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Aerodynamic Testing at Low Reynolds Numbers

J. F. Marchman*
Virginia Polytechnic Institute and State University, Blacksburg, Virginia

Published test results for the Wortmaim FX63-137 airfoil at Reynolds numbers between 50,000 and 500,000
were examined and differences in those data analyzed to determine test factors that may affect the outcome of
wind tunnel tests of wings and airfoils at low Reynolds numbers. Tests were conducted to examine the possible
influences of different model mounting techniques on data accuracy. Wind tunnel turbulence and acoustic
disturbances were found to significantly alter wing stall behavior and model test arrangement was shown to be
the probable cause of the observed shifts in the zero-lift angle of attack between two sets of published data.
Recommendations are made for a systematic evaluation of wind tunnel facilities for low Reynolds number
aerodynamic research suitability and for the testing of all such wings or airfoils in several selected facilities.

Introduction

P LANS now exist for several types of aircraft that will
operate in the 50,000-500,000 range of wing chord

Reynolds number. These aircraft range from low, slow-flying,
remotely piloted vehicles to large manned and unmanned air-
craft that will cruise for very long periods of time at altitudes
above 60,000 ft. At these low Reynolds numbers, the
aerodynamic behavior of an airfoil or wing can exhibit some
unusual characteristics.

The airfoil that has received the most attention in recent ex-
aminations of low Reynolds number wing aerodynamics is the
Wortmann FX63-137 (Fig. 1). This airfoil, originally designed
for sailplane use at Reynolds numbers of about 500,000, ap-
pears to be more successful than most at using the "laminar
bubble," which characterizes low Reynolds number flow on
the upper surface of an airfoil, to increase its maximum lift
coefficient capability. In the laminar bubble, the laminar
boundary layer over the front of the airfoil separates;
however, before the flow can completely break away from the
surface, laminar/turbulent transition occurs in the separated
shear layer. If this turbulent shear layer can grow at a suffi-
cient rate, the boundary layer can reattach as a turbulent
boundary layer. This turbulent boundary layer may later
separate, causing a gradual loss of lift as the separation point
moves forward with an increase in the angle of attack. Because
of this "bubble" behavior and its influence on stall inception
and recovery, airfoils like the FX63-137, which exhibit high
CLmax at low Reynolds numbers, also appear to exhibit stall
hysteresis.

Stall hysteresis, a phenomenon where stall inception and
stall recovery do not occur at the same angle of attack, can
result in severe control problems in stall. Instead of an im-
mediate stall recovery with released stick pressure, the angle of
attack may have to be reduced by as much as 10 deg to re-
establish an attached upper-surface flow. In Ref. 1, an &&
Wortmann FX63-137 at Re = 200,000 was shown to stall at an
angle of attack of 22 deg with a drop in CL from about 1.5 to
below 1.0; recovery did not occur until the angle of attack was
reduced to almost 10 deg.

Why then is this important in relation to wind tunnel
testing? Simply put, if wind tunnel test results do not accu-
rately predict stall hysteresis behavior, severe problems might
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result. The problem is that stall hysteresis behavior is very
dependent on wind tunnel flow quality and acoustic proper-
ties. This influence has been examined to some extent by
Mueller2 and more recently by Marchman et al.3 The implica-
tions of these effects in the use and interpretation of wind tun-
nel test results in this range of Reynolds number need to be
examined.

An examination of wind tunnel airfoil test data for the
50,000-500,000 range of Reynolds number will reveal a
number of inconsistencies among the test results. Some of
these can be explained in terms of tunnel flow environment,
but others cannot. The result is a seemingly wide disparity
among data from various wind tunnel tests, leaving those who
might wish to use these data in a quandry as to data accuracy
and leaving those who have conducted the tests sometimes
puzzled about their own results. Researchers are often at odds
with other researchers regarding test data accuracy, data ac-
quisition techniques, data measurement reliability, model ac-
curacy, tunnel corrections, etc.

The following discussion seeks to examine some of the ques-
tions raised by examining published test results for the Wort-
mann FX63-137 airfoil in the Reynolds number range of
50,000-500,000. The objective is to alert both those who run
wind tunnel tests and those who use the test results to the fac-
tors that may influence those test results and to the nature of
those influences.

Previous Test Results
Low Reynolds number wind tunnel testing is, of course,

nothing new. The Wright brothers' wind tunnel tests were well
within the range of Reynolds numbers under discussion here.
Since those early days, however, the emphasis has been on
testing at ever higher Reynolds numbers with higher speeds,
larger models, variable density tunnels, and boundary-layer
tripping devices to simulate higher Re effects when they could
not otherwise be created. Early tunnels were very "dirty" with
high turbulence levels and noise. Hence, low Reynolds number
effects such as the stall hysteresis loop were either not ob-
served or were dismissed as "bad data" when they were
observed. It really was not until the 1930s and 1940s when
model airplane enthusiasts and, later, sailplane designers
began to conduct serious wind tunnel tests, that some of the
phenomena now associated with low Reynolds number flows
began to be accepted as valid test results.4

Some airfoils do not exhibit extensive stall hysteresis in low
Reynolds number, steady flow. The Clark-Y, which is typical
of many early airfoil shapes and the basis for the whole
NACA four-digit series of airfoils, was shown by Marchman
and Werme5 to exhibit only a very weak stall hysteresis loop at
low Reynolds numbers. Many airfoils appear to experience
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more abrupt stall at lower Reynolds numbers, but show little
evidence of stall hysteresis.

The effect of Reynolds number on low Reynolds number
airfoil behavior was examined thoroughly by Abtahi and
Marchman1 for an ̂ . 8 Wortmann FX63-137 wing and three-
dimensional effects for aspect ratios of 1-10 have been in-
vestigated by Bastedo and Mueller6 and Marchman et al.7
Essentially, it was shown that there is a range of Reynolds
number between about 75,000 and 400,000 where the separa-
tion bubble behavior dominates the flow and determines the
stall behavior. The limits of this Reynolds number range are
dependent on the aspect ratio. As the aspect ratio decreases,
the vortical flow around the wing tip becomes more of a factor
in the overall upper-surface flow behavior. Below some
aspect-ratio-dependent Reynolds number near 75,000-
100,000, the airfoil behaves like a thin plate with separated
upper-surface flow at almost all angles of attack. Above some
Reynolds number between 300,000 and 500,000, the turbulent
boundary layer appears strong enough to prevent the
hysteresis loop phenomenon.

It appears, then, that a variety of test results exist for at
least one airfoil, the Wortmann FX63-137, in low Reynolds
number flow and, from this, one might conclude that there is
no problem in conducting wind tunnel tests at this range of Re
and in producing reliable, repeatable results. However, this is
not the case—in fact, it seems that, as more test results are
published, more questions arise regarding data reliability, test
technique, and facility suitability.

The Wortmann FX63-137 is a rather unique airfoil that ap-
parently sustains a laminar bubble over a wide range of angles
of attack at low Reynolds numbers. There are other airfoils
that might be less prone to aerodynamic behavior changes at
low Reynolds numbers and that might not exhibit the data
variations noted for the Wortmann. The FX63-137 is,
however, an airfoil specifically designed for enhanced lift at
low Reynolds number and has been the choice of the U.S.
Navy and other agencies as the optimum candidate airfoil for
low Re use. It is also the only airfoil for which low Reynolds
number aerodynamic data are available from,a variety of
researchers in recent publications. Therefore, it is the obvious
choice for use in the comparison of recent low Reynolds
number aerodynamic test data.

Zero-Lift Shift
Figure 2 illustrates part of the problem in interpreting the

accuracy of wind tunnel test results for low Reynolds number
flows. Both sets of data8 in this figure were taken for the same
two-dimensional airfoil model, apparently using the same test
apparatus and techniques at a Reynolds number of 200,000.
The only noted difference in the tests was the level of tur-
bulence in the wind tunnels, with the lower curve resulting
from tests in a tunnel with higher turbulence levels. However,
it is not really logical that such a shift in results should result
from changes in the tunnel turbulence level. One would expect
increased turbulence to increase CLmax, yet here it is reduced.
The effect appears to be a camber effect or an error due to a
misalignment in the flow, yet the results apparently came from
the same researchers using the same model and test tech-
niques.

Every researcher who has ever conducted wind tunnel
testing is aware that there is ample opportunity for error and
uncertainty to play a role in any experimental study. Few
researchers would ever claim that only their experimental data
are correct or that only their own facilities are capable of pro-
ducing accurate results; yet, one would hope that a better com-
parison of results could be achieved than those shown in Fig.
2. This variation in results does, however, provide a basis for
comparison of similar results from other facilities.

Figure 3 compares lift coefficient data taken on the Wort-
mann FX63-137 airfoil at two facilities where research has
recently been conducted on low Reynolds number aerodynam-

ics. These two facilities are the Virginia Tech Stability Wind
Tunnel in Blacksburg and the Notre Dame University low-
speed wind tunnels in Indiana. The Virginia Tech results
shown are taken from Ref. 1 and are M. 8 data converted to
two dimensions using a simple lifting line theory to correct for
the slope of the lift curve, while the Notre Dame results3 are
two-dimensional data from a relatively small span model
mounted between end plates.

It should be noted that the Wortmann FX63-137 is a com-
plex airfoil contour with a large trailing-edge camber. All of
the airfoil models used in the Virginia Tech tests1'3'7 and
discussed in this paper were constructed using coordinates
provided by Mueller of Notre Dame and, within normal
machining tolerances, should match the coordinates of test
models used at Notre Dame.2'6 The other sources of data9'10

report using the same section and presumably used the same
degree of care in model construction. Render's10 paper
reported the effects of varying the Wortmann coordinates.

The first difference that one notes in these data sets is the
shift in the linear portion of the lift curve. While the slopes of
the curves are virtually identical, the angle of attack for zero
lift differs by about 3 deg. This shift is almost identical to that
seen between the two sets of Stuttgart results in Fig. 2. In-
terestingly enough, the results from the Stuttgart tunnel 1,
which has a low turbulence level of 0.02%, are very close to
those from Virginia Tech where the tunnel turbulence level is
also about 0.02%. The Notre Dame results closely match
those from the Stuttgart tunnel 2, which has a higher tur-
bulence level of 0.08%. Notre Dame also quotes turbulence
levels of about 0.08% (at 30 m/s) in its tunnel.

Although the above might lead one to conclude that
freestream turbulence is somehow responsible for the shift in
the zero-lift angle of attack, this is not really a plausable ex-
planation. Added freestream turbulence should produce no
change in the lifting behavior of a wing in the linear portion of
the lift curve. However, added turbulence should influence the
stall characteristics of the airfoil and, for low Reynolds
numbers, should influence the behavior of the stall hysteresis
loop. This is indeed the case and will be discussed later.

Fig. 1 Wortmann FX63-137 airfoil.
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Fig. 2 Comparison of Stuttgart results.
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As an indication of the fact that turbulence levels in the tun-
nel are not a satisfactory explanation for the shift in the lift
curve, two further sets of results for the Wortmann FX63-137
are shown in Fig. 4 along with the previously shown data.
These results are from Liebeck and Camacho9 and from
Render.10 Both sets of data are from wind tunnels with tur-
bulence levels of 0.1% or higher. The Liebeck-Camacho
results closely match those from Virginia Tech, while those of
Render fall close to the same data but, for some reason, ex-
hibit a different curve slope. These data, all from quite compe-
tent researchers, indicate that tunnel freestream turbulence is
probably not the cause for the difference in the zero-lift angle
of attack sometimes seen when comparing results from dif-
ferent low Reynolds number wing tests.

One might be tempted to blame the noted disagreement in
zero-lift angle of attack on model construction inaccuracies or
on differences in model support configurations. As mentioned
previously, every model tested was reported to be the same
and the investigators at Virginia Tech and Notre Dame both
used the exact same set of coordinates in constructing their test
models. However, Render10 reported results for tests where
the concave lower surface of the Wortmann FX63-137 was
gradually filled in, effectively reducing its camber. It is in-
teresting to note that Render's results for a case where most of
the airfoil's lower concave surface was filled are virtually an
exact match for the Notre Dame results for the unaltered
airfoil.

Figure 5 shows that as Re increases, the results of Bastedo
and Mueller6 approach those of Marchman et al.7 for AH 4
models. Bastedo and Mueller6 and Mueller2 appear to be the
only investigators to have observed a shift in zero-lift angle of
attack with changing Reynolds number. Indeed, Figs. 6 and 7
show that neither Render's10 nor Marchman et al.'s7 results
display any shift of the lift curve with changing Reynolds
number.

Model Mounting Evaluation
Most of the reported data for the low Reynolds number

aerodynamics of the Wortmann FX63-137 are for two-
dimensional tests where the model was mounted between the
end plates. The type of end-plate mounting was, however, not
always the same. Render10 used the traditional approach of an
end plate attached to the model. All Notre Dame tests,2'6
however, used a system where there is a small gap between the
wing model and the end plate.

Render10 and Bastedo and Mueller6 also used the above two
different versions of end-plate mounting techniques for their
finite-wing tests. All finite-wing tests at Virginia Tech,1*3'7

however, employed a traditional, full three-dimensional
model mounted on a single strut attached at the wing center-
span. The test conditions for these three sets of finite-wing
results are shown in Table 1. Obvious differences in the tests,
in addition to that of tunnel turbulence level, are in model
blockage and types of mounting.

The data examined from Refs. 1, 3, 6, 7, and 10 are almost
all force balance results obtained from strain gage balances. In
some cases, the researchers also made force calculations from
integrated surface pressure measurements and downstream
wake momentum deficits. References 1, 2, and 7 all report
that a comparison of measured force data with that from the
other two methods gave excellent agreement, verifying the ac-
curacies of the various balance systems and data acquisition
systems employed. For further details on these systems and
comparisons, one is referred to the appropriate references.

Since the Notre Dame results showed a shift of the lift curve
with Reynolds number that was not seen in either of the other
two sets of results, it is helpful to look for peculiarities in the
Notre Dame tests. End-plate-mounted, semispan models
sometimes give different results from tests using full three-
dimensional models; full three-dimensional model test results
are usually desirable. There are, however, standard correc-
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Fig. 4 Further comparison of Wortmann two-dimensional data.
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Table 1 Comparison of Wortmann FX63-137 test parameters

Tunnel type
and size

Reported turbulence, %
At 10 m/s
At 30 m/s

Model chord, in.
Aspect ratios tested

Velocity, m/s
At Re= 200,000
At Re= 300,000

Model mounting
employed

Corrections
made to data

VPI
closed circuit,

6x6 ft

0.018
0.045
5.000

4.0, 6.0, 8.0,
10,0

-25
-38

Struta attached
at wing center

Calculated and
found negligible

Notre Dame
open circuit,

2x2 ft

0.03
0.08
6.00

3.0, 4.0,
5.6, 2-Da

-19
—

Semispan/end plate
with gap

No corrections
mentioned

Cranfield
unknown,

8 x 6 f t

-0.1
-0.1
13.5

8.9, 2-Da

—
-14

Semispan wing
end plate
attached to wing

Blockage, induced
incidence mount
plate drag

aAspect ratios based on semispan mount: 2-D means uses of two end plates.

tions that can be applied to the semispan test results and these
were applied to Render's10 data. The method used at Notre
Dame of mounting the model with a gap between model and
end plate, while eliminating the necessity of subtracting the
plate drag from the test results, does introduce other errors
that, according to Pope and Harper,11 can be quite large.
Pope and Harper imply that, if the viscous effects are suffi-
cient to essentially block any flow through the gap, these er-
rors may be minimized; however, at the low Reynolds
numbers of concern here, the effect of flow through the gap
must be evaluated.

Even a very small leak through the gap may result in a small
loss of lift that could represent a substantial portion of the
wing's lift at very low Reynolds number conditions. At higher
Reynolds numbers, this small leak would represent a less
significant portion of the measured wing lift. The test results
could then show a shift of the lift data to the left as Reynolds
number increases. Since this is essentially the type of Reynolds
number related shift noted in Refs. 2 and 6, a test was devised
at Virginia Tech to examine the differences in mounting used
at the two facilities and their effect on the resulting data.

To assure the validity of the single-strut force balance test
methods used in Refs. 1,3, and 7, a series of tests was first
conducted to ascertain the effect, if any, of the mounting strut
on the test data. One strut interference evaluation test used
was that of testing a flat-plate model of identical planform to
the previously tested AH 6 Wortmann wing. If the strut was
causing an effective flow angularity at the model and was thus
causing a shift of the lift data, this same shift should appear in
tests of a flat plate. Obviously, a flat plate must have zero lift
at zero angle of attack. Tests over a wide range of Reynolds
numbers showed that the strut caused no shift in the flat-plate
zero-lift angle of attack. Further tests with inverted models
and image struts gave no further reason to suspect that strut
interference had adversely influenced the data taken at
Virginia Tech.

A test was then devised to simulate the model mounting ar-
rangement used in Ref. 6. An yR 2, semispan model was
mounted to a three-component strut balance through a flat
plate that was rigidly attached to the strain gage strut shroud.
The model was then rotated via the strut mount turntable to
give changes in the model angle of attack. This arrangement,
similar to that shown in Fig. 8, used the strut's side force
balance to measure model lift. Model aspect ratio and end-
plate size were chosen to match those used in tests at Notre
Dame, even though a larger plate with boundary-layer suction
would obviously be more desirable.

Using this arrangement, tests were conducted with a sealed
gap between the model and plate and with an open gap. The
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Fig. 6 Reynolds number effect on Cranfield two-dimensional
results.
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Fig. 7 Reynolds number effect on VPI results.
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Fig. 8 Semispan model test arrangement.

seal was achieved by use of an oil-impregnated strip of very
lightweight weather stripping tape attached to the end of the
wing model. Initial tests with the open gap did not attempt to
simulate the 0.1 mm gap reported in Ref. 6; however, Mueller
has discussed with the author unpublished test results showing
that gap size changes do not significantly alter his test results.
The gap used in these initial tests was approximately 0.5 mm.

Figure 9 shows the results of these tests at a Reynolds
number of 100,000 along with earlier VPI (full three-dimen-
sional model, strut mounted) and Notre Dame (semispan,
plate mounted, with gap) results. These results suggested quite
strongly that the difference in the value of the zero-lift angle
of attack data for the Wortmanri FX63-137 wing tests at
Virginia Tech and Notre Dame was due to the gap influence in
the Notre Dame test arrangement.

Further testing was necessary to investigate the effect of gap
size and Reynolds number. These tests, reported in Ref. 12,
employed the test arrangement shown in Fig. 8, allowing
precise alignment of the plate with the model and freestream
flow and exact setting of the gap to desired values. Tests were
conducted with gap sizes of 0.10, 0.50, 1.00, 1.50, and 2.00
mm as well as with a sealed gap. Runs were made at Reynolds
numbers of 100,000 and 200,000 to match the test conditions
of Ref. 6. The results of these tests are summarized in Figs. 10
and 11 where the data points are omitted for clarity.

Figure 10 shows that gap size, indeed, has little effect oh the
data as long as a gap is present. Any size gap produces essen-
tially the same shift in the lift curve seen earlier in Fig. 9. The
sealed gap, however, produces zero-lift angle of attack results
that match those of Ref. 7.

Figure 11 shows that this shift in aLO caused by the gap ef-
fect is a function of Reynolds number, with the lift curve shift-
ing to the left as Re increases, just as reported in Refs. 2 and 6.
With the gap sealed, the only effect of Reynolds number is the
expected normal change in stall behavior as the Reynolds
number increases.

These figures appear to show that the change in aLO due to
Reynolds number reported in Refs. 2 and 6 is a function of the
test mounting configuration and is not due to the normal
aerodynamics of the wing. None of the other test configura-
tions reported in Refs. 1, 3, 7, 9, and 10 produced such a shift
in aLQ with Reynolds number increases. They also indicate
that even a gap as small as 0.1 mm does not eliminate this er-
ror. It appears that the gap must be sealed for accurate
aerodynamic data determination if the semispan technique is
to be used for low Reynolds number aerodynamic tests.

Flow visualization studies showing flow streamlines on the
end plate for the sealed and open gap cases were also reported
in Ref. 12. These showed that the flow through the gap is suf-
ficient to cause large changes in flow separation patterns on
the wing at the wing/plate intersection. The loss of lift due to
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Fig. 9 Comparison of semispan and strut mount test results.
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the gap appears to result primarily from very early upper-
surface separation on the wing due to gap flow. While this ef-
fect may be limited to a small portion of the wing near the end
plate, the effect is obviously quite pronounced for the ̂  = 2
semispan case. The gap-induced error might well be less
significant if higher-aspect-ratio models were tested; however,
one must assume that for small-aspect-ratio models (even
where two end plates are used and two-dimensional behavior
is assumed) the gap effect may cause substantial errors in low
Reynolds number wing aerodynamic behavior.

Tunnel Flow Disturbances
The other major difference noted among sets of published

low Reynolds number aerodynamic data for the Wortmann
FX63-137 airfoil is the extent of the stall hysteresis loop. The
results of Render10 and Liebeck and Camacho9 show no stall
hysteresis, while those of Marchman et al.1'3^ and Mueller2'6
exhibit a clear loop. Mueller2 has previously discussed the role
of both acoustic disturbances and turbulence increases in low
Reynolds number tests. Both types of disturbances are known
to be capable of altering the behavior of the laminar bubble
and, hence, stall characteristics. Their effect is essentially an
earlier transition to a turbulent shear layer, which enhances
the possibility of reattachment of the separated boundary
layer and reduces the size of the stall hysteresis loop.

This effect can be seen in comparing the stall hysteresis
behavior in several of the previous figures (Figs. 3-5) where
results from the Virginia Tech Stability Wind Tunnel with its
0.02% turbulence level have a much larger hysteresis loop
than results from the higher-turbulence facility. Data from
other sources such as Liebeck and Camacho9 and Render10

showed no hysteresis loop, suggesting that either their tunnel
flow quality was too poor to result in a loop or the existence of
a loop was overlooked.

The above results point out the importance of an excellent
flow environment for low Reynolds number aerodynamic
testing. Marchman et al. reported some results of the effects
of both freestream turbulence increases and acoustic distur-
bances on stall hysteresis in Ref. 3, where the two types of
disturbances were examined independently. Figures 12 and 13
show some of the results, indicating that both flow turbulence
and noise of sufficient level and frequency can independently
result in a large reduction in hysteresis loop size.

The effect of a disturbance is dependent on the frequency of
the disturbance. This is illustrated by Fig. 14 where different
sound frequencies were found capable of inducing reattach-
ment of the separated flow at different angle of attack within
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Fig. 12 Acoustic disturbance influence on stall hysteresis.

the hysteresis loop. Other illustrations of this frequency
dependence can be found in Ref. 3.

Drag Measurement
Drag has always been the most difficult aerodynamic force

to measure and the low drag forces occurring in low Reynolds
number flows make the problem even more difficult. The two
primary methods used to measure drag are the measurement
of the wake momentum deficit and the use of a force balance.
Many researchers have relied on the former method at low
Reynolds number since it is a two-dimensional technique and
most research has been for the two-dimensional case. The
momentum deficit method has inherent flaws at higher angles
of attack because of rotational momentum losses. For three-
dimensional drag measurement, a force balance must be used
or momentum deficits must be measured along the entire wing
span and integrated. Most of the drag measurements of Refs.

2.0

1.5

1.0

-10

WORTMANN FX63-137
ASPECT RATIO 8
Re = 100,000

TURBULENCE LEVEL
0.02%
0.20%

10 20
Q (DEGREES)

30

-0.5 L

Fig. 13 Turbulence influence on stall hysteresis.

2.0

1.5

1.0

-10

T

-0.5

490-665HZ (95DB)
850-1350HZ (102DB)

280-350HZ (116DB)
980-1150HZ (114DB)
1930-2900HZ (110DB)

•0.5

10

180-400HZ (125DB)
740HZ (120DB)
1300HZ (113DB)
1400-1500HZ (125DB)

30

Q (DEGREES)
WORTMANN FX63-137
ASPECT RATIO 8
Re = 150,000

Fig. 14 Sound frequencies needed to induce attached flow.



FEBRUARY 1987 AERODYNAMIC TESTING 113

LAB, AR
• VPI .
• CPANFIELD,(2D)
A CRANFIELD.8.
Re = 300,000

LAB . AR
• VPI . 6.0

Fig. 15 Comparison of drag results.

1-3, 6, 7, and 10 were made via the force balance and in
several of these the authors reported good correlation between
both methods of drag measurement at low-to-moderate angles
of attack.

Examination of the drag coefficient data reported in the
above-cited references shows the difficulty of making accurate
measurements at the lowest Reynolds numbers of the studies.
The Notre Dame balance6 is specifically designed for smaller
forces and appears capable of more consistent drag measure-
ment at Reynolds numbers of 100,000 or less when compared
to the systems used at either Cranfield10 or Virginia Tech.1'3'7
Measurements of drag were made at these lower Reynolds
numbers at Virginia Tech and, while a curve faired through
the data is consistently repeatable, there is increased data scat-
ter, especially at Reynolds numbers below 75,000. Some of
this scatter is to be expected in view of the separated flow ex-
isting over almost the entire range of angle of attack in this
region of "thin-airfoil" aerodynamic behavior.

Comparison of actual test technique effects on drag mea-
surement at low Reynolds number is best made at Reynolds
numbers of 200,000 and 300,000 where there is very little scat-
ter in any of the data sets and where there is more common
ground in terms of test parameters for comparison. Figure 15
compares the drag data for similar aspect ratio Wortmann
FX63-137 wings from three different laboratories. It is seen
that there is a good agreement in the general trends, i.e., the
zero-lift drag coefficient and points of inflection in the curves
are consistent. Beyond that, however, the Notre Dame2 results
are generally higher than those from Virginia Tech7 and the
Cranfield10 results fall on both sides of the Virginia Tech
results for the higher-aspect-ratio case. It should be noted that
the Cranfield two-dimensional drag data are in better agree-
ment with the Virginia Tech &= 10 results than with the Notre
Dame two-dimensional data. The differences in Reynolds
number do not appear to be sufficient to account for the dif-
ferences in the two-dimensional drag data of Refs. 2 and 10.

It is quite possible that the drag at nonzero-lift angles of at-
tack reported in Refs. 2 and 6 is influenced by the same
model/end-plate gap effect that appears to alter the lift
results. The theoretically predicted effect of a gap is to
decrease the wing's effective aspect ratio and thus increase in-
duced drag. As mentioned earlier, Pope and Harper11 cite up
to 41% increases in induced drag due to the gap effect. Any
test system employing a semispan model with a gap must be
highly suspect in its measurement of drag due to these possible
induced drag errors. This appears to be especially true for low-
aspect-ratio models at low Reynolds numbers.

Conclusions
The preceding examination of previously published results

and of current tests to examine model mounting influences in-
dicates the complexity and uncertainty associated with low
Reynolds number aerodynamic testing. Contradictions in test
results from apparently carefully conducted studies by compe-
tent researchers serve to illustrate the frustrations inherent in
low Reynolds number aerodynamic research.

Of the test parameters investigated, that causing the greatest
alteration in test data appears to be the use of a model/plate
gap in semispan model testing. This test technique appears
capable of altering the zero-lift angle of attack by several
degrees, as well as having the predicted effect of decreasing the
effective aspect ratio and thus increasing the induced drag.
Wind tunnel turbulence and acoustic disturbance effects ap-
pear to alter primarily the wing's stall behavior with little or
no influence on prestall behavior.

The examination of semispan model/end-plate gap in-
fluences on aerodynamic data shows that the gap not only can
cause higher drag (lower effective aspect ratio) as discussed by
Pope and Harper,11 but can also result in a shift of the zero-
lift angle of attack for the Wortmann FX63-137 airfoil at low
Reynolds number. This error may be reduced for higher-
aspect-ratio models; however, to avoid the problem entirely,
semispan model tests should be conducted only with sealed
model/end-plate junctions. Testing of the full three-dimen-
sional wing is always preferable where the test section size and
available balance systems permit such tests.

When comparative tests are to be performed in two or more
different facilities, a common model or a set of models from a
single extrusion should be used, especially when testing shapes
such as the Wortmann. Otherwise, it is much too easy to
blame differing results on small perturbations in model shape.
On a shape that relies on separated and reattached flows for its
performance, such a source of data variation must be elimi-
nated where possible, although tests by Render,10 where the
shape of the Wortmann FX63-137 was altered, indicate that
small changes in shape do not produce significantly different
results for this particular airfoil.

The noted effects of freestream turbulence and of acoustic
disturbances must also be considered when conducting wind
tunnel tests or when using the results from such tests. While
these may affect only stall behavior, a designer using the test
results of either Liebeck and Camacho9 or Render10 would be
unaware of the existence of stall hysteresis. The user of the
Notre Dame2'6 results would be aware of the existence of a
hysteresis loop, but perhaps not of its full extent. One might
assume that the 4-deg drop in angle of attack needed for reat-
tachment of the stalled flow, as indicated by the results of Ref.
6 shown in Fig. 6, is acceptable and then be surprised to find in
flight tests that a 10-deg reduction in angle of attack is really
required, as indicated by the data in Ref. 1.

Further studies need to be conducted to systematically study
the individual influences of both freestream turbulence and
acoustic disturbances. It is clear that these may act in-
dependently, but a study should seek to determine whether
their effects overlap or are cumulative in nature, i.e., will a
hysteresis loop, already small due to wind tunnel turbulence,
be further decreased or even eliminated if also exposed to the
right acoustic disturbance?

Theory and the experimental results of Ref. 3 indicate that
both turbulence and acoustic disturbance influences depend
on both the level and the frequency of the disturbance. This
indicates that, for correct interpretation of wind tunnel test
results, not only the level of turbulence and noise needs to be
known but also the dominant frequencies of those distur-
bances. It must also be known how these levels and frequen-
cies change with tunnel speed. This information simply does
not exist for most wind tunnels and even if it did, there would
be little ability to make use of the information.

The critical disturbance frequencies and levels were shown
in Ref. 3 to vary with Reynolds number and angle of attack
and it must be assumed that they will vary considerably with
airfoil shape. In other words, the critical disturbance frequen-
cies may vary enough from one airfoil shape to another to
make a full interpretation of test results impossible, even when
all airfoils are tested in the same facility. For example, the
figures presented earlier show that for the Wortmann
FX63-137 airfoil, testing in the Virginia Tech wind tunnel
results in a larger stall hysteresis loop than does testing in the
Notre Dame wind tunnel. Tests on a different airfoil might
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result in a reversal of this trend if, for the different airfoil,
some disturbance frequency that was particularly adept at
altering the boundary-layer flow on that particular airfoil
shape was present at a critical level in the Virginia Tech facility
and not at Notre Dame.

Essentially, this points out the need for testing any airfoil or
wing for low Reynolds number use in several different
facilities. Preferably, these selected facilities would have as
low a level of noise and turbulence as possible and would have
documented turbulence and noise spectra at several speeds.
Obviously, such facilities should also be of sufficient in-
strumentation to allow testing of reasonable size models with
minimal need for blockage or other corrections.
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