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Low Reynolds Number Aerodynamic Characteristics
of Low-Drag NACA 63-208 Airfoil
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An investigation was conducted to study the flowfield and the aerodynamic characteristics of a low-drag
NACA 63-208 airfoil section over a low Reynolds number range of 35,400 to 176,500. The pressure measure-
ments for the airfoil section were conducted for an angle-of-attack range of —17 to + 18 deg in the low-speed
wind tunnel. The pressure distribution was found to be quite different for various Reynolds numbers, but the
maximum lift coefficient was nearly independent of the Reynolds number. At low Reynolds numbers, the slope
of the pitching moment coefficient varied drastically with the angle of attack.

Introduction

N investigation was initiated to study the flowfield and

the aerodynamic characteristics of low-drag airfoil
sections at a very low Reynolds number range of 20,000 to
500,000. The stall speed and the control and stability charac-
teristics for flight vehicles at low Reynolds number depend on
the maximum lift coefficient and the pitching moment of the
airfoil sections. Low Reynolds number conditions exist for
gliders at low speeds, remotely piloted vehicles, and first-stage
compressors for jet engines at high altitudes.

Only limited characteristics at very low Reynolds numbers
are available in the literature. The investigations conducted by
NASA and other groups all over the world on the low Rey-
nolds number airfoil phenomena at a Reynolds number range
of 0.5 to 20 million are summarized in Refs. 1-10. Gault®
studied the correlation of the low-speed airfoil stalling charac-
teristics with Reynolds number and geometry. He concluded
that for a Reynolds number of 0.7 X 10% there exists mainly a
thin airfoil type of stall. Kelling!! investigated the GU 25-5
airfoil at a Reynolds number of one-half million, and with a
high-lift device, a C; _ of 1.93 was achieved.

In 1938 Pinkerton Ba’f)ublished information on the variation
of the pressure distribution over an NACA 4412 profile with
Reynolds number at low subsonic speeds. The Reynolds num-

ber varied from 1x 10% to 8.2 x 10¢ and the angle-of-attack -

range of —17 to +18 deg. The results indicated a strong
dependence of the pressure distribution on the Reynolds
number. Nakamura et al. ? studied an NACA 0012 airfoil for
a Reynolds number range of 30,000 to 280,000.

They observed that the stalling characteristics of the airfoil
at low Reynolds numbers with the separation bubble extend-
ing 10-20% of the chord were quite different than at higher
Reynolds numbers with a shorter extent of the bubble. Tani 4
investigated the low-speed flow involving bubble separation
over an airfoil at an angle of attack for a Reynolds number of
1 million.

In the present investigation, a low-speed wind tunnel was
calibrated before the testing of an NACA 63-208 airfoil sec-
tion. This profile was selected for the following reasons:

1) Studies have been conducted in general for the 12%
thick airfoils, NACA 4412 (Ref. 12), and NACA 0012 (Ref.
13).
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2) The accurate airfoil section with the static pressure taps
was loaned to Rensselaer Polytechnic Institute by the NASA
Langley Research Center for the purpose of obtaining infor-
mation at low Reynolds numbers. The airfoil was tested over
a Reynolds number range of 35,400 to 176,500, where there is
no available aerodynamic data for the selected airfoil.

Experimental Equipment and Procedure

Low-Speed Wind Tunnel

All of the tests were conducted in a small, closed-circuit
wind tunnel, Fig. 1, with a length of 21 ft and a height of 10
ft. The test section, 18 X27 in., has transparent side walls
which permit a good view of the model for observing the tufts
for stall condition. A dc electric motor allows a smooth and
precise setting of the flow velocity in the 16-100 ft/s range.
The top side of the test section is removable for installing the
models. A screen is mounted ahead of the test section in the
settling chamber to reduce the turbulence level and to make
the velocity distribution across the test section nearly uni-
form, as discussed in Ref. 15.

Model

An NACA 63-208 airfoil wing with a span of 6 in. and a
chord of 4 in. was loaned by NASA Langley Research Center
to conduct the aerodynamic studies at very low Reynolds
number below 1 million since no information was available.
The model is constructed of steel with 21 pressure orifices lo-
cated on the upper and lower surfaces as shown in Fig. 2.

Since the airfoil section was constructed for the NASA 6-
in.-wide transonic wind tunnel, an extension was installed to
support the model in the 18-in. high test section as shown in
Fig. 3. Two end plates were installed to make the flow over
the wing nearly two dimensional. The complete model was
attached to a circular plate on the wind tunnel top surface for
setting the angle of attack, and the other end was attached to a
circular plate mounted on a pivot at the center.

Instrumentation

To measure the static pressures on the model, 3-ft long
plastic tubes were attached to the static pressure tubes ex-
tending beyond the end plates as shown in Fig. 3. These plas-
tic tubings were connected to four rotatable selector valves,
which were connected to a micromanometer to measure the
static pressures. The low-speed tunnel was continuously
operated to obtain the static pressure distributions at various
velocities and angles of attack.

A small pitot-static tube was used to survey the flow
velocity distribution across the test section for different
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Fig.1 Low-speed wind tunnel.
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Fig.2 NACA 63-208 airfoil section; location of pressure taps.

tunnel flow velocities. The differences in the total and static
pressures were measured with a sensitive micromanometer.

The variation of flow angle in the test section of the wind
tunnel was measured with a yaw probe. The flow angle is
determined by connecting the two orifices across a manometer
and rotating the probe until the difference between the orifices
is zero.

A DISA model 55A01 constant temperature anemometer
was used to measure the mean velocity and the turbulence
level in the test section at various flow velocities. A miniature
hot-wire probe, DISA type 55A22, was used to survey the test
section. The mean velocity across the hot-wire probe is ob-
tained from the dc bridge voltage. In order to obtain an ac-
curate measure of this voltage, a Data Precision 2480 digital
multimeter was used for the display. For the measurement of
the percent of the turbulence level, the ac rms voltage is
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Fig.3 Wing section with the two end plates.

necessary and the same Data Precision 2480 meter was used
for this purpose. A turbulence level of 0.2% in the test section
was determined by this hot-wire probe system.

Test Conditions

The flow velocity in the test section was adjusted to investi-
gate the static pressure distributions over the airfoil section at
Reynolds numbers, based upon the freestream conditions and
a chord of 4 in. of 35,400, 71,000, 125,500, and 176,500. With
the existing dc motor control and pressure instrumentation, it
was not possible to obtain reliable static pressure data below a
Reynolds number of 35,400, which corresponds to a flow
velocity of 16 ft/s in the test section.

The static pressure distributions were obtained for an angle-
of-attack range of — 17 to + 18 deg for all Reynolds numbers.
At the maximum negative and positive angles of attack, the
airfoil section is in the poststall conditions. The model sup-
port system was rigid enough to keep the wing steady at all
flow velocities and angles of attack.

0.0

a) b)

1.

Fig. 4 Pressure distribution for RN = 35,400 and for various angles of attack, a.
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Fig. 5 Pressure distribution for RN =71,000 and for various angles of attack, «.
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Fig. 6 Pressure distribution for RN =176,500 and for various angles of attack, .

Experimental Results

Pressure Distributions

The complete static pressure distributions for angles of
attack of —17 to 18 deg and Reynolds numbers of 35,400 to
176,500 are presented in Ref. 15. In this paper, the static
pressure distributions for an angle-of-attack range of 0 to 18
deg and Reynolds numbers of 35,400, 71,000, and 176,500 are
presented in Figs. 4-6, respectively.

The static pressure coefficient distributions are quite similar
for 0 deg angle of attack for Reynolds numbers of 35,400,
71,000, and 176,500 as shown in Figs. 4a, Sa, and 6a. But for
angles of attack of +2 and +4 deg, the difference in the
pressure coefficient toward the aft 50% of the chord increases
with the Reynolds number. At an angle attack of + 6 deg, the

maximum negative pressure coefficient for a Reynolds num-
ber of 35,400 is — 1.0, but for a Reynolds number of 71,000
and 176,500, the pressure coefficient is approximately —1.2.
In addition, for this angle of attack, the pressure coefficient
over the aft 25% of the chord is quite different for the three
Reynolds numbers. At the Reynolds number of 176,500, the
pressure coefficient is small toward the trailing edge, Fig. 6a,
while at a Reynolds number of 35,400, the pressure coefficient
is more negative and nearly constant over the rear 50% of the
chord. This indicates that the flow is separated from ap-
proximately the 50% chord location.

The static pressure coefficient distributions for angles of
attack of +8, +10, and + 12 deg and Reynolds numbers of
35,400, 71,000, and 176,500 are presented in Figs. 4b, 5b, and
6b, respectively. Over the forward 50% of the chord at an
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Fig. 7 Lift coefficient as functions of angle of attack and Reynolds
number.

angle of attack of +8 deg the pressure coefficient distribu-
tions over the chord are nearly the same for the three Rey-
nolds numbers. But over the aft portion of the airfoil, the
pressure coefficient distributions are quite different, because
of the dependence of the flow separation on the Reynolds
number. For + 10 and + 12 deg angles of attack, the laminar
separated flow region, indicated by the nearly constant nega-
tive pressure coefficient over the forward 20% of the chord,
decreases with the Reynolds number as shown in Figs. 4a, 5b,
and 6b. But the maximum velocity near the leading edge, indi-
cated by the maximum negative pressure coefficient, increases
with the Reynolds number. The pressure coefficient is approx-
imately — 1.8 for an angle of attack of + 12 deg and Reynolds

number of 35,400 and increases to approximately —2.5 at a .

Reynolds number of 176,500.

The static pressure coefficient distributions for angles of
attack of +14, +16, and + 18 deg are presented in Figs. 4c,
5c, and 6¢ for Reynolds numbers of 35,400, 71,000, and
176,500, respectively. At a Reynolds number of 35,400 and
angle of attack of + 14 deg the pressure distribution indicates
a separation bubble over the initial 25% of the chord with a
pressure coefficient of approximately —1.2. But at Reynolds
numbers of 71,000 and 176,500, the separation bubble ex-
tends over the initial 10% of the chord with a maximum pres-
sure coefficient of approximately —1.5. For angles of attack
of +16 and + 18 deg the pressure distributions indicate that
the flow separates at the leading edge for all Reynolds num-
bers. The flow over the airfoil is in the deep-stall condition.

Lift Coefficient

By integrating the static pressure coefficient distribution
curves, the lift coefficient C, was determined for angles of
attack of —17 to + 18 deg and Reynolds numbers of 35,400,
71,000, 125,000, and 176,500 and the results are presented in
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Fig. 8 Maximum lift coefficient for two airfoil sections.
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Fig. 9 Pitching moment coefficient as functions of angle of attack
and Reynolds number.

Fig. 7. The angle of attack of the model in the test section was
measured accurately with a large protractor arrangement.
There was a slight error in aligning the zero angle of attack of
the model as indicated by the slight positive angle of attack
for zero-lift coefficient for the airfoil with slight camber. Due
to this camber the variation of the negative-lift coefficient
near stall with angle of attack is different than for the positive
stall as shown in the figure. The positive stall occurs at an
angle of +14 deg for all Reynolds numbers, and the lift
coefficient decreases rather rapidly at angles of attack of + 16
and +18 deg. The maximum lift coefficient C,  is ap-
proximately 0.9, which is a low value because of the relatively
small leading-edge radius, Fig. 2, and low Reynolds number.
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In Fig. 8 a comparison of the C;  as a function of the
Reynolds number for the present WACA 63-208 and the
NACA 4412 (Ref. 12) is presented. For the 4412 airfoil section
the maximum lift coefficient is approximately 1.2 over a
Reynolds number range of 105 to 10, and the maximum-lift
coefficient increases to 1.7 at a Reynolds number of 107.

Pitching Moment Coefficient

The static pressure coefficient distributions were integrated
to obtain the pitching moment coefficients about the 25%
chord position, and the results are presented in Fig. 9 as func-
tions of the angle of attack and Reynolds number. For high
Reynolds numbers the pitching moment coefficient is nearly
constant over an angle-of-attack range of —4 to +12 deg,
and increases drastically as stall is approached. At low
Reynolds numbers the pitching moment is not constant over a
range of angle of attack of —4 to + 12 deg, but fluctuates in
magnitude.

Discussion of Results

For angles of attack of 0 and +2 deg the static pressure
coefficient distributions were nearly identical for the Rey-
nolds number range of 35,400 to 176,500. But for angles of at-
tack range of +4 to +8 deg, a laminar boundary layer sep-
aration occurs near the trailing edge of the airfoil and moves
forward with increasing angle of attack and also with increas-
ing Reynolds number. The pressure drop at the separation
point is very sharp at low Reynolds number, however, at
higher Reynolds numbers this drop becomes smooth and at
Reynolds number of 176,500 is nearly imperceptible.

For angles of attack of + 10 and + 12 deg, it seems that two
flow separations occur. The first separation is due to the
formation of a bubble at the leading edge as discussed in Ref.
14. The length of the separation bubble is larger at lower Rey-
nolds numbers. The second separation is the flow separating
from the airfoil for the stalled-flow condition.

The static pressure coefficient distributions are quite similar
for angles of attack of +16 and + 18 deg for all Reynolds
numbers. The maximum-lift coefficient of 0.9 occurred at an
angle of attack of + 14 deg. Thus, these angles are situated in
the post-stalled condition for this airfoil section.

By integrating the static pressure coefficient distribution
curves, the lift coefficient was obtained, and for a constant
angle of attack the lift coefficient is nearly independent of the
test range of the Reynolds numbers as shown in Fig. 7. The
maximum lift coefficient was only 0.9 for all Reynolds num-
bers because of the relatively small leading-edge radius for the
NACA 63-208 airfoil. At a Reynolds number of 10° the maxi-
mum lift coefficient for the NACA 4412 airfoil is nearly 25%
greater as shown in Fig. 8. This airfoil section is thicker with
larger leading-edge radius and larger camber than the NACA
63-208 airfoil.

The static pressure coefficient distributions are quite differ-
ent for the range of Reynolds number of 35,400 to 176,500,
but the lift coefficient at a given angle of attack is nearly the
same. Thus, the variation of the pitching moment coefficient
about the 25% chord location with angle of attack is strongly
dependent on the Reynolds number as shown in Fig. 9. This
aerodynamic characteristic for the NACA 63-208 airfoil
section at low Reynolds numbers will affect the control and
stability characteristics of gliders, remotely piloted vehicles,
and low-speed airplanes operating at low Reynolds number
flight conditions.

Conclusions

The low-speed wind tunnel with a freestream turbulence
level of about 0.2% was suitable for obtaining the detailed
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static pressure distributions over the upper and lower surfaces
for the NACA 63-208 airfoil section with end plates over a
range of Reynolds numbers of 35,400 and 176,500 and angles
of attack of —17to + 18 deg.

The static pressure distribution is independent of the low
Reynolds numbers for low angles of attack less than +2 deg
and for all angles of attack greater than + 14 deg in the post-
stalled condition. For all other angles of attack, the pressure
distribution is strongly dependent on the Reynolds number.

The variation of the lift coefficient with angle of attack for
different Reynolds numbers is nearly the same within the ex-
perimental accuracy, but the pressure distributions are quite
different for angles of attack less than the stall angle. A maxi-
mum lift coefficient of approximately 0.9 exists for all Rey-
nolds numbers at an angle of attack of + 14 deg.

The pitching moment coefficient is nearly constant over an
angle-of-attack range of —4 to +12 deg for high Reynolds
numbers. At low Reynolds numbers the pitching moment is
not constant over an angle-of-attack range of —4to +12 deg
but fluctuates in magnitude with the angle of attack.
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