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Abstract

Flowfield measurements obtained in several
large scale, high speed facilities at NASA Ames
Research Center are presented. Sampling bias and
seeding problems are addressed and solutions are
outlined. The laser velocimeter systems and data
reduction procedures which were used in the experi-
ments are also described. The work demonstrates
the potential of the laser velocimeter for appli-
cations in other than closely controlled, small-
scale laboratory situations,

Introduction

The potential of laser velocimetry for the
nonintrusive measurement of mean velocity, turbu-
lence and shear stress in complex wind-tunnel flow
fields has long been recognized. However, the
design, construction and successful operation of
laser velocimetry systems in other than small,
closely controlled laboratory situations presents
a formidable engineering challenge. For time-
dependent flows, considerable attention and effort
has already been directed to the area of condition-
at sampling as a means of revealing flow features
which appear intermittently rather than continuous-
ly yet still have an important influence on flow
structure and development. But until recently,
these efforts were all restricted to experiments in
which the flow-field sensor had a continuous output
which itself could be used to generate the criteria
for the conditional averages; so that measurements
were of necessity restricted to unidirectional
shear flows in which, for examplie, standard hot-
wire anemometry techniques could be used. Whole
classes of flows, namely recirculating and unsteady
wake flows have therefore been neglected.

For several years now determined efforts have
been made to develop methods of predicting complex
flow behaviour using numerical techniques. How-
ever, the present rate of development of computa-
tional fluid dynamics, especially for compressible
flow fields, is no longer dependent on computer
size or numerical techniques. Progress is cur-
rently restricted by the need for reliable test
cases and an improved understanding of both the
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physics of turbulence and the structure of complex
flows, which are required to model the turbulent
correlations which result from time averaging the
Navier-Stokes equations. Presently, calculation
methods are unable to accurately predict compres-
sible separated flows. This is due largely to in-
accurate turbulence models applicable to turbulent
separated viscous layers, a consequence of the lack
of reliable experimental information. Measurements
of the mean and transport properties of such flows
are needed to develop improved turbulence models
and to assess the accuracies of the current abun-
dance of prediction methods.

Turbulent separated flows occur in many types
of engineering confiqurations. They may be unin-
tentional features of some classes of equipment
or they may be deliberately introduced, but in all
cases such flows can have a signif -ant effect on
overall performance. Furthermore, iditional com-
plications are added by the uncte: aspects of the
turbulent boundary-layer separation and reattach-
ment processes., Despite the fact that separated
flows have been extensively studied, detailed
information regarding the time-averaged, turbulent
and unsteady nature of turbulent separation is
practically non-existent for transonic flows. This
paucity of data is not due to a lack of interest;
on the contrary, the transonic Mach number range
is of primary concern within commercial and mili-
tary flight envelopes. The lack of data is prim-
arily due to experimental difficulties encountered
in the transonic regime.

0f particular concern in the use of total head
and hot-wire probes at transonic speeds is the ever
present problem of flow interference. Wake flows
are extremely sensitive to local geometry with
streamline curvature and associated mean static
pressure gradients rendering pitot tube mean flow
measurements subject to error. Problems associated
with turbulent structure measurements are even more
acute since linearized hotwire data interpretations
are not accurate in these locally high turbulent
flows. At transonic speeds the separation of the
measured mode variables namely mass flux and total
temperature into velocity fluctuation levels and
shear stress is a complex task. As a result,
hot-wire turbulence data taken in zero pressure
gradient, adiabatic or isothermal attached boundary
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layers show considerable scatter (Ref, 1). The
differences are so great that it is fmpossible to
construe that any form of similarity with Reynolds
or Mach number exists, In flows which involve sep-
aration or time-dependent flow reversal additional
problems cccur which render hot-wire measurements
subject to large and unknown errors (Ref. 2).

Although much more costly, laborious and tedi-
ous to operate, the laser velocimeter probably
represents the instrument of last resort for the
measurement of many practical flow fields. Once
in operation, nonintrusive, unambiguous mean and
turbulent velocities and shear stresses can be
obtained once seeding and sampling bias problems
have been overcome,

The purpose of the present paper is to de-
scribe the optical, seeding and data reduction
procedures which have been used in the successful
application of laser velocimetry to large-scale,
unsteady, transonic wind-tunnel testing. The
results will be illustrated with measurements of
vortex flows, and ensemble-averaged data obtained
for conditions of vortex-shedding, dynamic-stal)
airfoil oscillation, oscillating trailing-edge
control flaps and helicopter rotor flow fields.

Experimental Approach

fo date, measurements have been obtained dur-
ing tests in the Ames 2 x 2-foot, 6 x 6-foot, 11 x
11-foot transonic wind tunnels and in the Ames Army
Anechoic Hover Chamber. However, before discussing
these applications the problems of sampling bias
and seeding must be addressed.

The topic of laser velocimeter sampling bias
has deep roots with believers and infidels debating
jts existence. Lack of conclusive evidence has
fanned the controversy. But, most agree that
continuous wave-ncde -ignals are free from bias,
However, in high-speed wind-tunnel applications
where particle concentrations are low, individual
realization processing is reauired. In these cases
the potential errors attributable to sampling bias
can become significant at high turbulence levels.
In a recent paper (Ref. 3) the existence of “sampl-
ing bias" in individual-realization laser veloci-
meter measurements has been experimentally verified
and shown to be independent of sample rate. The
experiments were performed in a simple two-stream
mixing shear flow with the standard for comparison
being laser-velocimeter measurements obtained
under continuous-wave conditions.

The results presented in Fig, 1 clearly demon-
strate that for the individual-realization mode of
laser velocimetry, sampling bias exists and that
it increases approximately with the square of the
turbulence intensity, It was also demonstrated
that these bias effects aro independent of sampling
rate provided the seeding concentration is suffi-
ciently low to ensure individual-realization mea-
surements, A two-dimensional weighting of the
velocity samples was shown to be effective in
correcting the individual-realization measurements
for samplina bias, Fig. 2. This correction is
valid provided the length of the laser velocimeter
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sensing volume is reasonable long in comparison to
its cross section. (This is generally true for
most laser-velorimeter systems). Although a con-
firmation of sampling-bias effects on higher-order
turbulence quantities, such as the turbulence
intensities and Reynolds shearstress, could not

be made since there is no standard at high turbu-
lence level, the results suggest that the stati-
stical estimators for these quantities must also
include appropriate weighting for sampling bias.

Maximum optical system sensitivity is aiso
essential for meaningful measurements particularly
in large wind tunnels. In these applications
solid angle light collection is reduced so that
there is always the possibility that only the
velocities of larger particles, which may not
follow the flow, will be observed. This could
result in errors in the mean flow and turbulence
measurements and difficulty in obtaining data in
vortex cores. Previous measurements have stressed
the value of forward scatter optical systems when-
ever possible, since data rates which are oiders
of magnitude higher than those in the back scatter
mode can be achieved., Rather than relying entirely
on natural wind-<unnel aerosols for the light scat-
tering, it is advisable to introduce an artificial
aerosol of known size distribution which can be
generated with an ultrasonic nozzle mounted in
the wind tunnel downstream of the test section.

The size distribution of such an aerosol with a
count mean diameter of less than one micron is
shown in Fig. 3. Such aerosols have been found
adequate for turbulence studies of shock boundary-
layer interactions and vortex flows at transonic
and supersonic speeds. To confirm this, axial and
vertical velocity measurements have been obtained
at variable threshhold settinas on the processing
electronics, At high settings, only a few of the
larger particles which passed through the center

of the probe volume were considered, whereas at

low threshhold settings velocities of the submicron
particles dominated. Even in vortex cores the mean
flow angle varied less than 3° with threshhold set-
ting changes which reduced the velocity data rate
from 16,000/sec to 1,000/sec. These results were
in substantial agreement with data obtained with
natural seeding. So that, in general, seed mater-
ial need only be introduced when high data rates
necessary for conditional sampling or spectra
measurements are reguired.

The Anes Laser Velocimeter Systems

2 x 2-Foot TWT

Velocity measurements were made with the laser
velocimeter shown schematically in Fig., 4. This
system was designed and built by NASA for the Ames
2 x 2-Foot transonic wind turncl, This fringe-mode
velocimeter is a dual-color system utilizing the
4880 and 5145 Angstrom lines of an argon-ion laser,
One spectral line is used to measure the streamwise
velocity component, the other to measure the verti-
cal velocity component. Bragg-cell frequency shift-
ing necessury for probing highly turbulent and sepa-
rated flow regions is incorporated in both spectral
lines. The frequency offsets also facilitate the
direct measurement of the vertical velocity compo-
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nent (i.e., £45° beam orientations to resolve the
vertical velocity are unnecessary). As seen in
Fig. 4 most of the optical components are located
outside the tunnel plenum chamber, where color sep-
aration, Braga-cell frequency shifting, and the
establishment of the four-beam matrix are acco-
mplished. Only the transmitting optics, collecting
lens, and photo detectors are mounted inside the
plenum chamber. The one on the cpposite side of
the test section from the laser holds the collect-
ing lens and photo detectors for forward-scatter
1ight collection. The traversing system on the
jaser side of the test section supports the trans-
mitting lenses. Wirrors fixed to this traversing
system permit three-dimensional scanning of the
velocimeter's sensing volume; the optics outside
the plenum chamber remain stationary., Both tra-
versing systems are driven with computer-controlled
stepper motors. The effective sensing volume is
approximately elliptic, 200 ¥ in diameter and 3mm
long, with the axis aligned in the cross-stream
direction, Signal processing fs accomplished with
single«particle burst counters, The individual
realizations from the two channels and arrival

time are simultaneously recorded.

Naturally occurring particles in the tunnel
are normal ly used for light scattering. In this
facility, lubrication oil within the drive system
vaporizes and then condenses in the tunnel circuit
to provide d generous supply of scattering centers,
Previous measurements across a normal shock have
shown that these particles are small enough in size
(estimated to be 1 1) to give very good response
to a step change in velocity at sonic speeds. At
each point in the flow, several thousand velocity
realizations are generally used to calculate the
flow properties.

6x6-Foot TWT

In more recent work the capabilities of a new
dual beam forward scatter LDV system for the Ames
6x6-foot wind tunnel have been demonstrated. A
photograph and schematic of this laser velocimeter
is shown in Fig 5. With this system the velocity
field in the wake of a body at points in the cross-
flow plane (perpendicular to the model) can be
measured with this two-color, forward scatter, fre-
quency of fset system which enables the simultaneous
measurement of two independent velocity components.
Again, two primary laser lines, namely 4880 and
5145 A, are separated by means of a prism, P.

These primary beams are each split by Bragg cells
B) and B2 to obtain two pairs of divergent, fre-
quency-of fset beamns. Each pair of beams is then
passed through cubes {C1 and C2) which are ground
to be slightly “off-square” to rectify the diver-
gence. The four resultant parallel beams proceed
through the sending optics and are focused at the
same point within the flow test region. Collecting
optics on the far side of the wind-tunne) test sec-
tion refocus the scattered light onto a pair of
photomultiplier tubes, The signals from those
tubes are then processed to obtain two components
of velocity of particles passing through the focal
volume. The sensing volume determined by beam
crossover volume, off-axis coflection and spatial
filter size resulted in an elliptic sampling volume
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with principal azes of 0.1 mm {diameter) and 1 mm
{spanwise) respectively. Measurements have been
made within 1 mm of the surface during wind-tunnel
testing. The Bragg cells, which produce zerc-
velocity frequency of fsets in both color systems,
were incorporated to remove directional ambiguity.

Modificatfons can also be made to the 6x6-foot
wind tunnel optics. This change enables either the
4880 or the 5145° lines to be passed through a
plane-cylindrical lens system so that a sheet of
laser light can be generated to 11luminate water
vapor in the cross flow plane, thus providing
vapor-screen visualization of the flow field (see
Fig. 6). By changing the location of the beam
focus, a sheet of variable thickness and divergence
angle can be produced. The lens can be rotated
manuzlly about the y-axis and longitudinally and
vertically using the velocimeter traverse gear
such that any cross-sectional plane in the flow
vwithin the field of view circumscribed by the
tunnel window can be observed. This traversing
flexibility, accuracy and focused light sheet has
enabled superior vortex flow visualization compared
to that with previous mercury vapor light sources.
Water is introduced into the flow and a thin cross-
section, about 2 mm thick is illuminated, Such a
thin sheet enables detailed visualization of vortex
cores, feeding sheets and flow-field structures,
Photographs are taken with a camera mounted on the
sting/strut support.

11x11-Foot TWT

A schematic of the beam system used in a recent
oscillating flap test is shown in Fig. 7. As with
the 2x2-Foot THT system, the laser and most of the
optics are located outside the tunnel where a two-
component beam matrix is established. Scanning
and receiving optics are mounted in the tunnel
plenum chamber,

Ames Army Anechoic Hover Chamber

The system used recently in a helicopter blade
rotor study is shown in Fig. 8, It was designed
and built to measure all three components of in-
duced perturbation velocities by freezing the flow
at two different azimuthal positfons. Ensembled
averages of the time-dependent flow in the tip
region were obtained using a one/rev. pulse origi-
nating from the drive assembly, Measurements have
been.made using a 3.0 inch chord NACA 0012 un-
twisted, untapered airfoil with a rotor radius of
41 inches. At nominally zero angle of attack,
data were obtained for tip Mach numbers. of 0.85,
0.88, 0.9 and 0.95 in a minimum of three inboard
and outboard planes with emphasis on the region
of maximum shock strength and at the locatfion of
the sonic cylinder. At 8° collective pitch and a
Mach number of 0.4, measurements were made of the
trailing vortices by a straiqhtforward adjustment
of the data window.

Data Reduction

To support the work, a three-dimensfonal data
acquisition and reduction program was written for
the HP9845 desk-top computer. This program enabtes
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either 1, 2 or 3 components of laser velocimenter
data to be processed. Up to 2,500 readings from

a multiplexer, LOV/computer interface, can be
accepted at one time. Each reading contains the
information required to caiculate the instantaneous
velocities u, v, w._ From these determinations, the
average velocities u, v, w, turbulence levels u'
v', w' and the cross correlations u'v', v'w', u'w'
are all calculated. Plots of these parameters are
displayed on line as profiles are measured and hard
copy is available as required. All the raw and re-
duced data are stored on flexible discs for per.a-
nent storage and retrieval. Real time histograms,
probability densities of all three velocity compo-
nents are displayed during data acquisition,

A two-dimensional unsteady flow program was
also written for the HP 9845 desk-top computer,
In this case, readings from the multiplexer contain
information to calculate two instantaneous velocity
components and time of arrival. From these deter-
minatjons ensemble averages, throughout the
unsteady period, can be generated. For each "data
window", which can be varied, u, v, u', v' and u'V'
are calculated and displayed on line along with the
histograms. At the conclusion of each profile
plots can be generated. Once again all the raw and
reduced data are permanently stored on flexible
discs.

Flow-Field Measurements

Vortex Measurements

Tests have been conducted in the Ames 2-x2 ft,
Transonic Wind Tunnel at a freestream Mach number
of 0.6 and unit Reynolds number of 2 million/ft.
Wake vortex measurements were obtained for a l-in,
diemeter tangent ogive which had a nose fineness
ratio of 3.5 and a iotal or body fineness ratio of
12:1. flow-field measurements were obtained at
two axial stations at angle of attack of 36 deg.
(Ref. 4)., Measurements have also been made, in
the 6 by 6-Foot TWT, of the wake of a 3-inch dia-
meter circular cylinder with a two-caliber tangent
ogive nose. The total length to diameter ratio
was 15, Wake measurements were made at a number
of axial stations and angles of attack at a Mach
number of 0.6 and Reynolds number based on body
diameter of 0.62 million. These results represent
the first LDV measurements of 2 compressible body
vortex wake at high Reynolds number. Fig. 9 shows
the cross-flow velocity measured in a plane eight
diameters from the nose at moderate incidence.
This case of nearly symmetric vortex flow, shown
schematically in the figure, reveals significant
overshoots close to the body, high m2an gradients
which occur across the feeding sheets, and a large
deficit in the wake. These wake deficits and mean
gradients measured close tn the body are both much
larger than those measured previously at low speeds.
However, both these features decay quite rapidly,
an indication of energetic turbulent motions in
the wake, The profiles have the form expected of
two symmetric-free vortices except near the wake
centerline where vortex interaction appears to dom-
inate,
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The profiles for Mw= 0.6, o = 45 deg, and
x/d = 8 are shown in Fig. 10. For this angle of
attack the lateral shift in vortex locations is
evident. The y/d position of the minimum value
of w moves from - 0.267 at z/d = 1.167 to 0.433
at z/d = 3.167. Comparing this to the appropriate
vapor-screen photograph (shown schematically), it
is seen that this {s consistent with the portside
displacement of the vortex nearest the body and
the starboard displacement of the subsequent vortex,

Some insight into the turbulent and unsteady
nature fo the vortex flow field has also been
obtained from the laser velocimeter measurements.
Consider first the mean and rms axfal velocity
profiles across the wake at x/d = 6. These data
(Fig. 11), obtained at 2/d = 0.9 for a symmetric
flow case clearly show double peaks in the mms
velocity, one on each side of the wake centerline
close to the regions of maximum mean velocity gra-
dient. However, there are also significant rms
fluctuation levels in regions of small and zero
mean velocity gradient, indicating that larger
scale turbulent or unsteady motions are present.
Indeed, in the region of the time-averaged velocity
zeros y/d = +0.4), bimodal velocity probability
density distributions were observed. But insight
into the relative contributions of the large-and
small-scale motions can only be determined by
ensemble averaqing.

Time-Dependent Measurements

Unfortunately, laser velocimeter data alone
are usually difficult to conditionally sample
since in most cases the data rates are insufficient
to generate real-time information from which the
sampling criteria can be determined. A technique
close to conditional sampling can be used to gen-
erate ensemble averages at given phase angles in
turbulent flows superimposed on periodic motions,
such as those in reciprocating machinery or heli-
copter wakes, for example. In these cases, the
sampling condition can be derived from a periodic
timing signal. However, in the case of aerodynamic
oscillations, whose period is not exactly constant,
for example, the flow behind a bluff body. The
sampling condition should be derived from the
flow itself.

In Ref. 5 a combined nonintrusive surface thin
film gage and laser velocimeter technique was des-
cribed which can be used to obtain new information
on the phase averaged and turbulent structure of
time-dependent flow fields. These experiments were
conducted in the Ames 2x2-Foot wind tunnel on a
circwlar cylinder of aspect ratio 24:1 in crossflow
over a range of Reynolds numbers in the subsonic
and transonic regime. The cylinder was instru-
mented with constant temperature surface hot film
gages. The dynamic gage response (greater than 60
kHz with negligible phase distortion) was suffi-
cient to determine the time history of the vortex
shedding. The gage outputs were used to trigger a
forward scatter laser velocimeter which generated
conditionally sampled axial and vertical velocity
distributions in the unsteady vortex flow behind
the cylinder. Detailed information obtained by
this sampling technique on the time-dependent
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mean flow field behind a circular cylinder and of
the large- and smalj-scale turbulent structure of
jts wake were presented.

To il lustrate some of these measurements, data
taken in the wake 2.5 diameters downstream of the
cylinder (x/d = 2.5) are shown in Fig. 12. On the
wake centerline, positive and negative vertical vel~
ocities are equally probable. Thus, conventional
averaging would give a time-averaged velocity close
to zero and a large mms velocity fluctuation level
which is, of course, due to instantaneous changes
in induced mean flow velocity caused by alternate
vortex shedding. Any time-dependent information
would be lost. Above the centerline (y/d = 0.5),
the probability censity function is still bimodal,
although negative vertical velocities predominate,
as here the local flow is determined more by vortex
shedding fram the upper surface. In this case,
conventional averaging would indicate a small neg-
ative vertical velocity, a large rms and, once
again, time-dependent informatjon would be lost.
Below the axis {y/d = -0.5), positive vertical
velocities induced by vortex shedding from the
lower surface are more likely, but again, conven-
tional averaging would lose the true nature of the
t imedependent local flow field. Outside the wake
(e.g., y/d = -1.75), where single-peaked probability
distribut ions occur, time-averaged data interpreta-
tion is sufficient.

To determine the time-dependent nature of the
wake, the bimodal velocity distributions must be
conditionally sampled using the thin-film gage out-
put. Since the flow repeats itself periodically,
we can sample the velocity when the shedding vor-
tices are at some given position in the flow as
determined by the time-dependent thin film gauge
voltage signature. One cycle later we can sample
again, and thus, over many cycles, build up an
ensemble average at constant phase. These veloci-
ties represent the reqular- and small-scale random
behavior of the flow at a fixed point in the flow
field with the vortices frozen in some average
position. Data obtained throughout the shedding
cycle are shown in Fig. 13 where it can be seen
that the conditionally sampled vertical velocity
variations are approximately sinusoidal, their
period corresponding to that of the Strouhal
shedding frequency.

Fig. 14 shows a comparison of the axial and
vertical rms velocity fluctuation levels measured
across the wake at x/d = 2.5. As mentioned pre-
viously, the apparent vertical velocity fluctua-
tions are extremely high in the center of the
wake. However, when phase-sampled, the small-scale
turbulence data fall below the axial centerline
turbulence measurements. Assuming isotropic small-
scale turbulence in the wake, we can infer that
there is a vortex-induced contribution to the axial
turbulence on the wake centerline., The large dif-
ferences in the rms vertical velocity data also
show the dominance of the large-scale structures
in the vertical wake turbulence. It is clearly
incorrect to attempt to model these large rms fluc-
tu tion levels with techniques that are only valic
for small-scale turbulence. In general, it is
equally insufficient to attempt to use current

turbulence models scaled to match rms volocities
measured in the conventional manner in any flow
where unsteady phenomena are likely to be encoun-
tered, separated flows being a prime example,

Conditionally sampied, simultaneous two-compo-
nent laser-velocimeter measurements have also been
obtained for the case of an oscillating airfoil at
M= 0.4 at reduced frequencies (wc/u) of .12 and
1.2, in the Ames 2x2-foot wind tunnel, A schematic
of the measurement procedure is shown in Fig. 15
where signal processing is accomplished with single
particle burst counters. In the system, a once-per-
revolution pulse originated by the airfoil drive
mechanism resets the multiplexer clock so that
clock pulse number represents the instantaneous
airfoil angle of attack throughout each cycle.
Now, as particle arrival times are random the
clock pulse number can be used to assign each vel-
ocity measurement to its correct phase ensemble.
The two velocity components (u, v) and clock pulse
number are recorded on floppy disc for inalysis.
Reynolds stress measurements were also chctained by
requiring coincidence uf the two velocity compo-
nents before each data set was accepted. Software
developed specifically for this test program
enabled probability densities of each velocity
component and velocity cross products to be deter-
mined on line for selected angie-of-attack "win-
dows". _ From this information, ensemble averages
of u, v, u' , v' and u'v' were calculated. Phase
averaged mean velocities and turbulence quantities
were measured at two sireamwise locations; namely,
x/c = 0.45 and 1.06, i.e., at approximately mid-
chord and in the near wake. Profiles were obtained
at oscillation frequencies of 2.3 and 28 Hz.

Emsemble-averaged axial velocity profiles are
shown in Figs. 16 and 17. The most obvious feature
of these results is the large hysteresis which
exists as the airfoil oscillates in and out of
stall, This hysteresis is even more pronounced
at the higher frequency. In both cases, at x/c =
.45, the flow is attached at ten dearees when the
angle of attack is increasing. Both flows are
clearly stalled at 15 degrees with the 28 Hz case
being more extensive, When the airfoil returns
through 10 degrees, recovery appears more com-
plete for the 2.8 Hz case. In the near wake (x/c
= - 1.06) these differences are accentuated and the
ef fect of frequency more pronounced. At ten degrees
increasing angle of attack the low frequency profile
shows a wider wake with a greater velocity deficit
an indication of earlier dynamic stall. At fifteen
degrees, however, the higher frequency wake profile
shows that much more extensive flow separation has
occurred on the airfoil consistent with the x/c =
.45 profiles. This indicates a significant loss of
197t compared to the 2.8 Hz case. The profiles ob-
tained as the airfoil retreats through 10 degrees
clearly show the greater hysteresis in the 28 Hz
case. Thus the essential flow-field features rev-
ealed by these profiles tells us that angle-of-
attack oscillations through the static stall value
produce significant flow-field hysteresis. Increas-
ing the reduced frequency of oscillation delays
the onset of dynamic stall but recovery is also
delayed. This must result in a large C  vs a
hysteresis loop.

(6)
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Measured axial velocity fluctuation levels pre-
sented in Figs. 16 and 17 are consistent with the
mean profile observations. In the near wake at 10
degrees, increasing angle of attack the RMS velc-
city fluctuations are significantly higher in the
2.8 Hz case again an indication of ecrlfer onset
of dynamic stall. At 15 degrees the 28 Hz case
shows higher turbulence levels even though the
mean gradients in the wider wake are less, indicat-
ing large-scale turbulent mixing. Delayed stall
recovery at 28 Hz is again evident at 10 degrees
decreasing angle of attack since there is still
evidence of much more extensive large-scale turbu-
lence in the wake, Data taken on the airfoil con-
firms these trends.

Although these ensemble mean and RMS velocity
profiles give us a good deal of insight into this
particular study of dynamic stall, further measure-
ments are needed for us to assess turbulence models
currently employed in prediction methods. The in-
stantaneous velocity at a point in the flow field
may be expressed as .

u=u+u +u

where U is the conventional mean, u' is the random
fluctuation and u is the unsteady contribution from
the oscillating angle of attack. This term will
vary in both amplitude and phase as a function of
instant aneous angle of attack and reduced frequency.
With a similar expression for the vertical velocity
and insertion in the momentum equation we obtain

—3u . — 3u 1 3p 3y 13 e,

uss+ v 3y =-3 EE + v i 3y [u'v' + av]
if we assume that the random and time-dependent
scales are uncorrelated.

The major assumption in all current unsteady
calculations is that the phase-averaged Reynolds
stress distribution is related to ihe phase-averaged
velocity profile as in the steady case

a<u>

ay

S<y>
<u'v'> = ¢ , € ®= £2|:.L!

dy

He con vee that this assumption is valid qglx if
V' is unaffected by the oscillation and TTV' >>
u v,

A first attempt to determine the validity of
these assumptions has been made by measuring the
ensemb le-averaged Reynolds shear stresses in the
near-wake region. The results for the case of 2.8
Hz are presented in Fig, 18. These averaged pro-
files show extremely high shear stress values in
the dynamically stalled cases. Indeed, mixing
length estimates obtained from these measured
values and the slopes of the ensemble-averaged
mean velocities indicate mixing lengths 4 to 5
times greater than those for steady stal) cases.
This challenges the validity of the quasi-steady
calculation procedures since it appears that the
characteristic vortex shedding feature of dynamic
stall leads to mixing lengths significantly larger
than those observed in the steady stall case.

These results confirm the need for ensemble-
éveraged measurements of complex unsteady turbu-
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lent flow fields, Ensemble-averaged mean profiles
should provide challenging test cases for computa-
tion and the turbulence and shear stress informa-
tion should foster the development of appropriate
turbulence closure models. These early results
challenge the basic quasi-steady assumptions cur-
rently employed in camputational schemes. Conse-
quently the measurement and prediction of these
flows will present a formidable challenge for many
years to come.

Time-dependent measuraments have also been
made recently in & much larger transonic facility,
namely the Ames 11 by 11-Foot TWT. During this
test, a 29-inch chord, 54-inch span NACA 64A010
afrfoi) was held between two splitter plates. The
airfoil consisted of a fixed front and a trailing
edge flap of 25% chord which could be oscillated
up to 60 Hz at amplitudes to :6 degrees. Data
were obtained for fixed airfoil angles of attack
of zero and 4 degrees at pressures of 0.5 and 2.0
atmospneres and at a freestream Mach number of 0.85.

Static measurements shown in Fig. 19 show the
symmetry of the near-wake at zero angles of attack
where there is excellent similarity between the
laser velocimeter and pitot wake profiles, although
true axial veolicity cannot be determined from
pitot profiles without static pressure gradient
assumptions. However, at 4 degrees (Fig. 20)there
are marked differences, the pitot probe indicating
incipient separation probably due to probe inter-
ference, whereas the velocimeter profiles show
only a thick retarded upper layer with significant
entrainment and a thinner attached lower boundary
layer, consistent with measured surface pressure
distributions.

Ensemb le-averaged measurements for the case of
30 Hz flap oscillation are shown in Figs. 21 for
zero fixed airfoil angle of attack and a mean flap
position of 4 degrees. This sequence shows that
at 2 degrees flap angle the upper surface flow is
again retarded by the adverse pressure gradient, at
4 degrees the wake deficit and width are increased
and at 6 degrees significant wake displacement can
also be seen in addition to still greater wake
effects. A comparison of the measured vertical
velocities shows increased wake deflection angles
with increasing flap deflection. These results
obtained with transmitting and receiving optics
separated by fourteen glass surfaces (i.e., seven
sheets of glass) clearly confirm the potential of
LDV for large-scale, high-speed testing.

Finally, predictions of acoustic waveforms are
known to be dependent upon accurate knowledge of
the near-field perturbation velocities in the tip
region of helicopter rotors, With this in mind,
laser velocimeter measurements of rotor flow
fields have recently been completed in the /mes
Army Anechoic Hover Chamber, The present results
represent the first three component measurements
of the near-field perturbation velocities of a
model helicopter in hover and, as such, should
provide valuable input and comparisons to current
small disturbance codes. The data will also pro-
vide for direct comparisons to mcre limited hot-
wire measuremenets and for the calculation of

. T »
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chordwise pressure distributions to compare with
30 flow-field calculations.

To illustrate some of these results, the
nature of the induced chordwise perturbation velo-
city profiles in the tip region are shown in Fig,
22. These data, obtained for a tip Mach number of
0.95 show that a strong shock exists inboard of 2.
the tip and is swept chordwise over the outer
portions of the blade extending beyond the tip.

Tangential and radial velocity measurements 3.
have also been made. These data can provide insight
into the structure of the trajling vortices. Fig.

23, shows an example obtained at a tip Mach number

of 0.4 and 8 degrees collective pitch. It can be
clearly seen that the trailing vortex has an outer
“free" vortex form (f.e., Va 1/R ) with an inner 4,
viscous core., Here rotation is essentially solid-

body (i.e., V a R) and the circulation varies as

the square of the distance from the vortex center.

Within the viscous core s~ed particle accelerations 5.
are substantial. Ffor the case shown in Fig. 23,
accelerations »f 2000g (in the Eulerian frame)

occur across the core. Although this puts a

severe test on the seed particles, no "black holes"

were apparent during the test., It is felt that

these results demonstrate the strong potentfal of

the laser velocimeter for the ensemble-averaged
measurement of rotor flow fields and the ability

of the technique to freeze the flow over many
revolutions to track trailing vortices.

Concluding Remarks

Conventionai and ensemble-averaged laser veloc-
imeter measurements have been accomplished for a
variety of test conditions in a number of large-
scale, high-speed facilities at NASA Ames Research
Center., These measurements demonstrate the poten-
tial of the laser velocimeter for applications in
other than closely controlled, small-scale labora-
tory situations. However, before extensive large-
scale research programs ere undertaken in major
wind tunnels, attention must be directed to remote
alignment capability. This will enable longer
run times and more efficient tunnel operation.
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