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Effect of Endplates on Two-Dimensional Airfoil
Testing at Low Reynolds Number

Alain Pelletier* and Thomas J. Mueller'
University of Notre Dame, Notre Dame, Indiana 46556

The presence of endplates (or sideplates) in two-dimensional wind-tunnel force measurements on airfoils has a
strong effect on lift and drag coefficients at low Reynolds numbers. Results on an Eppler 61 airfoil indicate that
the endplates are responsible for a sharp decrease in the airfoil performance. The lift coefficient is reduced and the
drag coefficient is increased due to the interaction of the airfoil boundary layer with the sideplate boundary layer.

Nomenclature
b span
C, = section profile drag coefficient
C, = section lift coefficient
c = chord length
ey = quantizationerror
M = resolutionof A/D converter
Re, = chord Reynolds number
Re, = Reynolds number based on distance x along endplate
U, = freestream velocity
X = distance from leading edge of endplate
o = angle of attack
8 = boundary-layerthickness

Introduction

ECENTLY, the need for small micro air vehicles (MAVs) has

surfaced. These MAVs would have a wing span of no more
than 6 in. (15.2 cm) and weigh only a few ounces (*100-200 g)
(Ref. 1). They could be used as reconnaissancevehiclesand carry vi-
sual, acoustic, chemical, or biological sensors. They should be able
to fly for from 20 min to 2 h at a maximum speed of up to 30 mph
(50 km/h). For these vehicles, root-chordReynolds numbersranging
from about 2 x 10* to about 2 x 10° are of interest. Aerodynamic
characteristics of low-aspect-ratio wings at low Reynolds numbers
are presented in Ref. 2. In those tests, semispan models were used
where one endplate was inserted in the test section. Two endplates
were used for some two-dimensional tests to determine the airfoil
characteristics. The problem with using endplates at low Reynolds
numbers is the thickness of the boundary layer growing on the end-
plate. For all experiments conductedin this study, Reynolds number
Re, was always less than 5 x 10°, which means the boundary layer
was always laminar. The laminar boundary-layer thickness can be
approximated by the Blasius solution (see Ref. 3) and is given by

5=5x/\/ReX (1)

The distance between the leading edge of the endplates used
and the wing leading edge varied between 11.5 in. (29.2 cm)
(Re, ~ 8.6 x 10%) and 10.5 in. (26.7 cm) (Re, ~7.9 x 10*). The
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models tested® had a chord length of either 4 in. (10.2 cm) or 8 in.
(20.3 cm). For a wing-chord Reynolds number of 6 x 10*, based on
¢ =8 in., this implies a freestream velocity of U,, =4.58 m/s. The
boundary-layer thickness at x = 10.5 in. is § =0.19 in. (0.5 cm).
This can be a serious problem for short-span models because the
interaction between the boundary layer growing on the endplates
and the wing creates a corner flow, as depicted in Fig. 1, which acts
over a significant portion of the wingspan and significantly alters the
two dimensionality of the flow over the wing. This phenomenon of
the corner flow has been investigated by several authors, including
Hawthorne* and Barber,’ who looked at the flow around struts near
a wall. Barber indicated that the corner flow could be a horseshoe
vortex or a zone of separated flow. Also, if transitionfrom laminar to
turbulent flow occurs, it most likely would occur first in the corner
flow regions.

It has been shown in previous experiments at the University
of Notre Dame that the presence of the endplates during two-
dimensional tests usually leads to a larger C,,,,. For an 18% thick
airfoil (NACA 665-018), Mueller and Jansen® showed that the in-
teraction between the endplates and the model resulted in a 20% in-
creasein C . at Reynolds numbersbetween6 x 10 and2 x 10°. It
was then decided to study the effect of the endplates on the aerody-
namic characteristics of thinner airfoils at low Reynolds numbers.

Apparatus

Wind Tunnel

Tests presented in this paper were conductedin a low-speed, low-
turbulence wind tunnel at the University of Notre Dame. The tunnel
had a2 x 2 ft (61 x 61 cm) test section. The freestream turbulence
intensity was approximately 0.05% over the range of interest.

Thin aluminum endplates were mounted in the test section. The
bottomplate couldbe removedto conductthree-dimensionaltests on
models of different semispan aspect ratios. All wings tested were
held at the quarter-chord point, and the sting was covered by a
streamlined sting covering. The gaps between the wing and the end-
plates were adjusted to approximately 0.03 in. (0.08 mm). Mueller
and Burns’ showed that gap sizes varying between 0.1 and 1.4 mm
are usually acceptable and do not affect the results. Moreover, Rae
and Pope® suggestthat the gap be less than0.005 x span. Fora 12-in.
(30.5-cm) span model, this corresponds to a maximum gap size of
0.06 in. (1.5 mm), which is larger than the gap used in the current
investigation.

Force Balance

All results presented in this paper were obtained with a three-
component platform aerodynamic balance. This balance can mea-
sure lift, drag, and pitching moment about the vertical axis using
strain gauges mountedin full Wheatstone bridges. The balanceis an
externalbalanceplacedon top of the testsection. A completebalance
description and performance characteristicsis presented in Ref. 9.
Figure 2 shows a schematic of the balance setup in the test section.
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Fig. 1 Schematic of corner
flow on wing.
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Fig. 2 Balance arrangement in the test section.
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Fig. 3 Eppler 61 airfoil profile.

Models

For this investigation,the Eppler 61 airfoil geometry was selected
over the thin flat-plate and thin cambered-plate wings used in Ref. 2
for reasons explained later. The Eppler 61 airfoil was originally
developed for model airplanes with a chord Reynolds numbers of
about8 x 10* and has a thicknessof 5.63 and 6.3% camber. Figure 3
shows the airfoil geometry of the Eppler 61 airfoil. The coordinates
of this airfoil are given in Refs. 10 and 11. A model with a chord
¢=4.906in. (12.5 cm) and a span b =12 in. (30.5 cm) was tested
between two endplates to determine the two-dimensional lift and
drag coefficients.

To verify the effectof the endplateson the aerodynamiccharacter-
istics of the Eppler 61 airfoil, a three-piece Eppler 61 model, shown
in Fig. 4, was also used. This arrangement eliminated the endplate
boundary-layerinteractions with the airfoil. With this setup, a sec-
tion of an Eppler 61 model was free to move between two other
sections of the same airfoil. These two other sections were fixed
to the endplates in the wind tunnel at the same angle of attack as

Lower piece .
Upper piece
Airfoil BT

Fig. 4 Three-piece Eppler
61 airfoil model tested in wind

tunnel.
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Fig. 5 Eppler 61 airfoil test section configurations.

the middle section. A small gap (approximately 0.0315 inches or
0.8 mm) was present between the end pieces and the center piece
connected to the force balance. The thickness of the Eppler 61 pro-
file was large enoughto fita small sting [diameter = 0.16 in. (4 mm)]
through the upper piece. This would not have been possible with the
models used in Ref. 2 due to the small thickness of the models (a
thickness to chord ratio of close to 2%). Figure 5 shows schematics
of the two test section configurations used.

Data Acquisition System

Signals from the force balance strain gauges were measured with
very sensitive instrumentation. An excitation voltage of 5 V was
used for all of the strain gauge bridges. The bridge signals were read
with an instrumentation amplifier circuit, with available gains from
1 to 8000. The amplified analog signals were sent to the computer
where they were then converted using a four channel, 12-bit
A/D converter. Four data channels (lift, drag, moment, and dy-
namic pressure) could be measured quasi simultaneously. All of
the data were acquired using a personal-computer-based data ac-
quisition system running the LABVIEW® 5 graphical programming
language.

Discussion of Results

Throughout the tests, the aerodynamic force coefficients were
obtained by averaging 4000 samples acquired at a frequency of
500 Hz. Moreover, all results presented in this paper have been cor-
rected for solid blockage, wake blockage, and streamline curvature
using techniques presented by Pankhurst and Holder'? and Rae and
Pope.® Because of the small thickness, volume, and angles of attack
of the models tested, blockage was less than 8%, which leads to
small blockage effects.

Uncertainty

Uncertainties in the two-dimensional measurements were deter-
mined using the Kline-McClintock technique'® for error propaga-
tion. The quantization error and the uncertainty arising from the
standard deviation of a given mean output voltage from the strain
gauges of the force balance were the main sources of uncertainty.
The quantizationerroris ey = %(range of volts/2™). Optimizingthe
range of the output voltages can help to reduce the uncertainties.
When the gain is increased, the standard deviation of the mean is
also increased, whereas the ratio of the standard deviation to the
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mean basically remains the same. However, the uncertainty from
the quantizationerror is reduced because the quantizationerroris a
fixed value (a function of the range and the resolution of the A/D
converter). The ratio of the quantization error to the mean voltage
is then smaller if a larger gain is used and a larger balance output
mean voltage is obtained.

The uncertainty in the angle of attack was determined to be on
the order of 0.2-0.3 deg, and the uncertainties in C; and C; were
about 6%.

Effect of Endplates on Two-Dimensional Measurements

With the current setup in the wind tunnel, it was not possible to
change the angle of attack of the end pieces without stopping the
wind tunnel. Therefore, obtaining C; and C, as a function of angle
of attack was difficult. It was then decided to fix the angle of attack
and sweep through different values of Reynolds number. Reynolds
numbers were first increased and then decreased to look for hys-
teresis. No hysteresis was observed in the results. From previous
two-dimensionalresults’ on the Eppler 61 airfoil, it was determined
that C, . occurredat o = 0 deg, and the angle for zero lift was about
o = —2deg. The behaviorof C,; vs Reynolds number Re,. was then
obtained at these two angles of attack. Figures 6 and 7 show that
the drag coefficient with the three-piece Eppler 61 model was much
smaller than with the full model. This behavioris similar to that re-
ported by Mueller and Jansen® for the NACA 66;-018 airfoil. The
lift coefficient with the three-piece model was higher than with the
full model. The aerodynamic characteristics with the three-piece
model were believed to be closer to true two-dimensional results
because of the larger C; and smaller C, ,as would normally be ex-
pected. The behavior of C; and C, with Reynolds numbers also
followed the expected trends. A reduction in C,; and an increase in
C, were observed with increasing Reynolds numbers. Results from
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Fig. 6 Endplates effect on two-dimensional characteristics of Eppler
61 airfoil at o = 0 deg.
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Fig. 7 Endplates effect on two-dimensional characteristics of Eppler
61 airfoil at o = — 2 deg.

Althaus'® and de Vries et al.'* are also included in Figs. 6 and 7 for
comparison. These investigators used a strain gauge force balance
to measure lift and a wake rake to measure drag. Because the drag
measured with a wake rake is usually obtained at the midspan of the
model, it does not take end effects, or three-dimensionaleffects, into
account. These end effects can be significant at very low Reynolds
numbers. Therefore, drag coefficient results from Althaus'® and de
Vries et al.'* were expected to be smaller than the present results,
and this trend was observed. Moreover, the slopes of the C,; vs
Reynolds number Re curves at o« =0 deg follow the same trends as
the laminar Blasius solution for drag over a flat plate. However, as
expected, the magnitude of the values are approximately five times
larger due to thickness, camber, and so forth.

Selig et al.'’ also encountered the effect of endplates at low
Reynolds numbers by measuring drag at different spanwise lo-
cations behind an airfoil using a wake rake and the momentum
technique. For low Reynolds numbers (Re, = 6 x 10* and 1 x 10%),
they showed a large variation in C, with spanwise location. At
Re. =2 x 10° and especially at Re. =3 x 10°, drag was relatively
constant along the span, and a nearly two-dimensional flow was be-
lieved to exist. This serves to emphasize the effect on endplates on
two-dimensional testing at Reynolds numbers below 1 x 10°.

Tests were not conducted at large angles of attack, for instance at
the angle for maximum lift-to-dragratio (¢ = 8 deg) (Ref.2) because
of the large deflection of the middle piece of the three-piece model.
The stingholding the middle piece had to be very small to fit through
the upper end piece of the model, which led to a weak sting easily
bent at large angles of attack due to the large forces acting on the
model. At low angles of attack, the deflection was very small.

Conclusions
It has been shown that the presence of endplates for two-
dimensionalaerodynamictesting at low Reynolds numbers can lead
to errorsin C; and C; . The presence of a corner flow and boundary
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layers growing on the endplates leads to a reduction in lift and an
increase in drag. Therefore, three-dimensional effects are signifi-
cant for the two-dimensionaltesting of airfoils at very low Reynolds
numbers.

Acknowledgments

This research was sponsored by the U.S. Navy, Naval Research
Laboratory, Washington, DC, under Contract N0O0173-98-C-2025
and the Roth-Gibson Endowment at the University of Notre Dame.

References

'Wilson, J. R., “Mini Technology for Major Impact,” Aerospace America,
Vol. 36, No. 5, May 1998, pp. 36-42.

ZPelletier, A., and Mueller, T. J., “Low Reynolds Number Aerodynamics
of Low-Aspect-Ratio Wings,” AIAA Paper 99-3182, July 1999.

3Sch1ichting, H., Boundary-Layer Theory, 7th ed., McGraw-Hill,
New York, 1979, p. 26.

4Hawthorne, W. R., “The Secondary Flow About Struts and Airfoils,”
Journal of the Aeronautical Sciences, Vol. 21, No. 1, 1954, pp. 588-608.

SBarber, T.J., “An Investigation of Strut-Wall Intersection Losses,” Jour-
nal of Aircraft, Vol. 15, No. 10, 1978, pp. 676-681.

®Mueller, T.J., and Jansen, B.J., Jr., “Aerodynamic Measurements at Low
Reynolds Numbers,” ATAA Paper 82-0598, March 1982.

"Mueller, T. J., and Burns, T. F., “Experimental Studies of the Eppler 61
Airfoil at Low Reynolds Numbers,” AIAA Paper 82-0345, Jan. 1982.

8Rae, W. H., Ir., and Pope, A., Low-Speed Wind Tunnel Testing, 2nd ed.,
Wiley, New York, 1984, 176, pp. 344-444.

9Pelletier, A., and Mueller, T. J., “Aerodynamic Force/Moment Measure-
ments at Very Low Reynolds Numbers,” Proceedings of the CanadianAero-
nautics and Space Inst. Symposium, May 1999, pp. 59-68.

10 Althaus, D., Profilpolaren fiir den Modellflug, Inst. fiir Aerody-
namik und Gasdynamik, Univ. of Stuttgart, Neckar-Verlag, Scheveningen,
Germany, 1980, pp. 57-60.

"Eppler, R., Airfoil Design and Data, Springer-Verlag, New York, 1990,
p.522.

2pankhurst, R. C., and Holder, D. W., Wind-Tunnel Technique, Sir Isaac
Pitman and Sons, London, 1952, pp. 327-427.

13Kline, S.J., and McClintock, F. A., “Describing Uncertainties in Single-
Sample Experiments,” Mechanical Engineering, Vol. 75, No. 1, 1953,
pp- 3-8.

14de Vries, J., Hegen, G. H., and Boermans, L. M. M., “Preliminary
Results of Windtunnel Measurements at Low Reynolds Numbers on Airfoil
Section E61,” Intern Rept. LSW 80-5, Delft Univ., The Netherlands, 1980.

5Selig, M. S., et al., Summary of Low-Speed Airfoil Data, Vol. 1,
SoarTech, Virginia Beach, VA, 1995, No. 3-22.



