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ABSTRACT 

We have been requiring more precise knowledge about 

the aerodynamic characteristics of airfoils especially in a 

low-Reynolds-number range less than 10
6
, because of the 

recent miniaturisation of robots such as unmanned aerial 

vehicles known as UAVs or micro air vehicles known as 

MAVs, in addition to the importance of insect/bird flight 

dynamics, small-scale machines like micro fluid 

machineries and micro combustion engines and so on. In 

the present studys we investigate the relationship between 

various aerodynamic characteristics and attack angle α for 

FP (a flat plate), NACA0015 and iNACA0015 (the 

NACA0015 placed back to front) by numerical analysis 

and water-tank experiment at Re = 1.010
2
  8.010

2
. 

Then, we reveal the effects of α upon various aerodynamic 

characteristics such as the lift coefficient CL, drag 

coefficient CD and the lift-to-drag ratio CL/CD. In order to 

discuss the revealed α effects, we further visualise the 

flow around the airfoils using the Q value, helicity and 

streamlines at α = 0 – 24 deg., together with PIV analysis 

based on water-tank experiment. Such results suggest that 

FP is similar not with NACA0015 but with iNACA0015 

from an aerodynamic point of view. 
 
INTRODUCTION 

The airfoil is one of the most elemental devices for 
flying/swimming robots to control flow and its reacting 
force, which determines robots’ basic performances. 
However, the aerodynamic characteristics of the airfoil 
have been researched mainly in a high Reynolds-number 
range more than 10

6
, in a historic context closely related 

with the developments of airplanes and high-speed fluid 
machineries in the last century.

(1) - (4) 

On the other hand, we have been requiring more 
precise knowledge about the aerodynamic characteristics 
of the airfoil especially in a low Reynolds-number range 
less than 10

6
, because of the recent miniaturisation of 

robots such as unmanned aerial vehicles known as UAVs 
or micro air vehicles known as MAVs

(5), (6)
, in addition to 

the importance of insect/bird flight dynamics, small-scale 
machines like micro fluid machineries and micro 
combustion engines and so on. 

Concerning the aerodynamic characteristics at low 
Reynolds numbers, there have been several studies

(7) - (26)
. 

However, in such a low Reynolds number range, our 
knowledge has not been enough yet, due to the laminar-to-
turbulent transition with strong nonlinearity which brings 

us some technical difficulties in the accuracies of analyses, 
computations and experiments. 

In the present study, we investigate the relationship 

between various aerodynamic characteristics and attack 

angle α for a flat plate, NACA0015 and iNACA0015 (the 

NACA0015 placed back to front) by numerical analyses 

and water-tank experiments at Re = 1.010
2
  8.010

2
.  

 

METHOD 

Models  

Figure 1 shows the present models. They are three 

kinds of two-dimensional airfoils, namely, a flat plate 

(hereinafter, refered to as FP), NACA0015 as a typical 

high-performance airfoil at high Re and iNACA0015 

which is the NACA0015 placed back to front. 

 

Computational procedure 

In many actual situations, most of the flow at Re < 10
6
 

could be usually regarded as incompressible. So, we 

suppose the incompressible full Navier-Stokes equations 

in three dimensions. We approximately solve the 

equations by a finite-difference method using the MAC 

scheme as velocity-and-pressure coupling, a third-order-

upwind difference scheme in spatial discretisation of 

convective terms, a second-order-central difference 

scheme in spatial discretisation of the other terms and the 

Euler explicit scheme in a time marching. 

As a spatial grid, we use a staggered grid as shown in 

Fig. 2, which is a boundary-fitted one with a generalised 

coordinate system (ξ, η). Here, ξ and η represent a 

tangential and normal coordinates with respect to the 

airfoil surface, respectively. The boundary condition on 

the airfoil surface is viscid. On the outer boundaries of the 

computational domain, we suppose the Dirichlet condition 

as u = 1, v = 0 and w = 0. Span s of both model and grid 

in the z direction is usually equal to the chord c. And, we 

suppose the periodic boundary condition at both the end of 

span. We proceed with the time-manching computations, 

during which we monitor both the values of CD and CL, to 

judge whether the total computation time is enough or not 

for fully-saturated conditions． 
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Experimental procedure  
The present experimental apparatus consists of a water 

tank, a model (a cylinder with an airfoil cross section), a 

bogie, a slide projector and a camera. We carry out flow 

visualization around the model. The model is attached to 

the towing bogie which horizontally moves at a constant 

speed. In the present experiment, we examine only FP. 

Visualised planes are both (1) the plane perpendicular 

to the model and (2) the plane perpendicular to the 

mainstream. And in the present report, we will show the 

former. Figure 3 shows the experimental apparatus for the 

former, namely the flow visualization on an airfoil’s 

cross-section plane. 

 

RESULTS AND DISCUSSION 
Velocity vectors obtained by experiment 

Figs. 4  6 show the PIV-analysed images which are  
created from the movies taken in experiment for FP. All 
the images are flow-velocity vectors on a plane 
perpendicular to the model’s axis at its centre span. Figs. 4, 
5 and 6 indicate at Re = 1.010

2
, 4.010

2 
and 8.010

2
, 

respectively. In panels (a) and (b) in each figure are at α = 
4 deg. and 24 deg., respectively. The magnitude of flow-
velocity vector corresponds to the vector’s length, and a 
legend is shown on the right side of each panel.  

The following facts can be seen from these figures. 
First of all, at all Re’s, when α = 4 deg., the flow around 
the airfoil is almost uniform. That is, flow separation does 
not occur within the range of Re ≤ 8.010

2
 at α ≤ 4 deg. 

for FP. Next, when α = 24 deg., the wake of the airfoil is 
far from uniform at all Re’s. More specifically, flow 
separation occurs near the leading edge of the airfoil, and 
it often, but not always, leads to the transition to the 
unsteady flow where the separated shear layer is cyclically 
formed into vortices traveling downstream above the 
airfoil. In the present study, flow is always unsteady at all 
Re’s atα = 24 deg. So, we should note that the flow at α = 
24 deg. depends upon time. And such instantaneous 
images as Figs. 4(b), 5(b) and 6(b) are affected by time.  

 
Velocity vectors obtained by computation 

Figs. 7  9 show the velocity vectors obtained by 
computation, as well as Figs. 4  6 by experiment. All the 
images are flow-velocity vectors on a plane perpendicular 
to the model’s axis at its centre span. Figs. 7, 8 and 9 
indicate at Re = 1.010

2
, 4.010

2 
and 8.010

2
, respectively. 

In panels (a) and (b) in each figure are at α = 4 deg. and 
24 deg., respectively. The magnitude of flow-velocity 
vector corresponds to the vector’s length, and a legend is 
shown on the right side of each panel. The colour of each 
velocity vectors denotes the value of x-component 
velocity u as shown by the legend on the upper left hand. 

The following facts can be seen from these figures. 
First of all, at all Re’s, when α = 4 deg., the flow around 
the airfoil is almost uniform. That is, flow separation does 
not occur within the range of Re ≤ 8.010

2
 at α ≤ 4 deg. 

for FP. Next, when α = 24 deg., the wake of the airfoil is 
far from uniform at all Re’s. More specifically, flow 
separation occurs near the leading edge of the airfoil, and 
it often, but not always, leads to the transition to the 
unsteady flow where the separated shear layer is cyclically 
formed into vortices traveling downstream above the 
airfoil. In the present study, flow is always unsteady at all 
Re’s atα = 24 deg. So, we should note that the flow at α = 

24 deg. depends upon time. And such instantaneous 
images as Figs. 4(b), 5(b) and 6(b) are affected by time.  

 
Comparison between experiment and computation 
    Comparing such experiments as Figs. 4  6 with such 
computations as Figs. 7  9, you can find many 
similarities. One of the similarities is in spatial structure of 
flow. Specifically speaking in both the experiment and the 
computation, the flow at α = 4 deg. is almost uniform. On 
the other hand,  α = 24 deg., there always exist the flow 
separation at a leading edge, the cyclical vortex 
formations from the separated shear layer, and the 
downstream traveling of the formed vortices. Then, the 
experiment and the computation well coincide each other, 
qualitatively and consistently.  

 

 
Figure 1. Models: two-dimensional airfoils. 

 
Figure 2. Coordinate system for computational grid. 

 
 

 
 
 
 
 
 
 
 
 

 
 

 
 

 
Figure 3. Experimental apparatus for flow visualization on 

an airfoil’s cross-section plane. 
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Aerodynamic characteristics at Re = 1.010
2
 

Fig. 10 shows one of the aerodynamic characteristics; 

namely, the lift-to-drag ration the relationship of CL/CD with 

respect to the angle of attack α for three kinds of airfoils at 

Re = 1.010
2
. 

For all the airfoils, we can see that CL/CD increases, as α 

increases from zero. The increase is not monotonical, but 

ceases at α ≈ 4 deg. And at α ≥ 4 deg., CL/CD decreases with 

increasing α inreverse. From practical viewpoint, FP is the 

most excellent at Re = 1.010
2
 due to the large CL/CD. In 

addition, If we compare with the present results with Taira 

et al. 
(21) 

 and Sun & Boyd 
(15) 

 , we can confirm qualitative 

and quantitative agreement. 

 

Aerodynamic characteristics at Re = 4.010
2
 

Fig. 11 shows the relationship of CL/CD with respect to 

α of the three kinds of airfoils at Re = 4.010
2
. For both FP 

and iNACA0015, a clear peak of CL/CD appears at α ≈ 10 

deg. In contrast, for NACA0015, CL/CD monotonically and 

gradually increases with increasing α at α ≤ 20 deg. And, 

CL/CD decreases an α ≥ 20 deg. Then, CL/CD attains the 

maximum at α ≈ 20 deg. From a practical point of view, FP 

is the most excellent at Re = 1.010
2
 due to the large CL/CD. 

 

Aerodynamic characteristics at Re = 8.010
2
 

Fig. 12 shows the relationship of CL/CD with respect to 

α of the three kinds of wings at Re = 8.010
2
. For both FP 

and iNACA0015, a peak of CL/CD appears at α ≈ 10 deg. In 

contrast, in NACA0015, it gradually increases by α ≤ 20 

deg. 

   
                       (a) At α = 4 deg.     1.0U∞ 

 

     
(b) At α = 24 deg.         1.0U∞ 

Figure 4. Velocity vectors for FP at Re = 1.010
2
 by 

experiment. 

    
(a) At α = 4 deg.           1.0U∞ 

 

    
(b) At α = 24 deg.       1.0U∞ 

Figure 5. Velocity vectors for FP at Re = 4.010
2
 by 

experiment. 

 

 

 

     
(a)At α = 4 deg.        1.0U∞ 

 

    
(b) At α = 24 deg.      1.0U∞ 

Figure 6. Velocity vectors for FP at Re = 8.010
2
 by 

experiment. 
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And decreases with α ≥ 20 deg. In addition, peaks for 

FP is smaller than that for iNACA0015. Moreover, it can be 

seen that at Re = 8.010
2
, sharp leading edges of airfoil 

cause large peak’s value of CL/CD. From a practical point of 

view, we can conclude that FP is superior due to large 

CL/CD in such a low Re region. On the other hand, 

NACA0015 shows superior aerodynamic characteristics on 

controllability with small stall feature to other two airfoils, 

although CL/CD is not large.  

 

Classification of flow 

Fig. 13 shows the velocity vectors at Re = 8.010
2
 and 

α = 10 deg. for FP obtained by computation. From this 

figure and Fig. 9, the following can be seen. At Re = 

8.010
2
 andα ≤ 4 deg., that is steady, and at Re = 8.010

2
 

andα≥ 4 deg., flow becomes unsteady. 

Fig. 14 shows perspective views of flow around the FP 

at Re = 8.010
2
. More specifically, they are isosurfaces 

with QC
2
/U∞

2
 = 3.0, on which the colour of the surfaces 

denotes the value of relative helicity HR as shown by the 

legend on the upper right hand.Panels (a), (b) and (c) are 

at α = 4 deg., 10 deg. and 24 deg., respectively.  

At α = 4 deg. and 10 deg., Q is uniform span wise. 

This uniformity suggests a two-dimensionality of flow. On 

the other hand, at α = 24 deg., the Q is not uniform span 

wise. Then, flow is three-dimension.  

From the above, we classify flow into three groups; 

namely, (1) steady and two dimensional, (2) unsteady 

(periodic) and two dimensional, (3) unsteady and three 

dimensional (periodic with random noise). 

       
(a) At α = 4 deg.       1.0U∞ 

 

  
(b) At α = 24 deg.        1.0U∞ 

Figure 7. Velocity vectors for FP with s/c = 1.0 at Re = 

1.010
2
 by computation. The colour of each velocity 

vectors denotes the value of x-component velocity u as 

shown by the legend on the upper left hand. 

 

  
(a) At α = 4 deg.      1.0U∞ 

   
(a) At α = 24 deg.       1.0U∞ 

Figure 8. Velocity vectors for FP with s/c = 1.0 at Re = 

4.010
2
 by computation. The colour of each velocity 

vectors denotes the value of x-component velocity u as 

shown by the legend on the upper left hand. 

 

  
(a) At α = 4 deg.       1.0U∞ 

 

  
(a) At α = 24 deg.        1.0U∞ 

Figure 9. Velocity vectors for FP with s/c = 1.0 at Re = 

8.010
2
 by computation. The colour of each velocity 

vectors denotes the value of x-component velocity u as 

shown by the legend on the upper left hand. 

 

-1 
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Figure 10. Aerodynamic characteristics: lift-to-drag ratio 

CL/CD versus attack angle α at Re = 1.010
2
. ×, 3D 

computation by Taira et al. 
 (21) 

 (for FP with AR = 2 and t/c 

= 0.037 at Re = 1.010
2
 with a grid size of 20088128).  

●, Experiment by Taira et al.  
(21) 

(for FP with AR = 2 and 

t/c = 0.037 at Re = 1.010
2
). ×, 2D computation by Sun & 

Boyd 
 (15) 

 (for FP with t/c = 0.05 at Re = 1.35710
2
 and 

Ma = 0.2). 

 
Figure 11.  Aerodynamic characteristics: lift-to-drag ratio 

CL/CD versus attack angle α at Re = 4.010
2
. × , 3D 

computation by Taira et al. 
 (21) 

 (for FP with AR = 2 and t/c 

= 0.037 at Re = 3.010
2
 with a grid size of 20088128). 

 
Figure 12. Aerodynamic characteristics: lift-to-drag ratio 

CL/CD versus attack angle α at Re = 8.010
2
. 

Influence of Cross-sectional geometry upon flow 

For the other airfoils, it is possible for the flow to be 

classified into the three groups in the ranges of Re = 

1.010
2
  8.010

2
 and α = 4 - 24 deg. Fig. 15 summaries 

the results. That is, the figure denotes the stability diagram 

on the Re-α plane. Panels (a), (b) and (c) are for FP, 

NACA0015 and iNACA0015, respectively.  

First, we look at FP (Fig. 15(a)). As Re or α increases, 

the flow becomes from the group(1) to the group(2) and 

finally to the group(3); namely, from steady to unsteady 

and from two-dimensional to three-dimensional. This 

transitional feature is the same for NACA0015 (Fig. 

15(b)) and iNACA0015 (Fig. 15(c)). To be strict, panel,(a) 

and (c) coincide with each other, and are slightly different 

from panel (b). We can confirm this from the comparison 

among Figs.10  12, qualitatively and quantitatively. 

The similarity between FP and iNACA0015 could 

suggest the importance of shape leading edges of airfoils. 

In other words, in this Re region, it is considered that the 

airfoil’s geometry with a sharp leading edges contributes 

to the improvement aerodynamic. 

 Next we look at the transition from steady to unsteady.  

If we remind the maximum CL/CD shown in Fig. 10 - 12., 

the boundary of transition can be seen to correspond to the 

maximum value of CL/CD. 

 

Appendix: the effect of span upon computation 

     In computation, we assume the periodic boundary 

condition at both the ends model’s span. Fig. 16 shows 

Iso-Q surfaces with QC
2
/U∞

2  
= 3.0 by computation for 

NACA0015 at Re = 8.010
2
 and α = 18 deg. The colour of 

the surfaces denotes the value of relative helicity HR as 

shown by the legend on the upper right hand. Panels (a) 

(b) are almost the same with each other. Then, we can 

see that s is enough long for accurate computation. 

 

 

 
Figure 13. Velocity vectors for FP with s/c = 1.0 at Re = 
8.010

2
 and α = 10 deg. by computation. The colour of 

each velocity vectors denotes the value of x-component 
velocity u as shown by the legend on the upper left hand. 
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(a) At α = 4 deg. 

 

 
(b) At α = 10 deg. 

 

 
(c) At α = 24 deg. 

Figure 14. Iso-Q surfaces with QC
2
/U∞

2
 = 3.0 by 

computation for FP with s/c = 1.0 at Re = 8.010
2
 and 

α = 4 – 24 deg. The colour of the surfaces denotes the 

value of relative helicity HR as shown by the legend 

on the upper right hand. 

 

 

 

 

 

 

 

 

 

 

 

 
(a) For FP 

 

 

 
(b) For NACA0015 

 

 

 
(c) For iNACA0015 

 

Fig.15 Stability diagram on the Re-α plane. ■，
Two-dimensional and steady; ◆， 

two-dimensional and unsteady (periodic); ▲，
three-dimensional and unsteady (periodic with 

random noise). 

 

 

 

CONCLUSION 
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We have investigated the relationship between various 

aerodynamic characteristics and attack angle α for flat 

plate, NACA0015 and iNACA0015 (the NACA0015 

placed back to front) by numerical analysis and water  

tank experiment at Re = 1.010
2
  8.010

2
. Then, we 

investigate the effects of attack angle α upon various 

aerodynamic characteristics such as the lift coefficient CL, 

drag coefficient CD and the lift-to-drag ratio CL/CD. In 

order to discuss the revealed α effects, we visualise the 

flow around the airfoils using the Q value, the helicity, 

streamlines distributions around the airfoils at α = 0 – 24 

deg., together with PIV analysis based on water  tank 

experiment. The main results are as follows (1)The 

velocity vector obtained from the experimental results 

matches the streamline obtained by numerical 

analysis.(2)At Re = 1.010
2
  8.010

2
, the flat plate 

always showed excellent aerodynamic characteristics. In 

addition, wing with a sharp leading edge such as FP and 

iNACA0015 show good wing characteristics in low 

Reynolds number region.(3)The attack angle at which the 

lift to drag ratio attains the maximum corresponds to the 

transition from steady state to unsteady (periodic) state. 

(4)FP is similar not with NACA0015 but with 

iNACA0015 from an aerodynamic point of view. 

 

 
(a)With s/c = 1.0 

 

 

 
(b)With s/c = 3.9 

Figure 16. Iso-Q surfaces with QC
2
/U∞

2  
= 3.0 by 

computation for NACA0015 at Re = 8.010
2
 and α = 

18 deg. The colour of the surfaces denotes the value 

of relative helicity HR as shown by the legend on the 

upper right hand. 
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