA 
104.72 107.94 109.97 107.53 107.11 106.23 109.36 108.12 106.17 108.86 
107.70 110.»9 107.28 106.88 106.28 106.76 106.34 107.49 108.40 107.32 
lOo.av 109.31 10b.02 107.9* 107.27 106.39 108.21 108.42 107.30 107.19 
10/.98 Ud.37 lo&.au 10tJ.52 107.24 106.32 109.69 107.28 108.27 107.22 
100.31 106.72 107.2a 10b.85 109.49 108.17 107.58 105.46 108.52 108.95 
10/. 51 110.60 107.91 lOtt.li 106.58 107.63 108.39 107.24 108.23 110.08 
106./i 105.95 107.77 107.11 107.^5 107.57 107.42 108.62 106.59 107.33 
107.16 108. 64 109.10 107.63 107.65 103.44 108.76 109.09 107.72 107.32 
105.50 105.31 106.66 lu/,30 104.37 

At/EKAbt   PEKIUU   -0.1U771E   Ü3        KMS   =Q.12000E   01 

AVtriAofc   VtLLClTY   =0.71043t   03   ♦/-   C.79149E   01 

=Q.11141E 01 PEKCENT 

PuPULATllifM OthblTlcS 
-4      -3      -2      -1       0      *l +2 +3      «-4 

0.070o  Ü.Ü471  0.2353  0.4235  0.4000  0.3529  0.2118  0.1176  0.0471 

d5   OATA   PIS öl   Pli   UiOcK  CURVE   =     0.95   PtRCENT 

Fig. 7  Computer Printout of Input Data and Component Velocity 

u.Uu Y   =      o.OO MAv-H   0.60        CUHPUNENT   1 

LJA1 A 
1U/.94 109.9/ 107.53   107.11 106.23    109.36 108.12 106.17 108.86 10/.70 
1J/.2D 106.ua 106.28   106.7o 106.34   107.49 10d.40 107.32 106.o9 109.31 
lCd.02 107.'*«. 107.2/   1ÜÖ.3J 108.21    108.42 107.30 107.19 107.98 108.37 
Uo.JU LOti.bd 10/.24   106.32 109.69    107.28 108.27 107.22 108.31 10b.72 
I«/.28 iOo.65 lv>9.49   10a.17 107.58   105.«>o 108.52 108.95 107.51 107.91 
no.13 106.5a Iu7.d3   106.39 107.24   108.23 110.Od 108.75 105.95 107.77 
iJ7.il 107.43 107.57   107.42 108.62    106.59 107.33 107.16 108.64 109.10 
1J7.ÜJ 1J7.65 lud.44   lud.78 109.69    10/.72 10/.32 105.50 10ü.66 107.30 

A»cKAob   PEKIOL,   =u.l077aL   03        KMS   =0.996d9t   00 

AVÜKAot   VtLUuITY   =0./10l9t   03   +/-   CI.65640E   01 

=0.92708E   00   PERCtfcT 

HuPuLATLuiN   Jt.HjlI ItS 
-4 -3 -4. -I 0 +1 *-2 +3 +4 

O.OJCu     0.1500     0.1750     0.4750     0.3500     0.3250     0.2500     0.1000     0.0750 

80 UAfA PTi 7a PTS UNI»:* CURVE =  0.9/ PERCENT 

Fig. 8  Computer Printout with Input Data Limited to ±2o of Mean 

19 



> m 
o 
o 

[\3 
o 

Tunnel 
Flow 

-y ■ 

^+y 

Tunnel  Station 20.55 

Schlieren 
Windows 

Tunnel Station 0 

All  Dimensions   in Inches 

Fig. 9 Schematic of Test Section, PWT 1T Tunnel 



w 

z 

L, 
A PWT 

LDV RMS Band 

730 - 

*   720 =>- 

i   4 s 710r~ 

«    700 

690 

I PWT RMS Band 

3r 7            o 
-^A — 

-o- 

J_ I _L 
15.55 16.55 18.55 20.55 

PWT IT Tunnel Station, in. 
(y - 0, z = 0) 

22.55 

Fig. 10   Horizontal Velocity versus Axial Tunnel Position, M = 0.6 

O 

J 
24.55 25.55 

> 
m 
a 
a ■ 
H 
3D 

CT> 
Ol 



Y. 

L. 
■LBV RMS  Band 

O   LDV 

A   PWT 

> 
m 
O 
O 

01 

PWT RMS  Band 

to 
to 

940 

""    930 

>> 

'S    920 
o 

5 910 

900 

b 

J. 
15.55 16.55 

f I I 

I I J. 
18.55 20.55 

PWT IT Tunnel  Station,   in. 
(y " 0,   z = 0) 

22.55 

I 

-L 
24.55 

J 
25.55 

Fig. 11   Horizontal Velocity versus Axial Tunnel Position M = 0.8 



z 

L O LDV 
A PWT 

PWT RMS Band 

950 

940 
HI 
p. 

<H 

>> 
■H 

930 

to 
00 

0 
1-1 
0) 

920 

910 

900 

LDV RMS Band 

I 

-2 
Tunnel  <£ 

y  in.,   Looking Upstream 
(x  -  TS  20.55,   z  - 0) 

Fig. 12   Horizontal Velocity versus Transverse Position, M = 0.8 
o 
o 

3) 

O) 



z 

L, 
O LDV 
A PWT 

O 
O 
■H 
30 

I PWT RMS Band 

4^ 

«I 
ft 

1170- 

1160- 

>: 1150- 
■H 
•H 

O 1140|- 
0 

1130 _ 

1120 

-LDV RMS Band 

I 

-L 

Tunnel (£ 
y in., Looking Upstream 
(x = TS 20.55, z - 0) 

-2 

Fig. 13  Horizontal Velocity versus Transverse Position, M = 1.0 



L 
O LDV 
A PWT 

I PWT KMS Band 

N3 

1365r- 

1359- 

£ 13451- 

£ 13351- 
o o 
1-1 

51 1325U 

1315- 

1305 

-LDV RMS Band 

O 

I' 

2 -2 
Tunnel ii 

y in., Looking Upstream 
(x = TS 20.55, z - 0) 

Fig. 14  Horizontal Velocity versus Transverse Position, M = 1.2 

-5 

> 
m 
O 
O 
I 
-i 
3> 



L 
> 
m 
D 
O 

to 
03 

n 
P. 

0 
o 

1630 i- 

1620 

1610 

1600 

1 590 

1580 

1570 

1560 

Q LDV Data 

I PWT Data 

2 0 

Tunnel 0 
y in., Looking Upstream 

(x = TS 20.55, z = 0) 

-2 -5 

Fig. 15 Centerline Velocity, M = 1.5 



z 

L, 

CO 

15.55 16.55 18   55 20.55 
PWT IT Tunnel Station,   in. 

(y - 0,Nz = 0) 

Fig. 16   Flow Angularity versus Axial Position, M = 0.6 

25.55 
u 
o 

33 

■^1 

en 



to 
00 

0.3 

0.2 

0   1 

o     0 
o 

01 
Q  _0   1 

-0.2 

-0.3 

-0.4 

15.55 

0  

z 

L. 
> 
m 
D 
o 
■H 
3) 
i 

U1 

X 
18.55 20.55 

PWT  IT Tunnel   Station,   in. 
(y  =  0,   z  =  0) 

22.55 
JL 

24 . 55 !5.55 

Fig. 17   Flow Angularity versus Axial Position, M = 0.8 



CD 

0) 
o 

0.7 

0.6 

0 5 

0 4 

0 :) 

0.2 

0.] 

0 

-0.1 

-0.2 

-0.3 

z 

L, 
Tunnel Sidewallw 
Located at +6 in. 

-4 ■=»■ 
Tunnel   f 

y   In.,   Looking  upstream 
(x  -  TS   20.55,   z   "  0) 

Fig. 18   Flow Angularity versus Transverse Position, M = 0.8 

D 
o 

33 



0.7,- 

oo o 

& 

n 

Tunnel ',' 
y in., Looking Upstream 
(x = TS 20.55, z - 0) 

Fig. 19   Flow Angularity versus Transverse Position, M = 1.0 



00 

0.6 

(1   r, 

0 t 

0 3 

<D n :> 
Ü u 
br, 
V u 0 i 

0 

-0   I 

-0.2 

-0.3 

v. 

i 

_L 
2 0-2 

'funnel  (?. 
y   in..   Looking  Upstream 

(x   -  TS  20.55,   z  -  0) 

Fig. 20  Flow Angularity versus Transverse Position, M = 1.2 

-sk- -5 a 
o 
33 

CJl 



z 

L 
> 
m 
o 
o 

GO 

0 2 

0. 1 
o 
4) 

ti  0 

Q 

-0 1 

-0.2 

_L 
0 

Tunnel fc' 
y in., Looking Upstream 
(x = TS 20.55, 2=0) 

-2 -4 

Fig. 21   Flow Angularity at Tunnel Centerline, M = 1.5 



00 
00 

1.02 

1 .01 
V LDV 

V PWT   mo 

0.99 

15. 55 

7. 

L, 

nrss I _L 
18 . 55 :><) . 55 

PWT IT Tunnel  Station,   in. 
(y   -  0.   z   -  0) 

22 

Fig. 22   Nondimensionalized Velocities versus Tunnel Position, M = 0.6 

:i :»5 25.55 > 
m 
O 
O 



z 

L, 
m 
O 
o 

00 
4i 

1 02 

1 .01 
V LDV 

1 V PWT 00 

0 99 

15755 15.55 
X _L 

18.55 20.55 
PWT  IT Tunnel  Station,   in. 

(y  = 0.   z  = 0) 

22.55 
-L J 

24.55 25.55 

Fig. 23  Nondimensionalized Velocities versus Tunnel Position, and M = 0.8 



L. 
1.03 

1 02 

V LDV 1 01 

V PWT 
1.00 

0.99 

oo 

 6—'  
Tunnel (' 

y in.. Looking Upstream 
(x  =  TS 20:55,   z  - 0) 

-dr ■=h 

Fig. 24  Nondimensionalized Velocities versus Tunnel Position, M = 0.8 

> 
m 
O 
o 



L 
> m 
o 
o 
■H 
3 

<J) 

00 
03 

1.02 

1 .01 
V LDV 

V PWT  1.00 

0.99 - 

J. 
0 

Tunnel  <t 
y in., Looking Upstream 
(x = TS 20.55. z - 0) 

-2 -± 

Fig. 25  Nondimensionalized Velocities versus Tunnel Position, M = 1.0 



z 

-a 

1.03 

1 0-2. 

V LDV i   oi 
V PWT 

1.00 

0.99 

Tunnel s 
y in.. Looking Upstream 
(x = TS 20.55, z - 0) 

> 
m 
□ 
n 

Fig. 26  Nondimensionalized Velocities versus Tunnel Position, M = 1.2 



00 
03 

V LDV 

V PWT 

1.03 

1.02 

1.01 

1 .00 

0.99 

z 

L, 
> 
m 
a 
o 

at 
tn 

I 
0 

Tunnel   o" 
y   in..   Looking  Upstream 

(x  =   IS  20.55,   z   =  0) 

-1 

Fig. 27   Nondimensionalized Velocities versus Tunnel Position, M = 1.5 



UNCLASSIFIED 
Security Classification 

DOCUMENT CONTROL DATA -R&D 
(Security classification o( title.  ht>tiy of nhstrtu t tmtl ifnJ<**MjS /mnnintifn must be entered when  the overall report Is classified) 

I     ORIGINATING   ACTIVITY  ('Corpora/* author) 

Arnold Engineering Development Center 
Arnold Air Force Station, Tennessee 

J2«.   DEFOm   5ECLPRITY   CLASSIFICATION 

UNCLASSIFIED 
2b     GROUP 

N/A 
3     REPORT   TITLE 

VELOCITY MEASUREMENTS IN AERODYNAMIC WIND TUNNEL (IT) USING A LASER 
DOPPLER VELOCIMETER 

4    DESCRIPTIVE  N O T E s /Type ol report and Inclusive dates) 

Final Report 
S    AUTHORI5I (First name, middle initial, last name) 

F. H. Smith, A. E. Lennert, and J. 0. Hornkohl, ARO, Inc. 
«  REPORT DATE 

February 1972 
7a. TOTAL NO  OF PASES 

44 
7b. NO OP REPS 

*a.   CONTRACT   OR   CHANT   NO 

b.   PROJEC T   NO 

911.   ORIGINATOR'S  REPORT   NJUBER(S) 

AEDC-TR-71-165 

c Program Element 64719F 9b    OTHER REPORT NOIS) (Any other numbers that may ba assigned 
this report) 

ARO-OMD-TR-71-108 
IC     DISTRIBUTION  STATEMENT 

Approved for public release; distribution unlimited, 

II     SUPPLEMENTARY   NOTES 

Available  in DDC 

12     SPONSORING  MILI TARY   ACTIVITY 

Arnold Engineering Development 
Center, Air Force Systems Command, 
Arnold AF Station, Tenn.  37389 

13  ABSTRACT 

This report describes the application of a laser Doppler 
velocimeter (LDV) in a transonic wind tunnel.  The LDV, an in-house- 
developed instrument, measured two velocity components using the dual 
scatter principle.  The flow was not seeded for this test, and the 
output data was processed by a special data processor developed at 
AEDC.  The velocity data and flow angularity are presented for five 
Mach numbers together with the velocities obtained using conventional 
wind-tunnel instrumentation. 

DD FORM 
I MOV 65 1473 UNCLASSIFIED 

Security Classification 



UNCLASSIFIED 
Security Classification 

KEY    WO HD» 

velocity measurements 

aerodynamic wind tunnel 

laser velocimeters 

doppler effect 

transonic wind tunnel 

fluid flows 

photomultiplier tubes 

UNCLASSIFIED 
Security Classification 


