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Aerodynamic Performance and Flow Structure Studies
of a Low Reynolds Number Airfoil

Fei-Bin Hsiao,* Chin-Fung Liu,| and Zen TangJ
National Cheng Kung University, Tainan, Taiwan

The aerodynamic performance and flow structures of a model with a NACA 633-018 airfoil section are studied
experimentally in a wind tunnel. The pressure distributions, boundary-layer profiles, and corresponding aerodynamic
properties are measured at various angles of attack, and at the Reynolds number range from 300,000 to 774,000 based
on the wing chord. Hot-wire anemometry and smoke wire technique are also applied for performing the flow
measurements and visualization, respectively. Data indicate that the flowfield over the airfoil appears to be transi-
tional in the operating range. The flow starts to be separated from the airfoil surface after the pressure gradient
becomes positive and then is reattached to form a laminar separation bubble. The spectral analysis of the fluctuating
velocities in the recirculating bubble region also clearly ascertains the existence of prevailing eddies. Meanwhile, the
hysteresis phenomenon in the nonh'near range of the lift curves with angle of attack is significantly noted, especially
in the low Reynolds number range.

Nomenclature
AOA = angle of attack
atm = atmospheric pressure
C =chord
Cd = section drag coefficient
C[ = section lift coefficient
Cp = pressure coefficient
Pt = total pressure
Rec = Reynolds number based on chord
C/bl = boundary-layer velocity
^edge = boundary-layer edge velocity
X = coordinate along the chord line
Y = coordinate normal to the chord line

<5 = boundary-layer thickness
6b = boundary-layer separation thickness

Introduction

THERE are a large number of aircraft, such as remotely
piloted vehicles, sailplanes, ultralight airplanes, etc., which

usually fly at a Reynolds number ranging from 10,000 to
1,000,000, based on the mean aerodynamic chord.1 According
to boundary-layer theory, the flowfield in this Reynolds num-
ber range appears to be within the transition from laminar to
turbulent flow. Because of increasing interest and importance,
the investigations of the aerodynamic properties on a wing
have drawn much attention in recent years.2-3 Numerous re-
searchers have pointed out that not only the flow structures
over the wing are complex4 but also the flow phenomena be-
have diversely for different geometric wings.3'5 The flowfield in
the low Reynolds number range may include the occurrence of
the laminar and turbulent separation, the separation bubble
structure, and the turbulent reattachment.6 When a wing with
a low angle of attack passes through a laminar freestream at a
transitional Reynolds number, the flow on the upper wing sur-
face will keep laminar from the leading edge to the point before
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the pressure gradient becomes positive. Beyond that point, the
flow may or may not go through natural transition, depending
upon the parameters such as the Reynolds number, the
freestream turbulence, and some possible effects.1 If transition
does not occur, then with further downstream the laminar
boundary layer will subsequently encounter a strong adverse
pressure gradient such that the flow starts to be separated from
the wing surface. The process of transition to turbulence then
occurs due to shear layer instabilities and a violent flow mix-
ing.4 If the momentum exchange near the wall is strong
enough, the turbulent boundary layer may be reattached to the
wing surface to form a separation bubble. Before the reat-
tached turbulent boundary layer reaches the trailing edge, a
turbulent separation would take place if the flow cannot sus-
tain the strong adverse pressure gradient in the rear portion of
the airfoil. A literature survey indicates that the lift curve hys-
teresis is an important phenomenon.3-5-7 It is clear that the
behavior of the hysteresis phenomenon is related to the exis-
tence of the separation bubble, which is governed by the flow
separation and transition over the wing. Hysteresis is of practi-
cal importance because it will result in producing different
aerodynamic performance such as Ch Cd9 and C//Crf. Mean-
while, it then will substantially affect the static, dynamic, or
aeroelastic stability of the entire vehicle. It could also affect the
recovery from stall and/or spin flight conditions. Therefore, the
successful management of the boundary-layer development in
a low Reynolds number vehicle design is very crucial. It is
suggested to carry out more wind-tunnel tests before this prob-
lem can be appropriately handled, either by theoretical analysis
or numerical computation.8"10

The main goal of this paper is to present the aerodynamic
properties and the flow structure characteristics of a model
with a NACA 633-0.18 airfoil in the transitional Reynolds
number range between 300,000 and 774,000. The measure-
ments will cover the static pressure distributions along the
chordwise direction and the streamwise boundary-layer mean
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Fig. 1 Subsonic wind tunnel.
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velocity profiles associated with the energy spectra of the fluc-
tuating velocities. The corresponding aerodynamic parameters
such as lift and drag coefficients will be determined as well.
Besides, the flow visualization by using smoke wire technique is
also performed in a smoke tunnel to investigate the flow struc-
tures during the separation.

Apparatus and Procedure
The experiment is conducted in an open, in-draft subsonic

wind tunnel, with a 3 x 4 ft test section as shown in Fig. 1. The
nozzle contraction ratio is 9:1, and five fine-mesh screens are
installed in the settling chamber for managing the freestream
turbulence. The velocity in the test section varies between 5 and
35 m/s. The turbulence intensity is about 0.25% within the
operating range. The model is vertically mounted in the test
section and is restricted on both ends with flat plates. It is made
of aluminum alloy, and its cross section is a NACA 633-018
airfoil. The chord of the model is 1 ft, and the span is 2 ft. It is
manufactured to accommodate five pressure taps in the span-
wise direction and 29 taps staggered along the chordwise direc-
tion at the semispan on both faces of the model. The inside
diameter of each tap is less than 1 mm. Flow visualization is
carried out in a smoke tunnel with a 20 x 40 cm test section, as
shown in Fig. 2. Smoke wire technique is used to visualize the
flow separation development over the model by photography
and video tape recording. Seven fine-mesh screens are installed
in the settling chamber. The block diagram of the experimental
setup is shown in Fig. 3. A PDF 11/23 + computer is used as the
control unit along with a data acquisition system ANALOGIC
ANDS 5400. Pressure distributions are obtained through the
scanivalve to transmit the pressure data for digitizing and pro-
cessing to get lift coefficients. A wake rake, made of 130 colin-
ear total pressure tubes 1.5mm in diameter and three
out-of-plane static ports, is placed 1.5ft downstream of the
airfoil trailing edge to measure the drag force by using momen-
tum defect method.11 The total pressure tubes are arranged at
intervals of 4 mm. To measure the boundary-layer mean veloc-
ity profiles along downstream, a flattened total pressure tube
with 0.2 mm opening is used. Information regarding the veloc-
ity fluctuations is taken via a TSI 1050 constant-temperature
hot-wire anemometer. A single hot wire is used as a sensor for
investigating the eddy structures in the recirculating bubble
region. It is mounted on a computer-controlled traversing
mechanism that can be driven in accuracy up to 0.01 mm per
step. The velocity fluctuating signals are directly fed into a
B&K 2032 signal analyzer to obtain the energy spectra.

Results and Discussion
Flow Visualization

Figure 4 shows a sequence of flow visualization photographs
with angle of attack at the Reynolds number of 15,400. The
flow patterns for angles of attack less than 3 deg illustrate that
the flow over the wing seems to keep laminar even after the
maximum thickness point, whereas at higher angle of attack,
due to shear layer instabilities, large-scale vortices are observed
on the upper surface, which are shedded rearward into wake
region. The wake region behind the wing is getting wider when
the angle of attack is increased. At very high angle of attack,
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say 24 deg, the leading-edge separation is clearly revealed.
Since the separation zone extends downward into the wake
region without reattachment, it is a relevant case that the
Reynolds number is in the subcritical range.7 When the
Reynolds number is increased to 55,000, a separation bubble is
significantly observed, as shown in Fig. 5 for some flow pat-
terns. A closed darkened area right adjacent to the upper sur-
face depicts the location of the bubble. It indicates that the
tested Reynolds number is now beyond the subcritical range.
Figure 5a shows the bubble occurrence at zero angle of attack.
It starts about at 50% chord and occupies approximately 30%
chord length. At higher angle of attack (Figs. 5b and 5c), the
bubble moves upstream and shrinks its length. But for the
9 deg angle of attack case (Fig. 5d), the bubble can hardly be
discerned.

Pressure Distributions and Aerodynamic Characteristics
Figure 6 depicts the chordwise distributions of the pressure

coefficient for the upper and the lower surface at the Reynolds
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d) AOA = 9 deg

Fig. 5 Flow patterns for Rec = 55,000.

number of 300,000. It is observed that after the minimum pres-
sure point near the leading edge, the pressure gradient becomes
positive, and then a plateau exists for a distance. The afore-
mentioned laminar separation bubble is manifested by a con-
stant pressure plateau3-4 ranged approximately between 20 to
55% chord at the angle of attack less than 4 deg. The plateau
is shifted toward the leading edge and reduced somewhat in its
apparent length at higher angle. For 12 deg angle-of-attack
case, a short plateau is initiated at about 8% chord with the
length less than 3% chord. The adverse pressure gradient then
goes on until close to the trailing edge of the airfoil. The pres-
sure distribution curves along with the boundary-layer velocity
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Fig. 6 Pressure distributions along the chord.
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Fig. 7 Section lift coefficient curve with angle of attack for
Rec = 300,000.

profiles can be used to estimate the separation bubble profiles.
The details will be discussed later. At 18 deg angle of attack,
the pressure distribution on the upper surface becomes very



132 HSIAO, LIU, AND TANG AIAA JOURNAL

— u.u

Cr -2..0

-1.0

0.0

1.0

2.0

9 f)

0.

-3.0

Cp -2.0

-1.0

0.0

1.0

2.0

3.0

I ««« = 3.0X10'

"" • • ̂  ^ '

-

1 1 1 1 1

00 10.0 20.0 30.
AOA (Degree)

Rec = 7. 7 x 10s

.•••***""
••••••••••** ————————

-

0.00 10.0 20.0 30.0
AOA (Degree)

Fig. 8 Pressure coefficient with angle of attack at trailing edge.

Ci
1.20

t
1.00

0.80

0.60

0.40

0.20

0.00

«oft

X

O : AOA INCREASING
X : AOA DECREASING

10° 20°

AOA (Degree)

30C

1.20

1.00

0.80

0.60

0.40

0.20

0.00

°°oooo

x x

O : AOA INCREASING
X : AOA DECREASING

10C 20C 30°

AOA (Degree)

Fig. 9 Section lift coefficient curve with angle of attack for
Rec= 774,000.

Fig. 10 Section lift coefficient curve with angle of attack for
Rec= 659,000.

flat, where the full stall has just occurred, as compared to the
lift curve as shown in Fig. 7. For investigating the Kutta condi-
tion, a pressure tap is drilled right on the sharp trailing edge,
which is supposed to be a stagnation point. Figure 8 shows the
results of the pressure coefficients at the trailing edge with angle
of attack for the Reynolds numbers of 300,000 and 774,000.
They indicate that there exists a zero crossing at the angle of
attack of 10 deg for both cases. The zero-crossing angle is
about at the angle where the lift curve starts to be nonlinear.
For even higher angle of attack, the pressure coefficient at the
trailing edge becomes more negative and then saturates to a
constant after full stall occurs beyond 18 deg angle of attack.

The section lift coefficient curves, obtained by integrating the
pressure distributions, are plotted in Figs. 7, 9, and 10. The
pressure information is acquired in the process when the
change of the angle of attack is increased up to full stall. The
process is then reversed until the zero deg angle of attack is
reached. Regarding the wind-tunnel wall interference,11 the ac-
tual lift coefficients are required to be corrected by reducing
3% from the measured data. The lift curves appear to be sensi-
tive to the Reynolds number within the operating range. The
value of the lift curve slope at the linear range is about 1.8371
for all cases, which is close to the theoretical value of 2n for a
two-dimensional thin airfoil. The phenomenon of the so-called
hysteresis is not appreciable at the Reynolds number of
774,000, as shown in Fig. 9. But for the case of the Reynolds
number being 659,000, as plotted in Fig. 10, a clockwise hys-
teresis loop is observed. Also, for the case when the Reynolds
number reduces down to 300,000, as shown in Fig. 7, a more
prominent hysteresis loop is presented as well. The occurrence
of the hysteresis loop is explained as follows. For the process in
increasing angle of attack from lower value, a laminar separa-
tion bubble is formed on the upper surface. It then moves
upward and shrinks its size accordingly. Meanwhile, the turbu-
lent separation point keeps moving toward the leading edge.
The stall occurs when the turbulent separation point subse-
quently meets the bubble. At this moment, the bubble is de-
stroyed and the reattachment no longer exists. That is, only the
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leading-edge separation is presented. On the contrary, for de-
creasing angle of attack case from stall, the laminar separation
bubble is not restored immediately. The bubble can only be
reformed at somewhat lower angle of attack where the hys-
teresis loop is closed. Certain researchers3'5'7 have also ob-
tained the similar phenomenon in their different airfoils. In
order to determine section drag coefficient, a wake survey
method is employed. Figures 11 and 12 show a series of wake
defect profiles for the angle of attack lower than 10 deg at
Reynolds numbers of 750,000 and 340,000, respectively. For
the cases of angle of attack higher than 10 deg, the wake survey
method becomes doubtful because an abundant quantity of
large-scale vortices are shedded into the wake region. The sec-
tion drag coefficients for angles of attack less than 10 deg,
measured by this technique, are shown in Fig. 13. The data
reveal that the drag coefficient is quite insensitive within the
operating Reynolds number range. Even compared with the
case12 for the Reynolds number of 5,800,000, the value does
not change too much, except at the lower angles of attack.

Boundary-Layer Velocity Profiles and Separation Bubbles
The boundary-layer mean velocity profiles are obtained by

traversing a flattened 0.2 mm opening total-pressure tube. Fig-
ures 14 and 15 illustrate the boundary-layer developments at
angles of attack of 6 and 10 deg, respectively, for the Reynolds
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number of 300,000. The boundary-layer thickness is defined as
the distance from the wall to the point where the velocity
reaches 99% of its edge velocity. The boundary-layer thickness
with chordwise direction is shown in Fig. 16. It is clear that the
boundary layer is getting thicker with the increase of angle of
attack. By proper choice of the normalization factors, the nor-
malized boundary-layer velocity profiles are replotted and
shown in Figs. 17 and 18. For the 6 deg angle-of-attack case
(Fig. 17), the data seem to be well collapsed into two relevant
branches with 45 to 55% chord as the demarcation zone. That
is, the velocity profiles taken before 45% chord are fitted into
one branch, and those taken after 55% chord are fitted into the
other branch. By checking the velocity gradient of these pro-
files, the two branches may be recognized as a laminar and a
turbulent boundary layer, respectively.11 The reattachment
point is located right between these two branches. However,
for 10 deg angle-of-attack case, the normalized velocity profiles
look more scattered. From the pressure measurement as shown
in Fig. 6, the reattachment point can be estimated to be at
about 15% chord. Based on this, the data plotted in Fig. 18 are
all in turbulent region. This is a reason why the data before
35% chord are fitted into a turbulent branch. But beyond 45%
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Fig. 19 Tripped and untripped pressure distributions along the chord for
angle of attack = 0 deg.
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Fig. 20 Tripped and untripped pressure distributions along the chord for
angle of attack = 2 deg.

chord, the data start to be deviate. It is felt that the turbulent
boundary-layer separation may play an important role in the
flowfield now.

In order to identify the reattachment point, a tripping wire is
employed to trigger the transition and suppress the laminar
separation.13-14 It is suggested3 that the reattachment occurs
when the pressure is nearly equal to the value for the turbulent
boundary layer over the airfoil with no separation bubble
present. By deploying a 1.5 mm diam wire spanning the whole
model around the leading edge, the pressure distributions are
measured to compare with those when untripped. Results are
plotted in Figs. 19-22 for different angles of attack. The solid
line represents the results when the flow is being tripped. For
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the case of zero deg angle of attack in Fig. 19, two sets of data
come across each other at 65% chord. It is then moved to 60%
chord, 55% chord, and 50% chord for the angles of attack of
2, 4, and 6 deg, respectively. It is noted that the reattachment
point is moving toward the leading edge with increasing angle
of attack. By examining the normalized velocity profiles and
pressure distribution curves, the location of reattachment
points are quite consistent with each other.

Because of the flow being reversed inside the bubble, it is
quite ambiguous to determine the separation bubble size if one
directly examines the hot-wire velocity signal alone. LeBlanc et
al.4 suggested a method to estimate the separation bubble
thickness, which stated that the height of the bubble was cho-
sen to be the distance from the wall to the point where the
boundary-layer velocity reaches 30% of its edge velocity. Un-
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attack.

fortunately, it was not justified in their paper. We then examine
the criterion by calculating the possible bubble heights at vari-
ous percents of the edge velocity. The result is indicated in Fig.
23a. Without any further evidence, it is difficult to tell which
one would be the appropriate bubble height. In order to resolve
this ambiguity, the bubble is visualized by smoke wire tech-
nique along with boundary-layer velocity measurement. It is
found that the velocity at the bubble boundary is about 75% of
its edge velocity. This criterion is further reconfirmed by per-
forming the spectral analysis. As one knows, the shear layer
instability waves and the recirculating flow inside the bubble
would contain some significant dominating frequencies. We
then carry out velocity spectral evolution studies along the
transverse direction at the maximum bubble height location,
i.e., 45% chord. In inspecting these spectra as depicted in Fig.
25, there exists no clear frequency peaks, except that the dis-
tance is less than 1.5 mm in which the velocity corresponds to
about 75% of the edge velocity. Having the evidence justified,
the bubble boundary is taken to be at the location where the
velocity equals 75% of the boundary-layer edge velocity. Fig-
ure 23b shows the result of the bubble profiles at various angles
of attack according to the proposed criterion. As may be seen,
the bubble is shifted toward the leading edge with increasing
angle of attack. By observing the pressure coefficient distribu-
tions (Fig. 6) together with the corresponding velocity profiles
(Fig. 14), the results of the bubble length estimation are quite
consistent. For the current airfoil chosen, the bubble length
seems to be elongated at lower angle of attack and then shrunk
at higher angle of attack until the bubble is broken up.
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Fig. 24 Boundary-layer velocity spectra for specific chordwise location
dB = 201og(V/1.0V).

Fluctuating Energy Spectra Evolution
To investigate the flow structures during the presence of the

bubble on the upper surface, the energy spectral analysis of
streamwise velocity fluctuations via Fast Fourier Transform is
carried out to determine the dominant peaks and their energy-
contained developments of eddies.15'16 A single hot wire is tra-
versed along the upper boundary-layer surface of the model to
map out the whole flowfield. The fluctuating velocity signals in
voltage are fed directly into the spectrum analyzer. Some of the
interesting results are shown in Figs. 24 and 25 for 4 deg angle
of attack and 300,000 Reynolds number. It is noted that the
ordinate is expressed in decibels with a reference voltage of 1 V.
Since the main purpose of the spectral analysis is to identify the
dominant frequency peaks of the flow structures, the reference
voltage can be chosen at one's convenience. That is, the pre-
vailing eddies will be presented by the pronounced frequency
peaks. Figures 24a and 24b have the same feature except for
the difference in frequency domain. They depict the energy
spectra evolution of the eddy structures along the chordwise
direction at maximum velocity fluctuations. There exists no
clear peak in the freestream spectrum. But when moving to
15% chord location, a prominent peak of 97 Hz is sprouted
and keeps surviving until reaching the 45% chord. Two more

200. 400. 600. 800. Hz

Fig. 25 Boundary-layer velocity spectra for specific transverse location
at 45% chord dB = 20 log( V/1.0 V).

clear peaks of 32 and 153 Hz are also manifested at 35% chord
and at 45% chord as well. However, at 55% chord, all of the
above peaks vanish and an even higher peak, 634 Hz, appears.
But when moving further toward the trailing edge, the peak
then fades away. As discussed before, we have determined that
for the same condition the reattachment point is located
around 55% chord. Comparison with the present spectra re-
sults suggests that the existence of the dominant peaks evi-
dently is related to the presence of the separation bubble. In
particular, these low-frequency eddies that prevailed from 15 to
35% chord are associated with the relatively slow-moving por-
tion of the separation bubble which occupies before the transi-
tion, as noted by O'Meara and Mueller.17 Also, the
high-frequency eddies after 45% chord are subjected to the rear
portion of the bubble where the flow approaches the reattach-
ment and will be more turbulent. Figure 25 presents the spec-
tral development in the transverse direction at 45% chord
where the bubble height is maximum (Fig. 23a). The same
feature of low-frequency peaks are observed inside the bubble
under the height of 0.6 mm. Another prevailing high-frequency
peak, 320 Hz, takes place right beyond that height. It seems
that the peak frequency is somehow related to the peak of
630 Hz, as discussed in Fig. 24. Meanwhile, there exists no
prominent peak in the spectrum above 1.5 mm. In association
with the boundary-layer profiles measurement as mentioned
earlier, this substantiates the criterion for describing the bubble
profile.
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Concluding Remarks
For the NACA 633-018 airfoil investigated, the separation

bubble is significant when present by flow visualization at the
Reynolds number of 55,000, which is beyond the subcritical
range. The bubble profile is further studied by performing the
measurements of pressure distributions, boundary-layer veloc-
ity profiles, spectral analysis of fluctuating velocity, and reat-
tachment point identification via the application of tripping
technique in the Reynolds number range from 300,000 to
774,000. Results deduced from these different sources are quite
consistent for describing the bubble properties. A criterion for
determining the bubble height is proposed to be at the location
where the boundary layer reaches 75% of its edge velocity.
Moreover, the length of the bubble is subjected to the Reynolds
number and the angle of attack. For the model tested, the
bubble length increases with angle of attack up to 6 deg and
then decreases with increasing angle of attack until the bubble
vanishes.

The velocity spectra surveying around the bubble not only
approves the criterion for describing the bubble profile but also
suggests the existence of the prevailing eddies, especially inside
the bubble. However, the front portion of the bubble moves
slower since it contains relatively lower frequency peaks com-
pared with the rear portion of the bubble.

The hysteresis phenomenon in the section lift curves with
angle of attack is clearly observed and sensitive to the Reynolds
number. Its loop size becomes smaller with the increase of the
Reynolds number, whereas the loop has disappeared at the
Reynolds number of 774,000. The drag coefficient obtained
from the wake rake measurement seems to be insensitive in the
operating Reynolds number range.
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