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Abbreviations: c, chord length [mm]; CD, drag coefficient; CL, 
lift coefficient; D, drag [N]; L, lift [N]; Re, Reynolds number; α, angle 
of attack [degree]

Introduction
The aerodynamic performance of low-Reynolds number airfoils 

in chord Reynolds numbers (Re) less than 105 is important for various 
engineering applications, such as micro air vehicles, unmanned air 
vehicles, and low-speed/high-altitude aircrafts.1 Recently, a new 
application for low-Reynolds-number aircraft has emerged to enable 
aerial exploration on Mars; this so-called Mars airplane has been 
considered and discussed for a several years in Japan.2–5 A Japanese 
research group has already developed the first prototype for the Mars 
airplane with a fixed wing, which performed a high-altitude flight-
demonstration test in 2016.6 

In such a low-Reynolds-number range, the formation and bursting 
of separation bubbles occur on the wing surface. This type of physical 
phenomenon strongly depends on airfoil shape, Reynolds number, 
and angle of attack, and causes non-linear lift curves as well as 
influences the Reynolds number effect on aerodynamic performance.7 
Therefore, aerodynamic predictions based on physical properties are 
essential for high-performance wing design of low-Reynolds number 
aircrafts. The behavior of separation bubbles on representative 
symmetric airfoils, such as NACA0012 airfoil8,9 and flat plate,10–12 
has been well investigated. More practical asymmetric airfoils with 
aerodynamic characteristics have also been reported, including Selig-
Donovan (SD) 7003 airfoil13 and Ishii airfoil.14 These two airfoils have 
relatively high lift-to-drag (L/D) ratios below Re = 70,000 where the 
low-Reynolds-number effect becomes pronounced15 and are known 
as high-performance airfoils at low-Reynolds numbers. In particular, 
Ishii airfoil is considered a likely main-wing airfoil candidate for 
the Japanese Mars airplane due to its high L/D around the cruising 
Reynolds number of 23,000. Aono et al.,16 compared the aerodynamic 
characteristics of these two airfoils at Re = 23,000 via large-eddy 
simulations. The results revealed that the airfoil shape of the upper 
surface dominates both the formation of laminar separation bubbles 
and the transition to turbulence around the airfoil. Moreover, the 
lower surface of the airfoil shape does not significantly affect the flow 

structure around the airfoil because the attached flow is commonly 
maintained on the lower surface. Although aerodynamic characteristics 
and flowfields around the airfoils at the specific Reynolds numbers 
have been studied, knowledge is still lacking about how the Reynolds 
number affects aerodynamic characteristics. Since low-Reynolds 
number aircrafts such as the Mars airplane fly at various altitudes and 
speeds, it is necessary to reveal how changes in the Reynolds number 
impact aerodynamic performance, especially lift characteristics. This 
study investigates the Reynolds number effect on the lift and drag 
characteristics of Ishii and SD7003 airfoils. In the flight sequence 
assumed for the Japanese Mars airplane, a Reynolds number less 
than 23,000 is a transitive condition. Thus, the Reynolds number was 
changed from 23,000 to 60,000. Additionally, the flowfield around the 
airfoils were visualized by employing the smoke-wire method at Re 
= 23,000.

Experimental setup and conditions
Test model

The geometries of Ishii and SD7003 airfoils are presented in Figure 
1, and their features are tabulated in Table 1. The coordinate data for 
the Ishii airfoil is given.14 Although the location of the maximum 
thickness hardly changes, the thickness of SD7003 is slightly larger 
than that of Ishii. Further, there is no large difference in the geometry 
of the upper surface; however, the difference in the lower surface 
shape becomes noticeable, especially around the position x/c = 
0.4–0.6, where the under camber of the Ishii airfoil is strong, which 
makes the camber of the Ishii airfoil larger than that of SD7003. Both 
airfoils have a small leading edge radius, which is consistent with the 
shape features of the high-performance low-Reynolds number airfoil 
proposed by Schmitz.17,18 

Both test models are made of high-transmission stereolithography 
resins. The chord and span lengths of the test models are 80 mm and 
180 mm, respectively.

Aerodynamic force measurement and flow 
visualization

We conducted a series of experiments using an open-circuit low-
speed wind tunnel at Kyushu University. Four screens and a honeycomb 
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Abstract

In the low-Reynolds-number range below Re = 60,000, SD7003 and Ishii airfoils are known 
as high-performance low-Reynolds-number airfoils with a relatively high lift-to-drag 
ratios. Although the aerodynamic characteristics at particular Reynolds numbers have been 
thoroughly studied, research is lacking on how Reynolds numbers affect the aerodynamic 
characteristics that become pronounced for general low-Reynolds-number airfoils. This 
study investigates the Reynolds number dependence on the aerodynamic performance of 
these two airfoils. The results demonstrate that the Ishii airfoil is particularly less dependent 
on the Reynolds number of the lift curve compared to the SD7003 airfoil. Although there is 
a slight difference in the high angles of attack above the maximum lift coefficient, the lift 
slope hardly changes, even when the Reynolds number varies.
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were installed upstream of the contraction section for turbulence 
reduction, and the contraction ratio was 1/8. The turbulence intensity 
at the test section center was approximately 0.3% at 5.0 m/s. Figure 2 
displays the full experimental setup. The rectangular cross-section of 
the test section measured 180 mm ×360mm, and the test section was 
covered on all sides with acrylic sidewalls. The test model was installed 
perpendicular to the ground and connected to a three-component 
micro-force balance system (LMC-3501-5N, NISSHOELECTRIC-
WORKS) to perform aerodynamic force measurements. Each related 
load of the balance system was 5 N for both the lift and drag forces 
and 0.5 Nm for the momentum. Since the lift and drag forces were 
calibrated beforehand using standard weights, the uncertain accuracy 
of the aerodynamic force measurements is estimated to be 0.2%. 
Regarding the gap between the sidewall and the model tip, Rae et 
al.,19 express that the gap should be less than 0.5% of the span length. 
Meanwhile, Burns et al.,20 indicate that gap sizes ranging from 0.1 to 
1.4mm are usually acceptable and do not affect aerodynamic force 
measurements. Based on these results, the gap was adjusted to 0.5mm. 
Flow visualizations around the airfoils were conducted with the same 
test-model setup for the aerodynamic force measurements using a 
smoke-wire technique. Two nichrome wires with 0.1-mm diameters 
coated in liquid paraffin were horizontally installed at the inlet of the 
test section and heated by passing an electrical current from a volt 
slider (S-130-10, YAMABISHI ELECTRICS) to generate smoke. 
A green laser with 2W output (SDL-532-2000T, Scitec Instruments 
Ltd.) was used as a light source. The smoke-line was then recorded 
using a high-speed video camera (Miro C110, Phantom). 

Figure 1 Airfoil shape (Red line: Ishii airfoil, Black line: SD7003 airfoil).

Figure 2 Experimental setup.

Table 1 Geometric features of airfoils

  Maximum 
thickness (%)

Location (x/c) 
of Maximum 
thickness

Maximum 
camber (%)

Ishii airfoil 7.1 0.25 2.3

SD7003 
airfoil 8.5 0.24 1.5

Experimental conditions

The aerodynamic force measurements were performed in the 
chord-based Reynolds number range from 23,000 to 60,000. The angle 
of attack (α) was changed from α = −10° to 15° in 1° increments. The 
flow visualization was performed only at positive angles of attack at 
Re = 23,000 on the upper and lower surfaces, respectively. The frame 
rate of the high-speed video camera was 400 frames per second with 
an exposure time of 2,400 αs. Accordingly, the image resolution of the 
camera was 1280×1024 pixels.

Results and discussion
Aerodynamic characteristics and flow field at Re 
=23,000

Figure 3 illustrates a comparison of the lift coefficients, drag 
coefficients, and lift-to-drag ratios (L/D) between the SD7003 and 
Ishii airfoil at Re = 23,000. There is almost no difference in the lift 
curves from α = −2° to 4°. The two curves share common features, 
such as the obvious non-linearity at α = 4° and maximum lift angle 
of attack around α = 8°. However, the difference in lift characteristics 
at both negative and high angles of attack is observed. In particular, 
the maximum lift coefficient (CL max) is 0.75 for SD7003, while that of 
Ishii airfoil is 0.90. While drag coefficients for the SD7003 airfoil at 
negative angles of attack are smaller, those of Ishii airfoils are smaller 
at positive angles of attack. These results mean that the L/D of the Ishii 
airfoil is much larger than that of SD7003 at positive angles of attack, 
and the maximum L/D (L/Dmax) of the Ishii airfoil is approximately 
1.4 times that of SD7003. Compared with the CFD results by Aono 
et al.,16 our results are reasonable. Therefore, it can be concluded that 
the lift and drag characteristics of the Ishii airfoil at Re =23,000 are 
superior to those of SD7003. 

Figures 4 & 5 exhibit the visualization results of the SD7003 
and Ishii airfoils at Re =23,000, respectively. Meanwhile, the 
separation and reattachment points on the upper surface based on 
the visualization results are plotted in Figure 6. In the flowfields of 
the SD7003 airfoil pictured in Figure 4, the trailing edge separation 
occurs at low angles of attack, and the separation point gradually 
moves upstream as the angle of attack increases. The separated shear 
layer rolls up and starts to form a span-wise vortex in the vicinity 
of the trailing edge at α = 3°, which is associated with a laminar to 
turbulent transition of the separated shear layer. The separated shear 
layer reattaches to the upper surface, and a separation bubble forms 
between separation and reattachment points at α = 4°. This separation 
bubble gently moves upstream as the angle of attack increases up to 
α = 8°. Since the forward flow due to the reattachment on the upper 
surface could not be observed at α = 9°, we judged that a leading edge 
separation occurs. The flow attaches to the lower surface at all angles 
of attack. As depicted in Figures 5 & 6, the flowfield on the upper 
surface of the Ishii airfoil is almost the same as that of SD7003 shown 
in Figure 4. Despite these similar flowfields, there is a clear difference 
in aerodynamic performance, especially at high angles of attack 
exceeding α = 5°. This discrepancy can be attributed to the difference 
in pressure distribution on the lower surface, which is caused by the 
different airfoil shape of the lower surface.16

Reynolds number dependence on aerodynamic 
performance

The aerodynamic performance of the SD7003 and Ishii airfoils 
from Re = 23,000 to Re = 60,000 are presented in Figures 7 & 8, 
respectively. Concerning the SD7003 airfoil in Figure7, the angle of 
attack at which the non-linear lift increase becomes smaller as the 
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Reynolds number increases, and the CLmax increases. The drag curve 
exhibits a significant Reynolds number dependence, especially at 
positive angles of attack. 

On the other hand, the lift and drag curves of the Ishii airfoil in 
Figure 8 exhibit a smaller Reynolds number effect than those of 
SD7003. There is minimal Reynolds number dependence on the lift 
curve, while a slight difference at high angles of attack above the 
maximum lift angles of attack is found. In terms of design for the flight 
control system, an airfoil with low-Reynolds-number dependence 
under various flight altitudes and cruising speeds is desirable. Thus, a 
lift curve without Reynolds number dependence is an excellent feature 
scarcely reported in the past studies for low-Reynolds-number airfoils. 
Schmitz17,18 proposed to fix the separation point by implementing a 
sharp leading edge that can reduce the Reynolds number dependence 
on the lift curve. In fact, the experimental results reported by Anyoji 
et al.,10 reveal that a flat plate with a blunt leading edge has a lift curve 
with low-Reynolds-number dependence below Re = 40,000. However, 

when the separation point is fixed at the leading edge, as in the case 
of a flat plate, the pressure drag increases. Therefore, the total drag 
increases and a high L/D ratio cannot be obtained. For the Ishii airfoil 
with a rounded leading edge, as shown in Figure 6, e the separation 
point stays upstream of the maximum thickness point (x/c = 0.25) and 
does not move significantly compared to that of the SD7003 airfoil 
when the separation bubble is formed even if the angle of attack varies. 
We deduce that this may reduce the Reynolds number effect on the lift 
curve as a function similar to that of the flat plate. It is considered 
that the slight difference in the upper surface shape near the leading 
edge between the SD7003 and Ishii airfoils is highly sensitive to the 
Reynolds number dependence on aerodynamic performance. The drag 
coefficients have almost no asymmetry at positive and negative angles 
of attack and gradually decrease with increasing Reynolds numbers. 
The L/Dmax of the Ishii airfoil is also higher than that of SD7003 at all 
Reynolds numbers. Hence, it can be interpreted that the Ishii airfoil 
with low-Reynolds-number dependence is not only easy to handle, 
but also has high aerodynamic performance.

                    (a)Lift	                                                 (b) Drag                                                                      (c) Lift/Drag

Figure 3 Comparison of aerodynamic performance at Re =23,000.

                           (a)α = 0 deg 			                          (b) α = 3 deg 			                       (c) α = 4 deg

                          (d)α = 6 deg 			               (e) α = 8 deg 			                         (f) α = 9 deg

Figure 4 Flowfield around SD7003 airfoil (Re = 23,000).
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                              (a)α = 0 deg                                                                    (b) α = 3 deg                                                              (c) α = 4 deg

                              (d)α = 5 deg                                                             (e) α = 8 deg                                                      (f) α = 9 deg

Figure 5 Flowfield around Ishii airfoil (Re = 23,000).

                                                      (a) SD7003 airfoil 				    (b) Ishii Airfoil

Figure 6 Location of separation and reattachment points.

                                 (a)Lift			    		  (b) Drag 			                           (c) Lift/Drag

Figure 7 Reynolds number dependence on aerodynamic characteristics of sd7003 airfoil.
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                                   (a)Lift	  				    (b) Drag				     (c) Lift/Drag

Figure 8 Reynolds number dependence on aerodynamic characteristics of Ishii airfoil.

Conclusion 
In this study, we performed aerodynamic measurements and flow 

visualizations at low-Reynolds numbers (Re = 23,000–60,000) to 
investigate how the Reynolds number influences the lift and drag 
characteristics of two high-performance low-Reynolds-number 
airfoils, Ishii and SD7003. The Ishii airfoil not only has higher 
aerodynamic performance than SD7003 at all Reynolds numbers, 
but also has low-Reynolds-number dependence on the lift curve. 
The visualization results at Re = 23,000 indicate that the separation 
point stays upstream of the maximum thickness point and does not 
drastically move when the separation bubble is formed even if the 
angle of attack varies. That is, the Ishii airfoil with a rounded leading 
edge radius can fix near the leading edge in the same way as a flat 
plate with a blunt leading edge. Thus, in the range of Re = 23,000–
60,000, Ishii airfoil is a high-performance airfoil that is easy to handle 
for a Mars airplane or other low-Reynolds-number aircrafts. 
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