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Abstract 
 
The flow transition over the airfoil at low Reynolds number influences its aerodynamic performance; hence this is being studied by many 
researchers in the recent times. One of the important factors affecting flow transition is the turbulence intensity of the oncoming flow that 
has not been well addressed. Here a systematic study on a few of Low Reynolds number airfoils is made though viscous- inviscid inter-
action code XFLR to understand the sensitivity of the inlet turbulence on the flow transition. The analyses with XFLR5 code were made 
at three Reynolds number and three different turbulent intensity values. The analysis brings out clearly the sensitivity of the flow to tur-

bulent intensity. The reason for the drag increase and scatter in the experimental data has been investigated which is seen in case of E387 
airfoil for Reynolds number below 100,000. 
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1. Introduction 

Chord based Reynolds number (Re= ρVC/μ) is one of the im-
portant flow parameter that affects the performance of airfoils. 
Unlike high Reynolds number flows, low Reynolds number flows 
are characterized by complex flow features such as viscous flow, 
laminar flow separation, vortical flows, laminar to turbulent transi-
tion. Such flows are often encountered for MAV flight where the 
Reynolds number is usually less than 300,000 owing to the low 
flight speed and small mean aerodynamic chord (Fig. 1). It is 

known that the airfoil performance degrades rapidly as the Reyn-
olds number decreases below 300,000 (Fig. 2). The flow over the 
airfoil often separates due to the presence of adverse pressure 
gradient over the suction surface of airfoil aft of the maximum 
thickness location. The development of laminar separated flow has 
large influence on the aerodynamic performance of the airfoil. The 
separated shear layer undergoes transition to turbulence due to the 
presence of Kelvin Helmholtz instability. Transition to turbulence 

is influenced by the flow Reynolds number, angle of attack and 
presence of turbulence in the free steam. For Re< 30,000, the sep-
arated shear layer may not transition to turbulence in time to reat-
tach on the airfoil surface [1]. For higher Reynolds number, the 
transition to turbulence will occur relatively early leading to flow 
reattachment on the airfoil surface resulting in the formation of 
Laminar Separation Bubble (LSB) (Fig. 3). The laminar separation 
bubbles are either short type or long type [1-3]. While the short 
type affects the pressure distribution only locally, the long type 

affects the pressure distribution significantly including the peak 
suction pressure and hence reduces the lift coefficient, Cl [3] 

 
Fig. 1: Flight Reynolds number spectrum, Lissaman [4] 

 Fig. 2: Maximum Lift-to-Drag vs Reynolds number [5] 

 
Fig. 3: Structure of laminar separation bubble [9] 
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Laminar to turbulent transition process involves wide range of 
scales, with energy and momentum transfer predominantly affect-
ed by non-linear (inertial) process. In addition, transition occurs 
through different mechanisms for different applications such as 
natural transition, bypass transition and separation induced transi-
tion [6, 8]. It is also believed that for the natural transition mode, a 
linear part of amplification covers a large percentage of the dis-
tance between first instability and transition, which is followed by 

the non-linear breakdown of instability to turbulent flow [7]. 
In an earlier study by Schmitz [10], it was observed that a thick 
cambered airfoil has a critical Reynolds number, where the airfoil 
performance changes drastically (Fig. 4a). Mueller [11] performed 
flow visualization and force measurements over NACA 663-018 
airfoil at 4 x 104 < Re < 4 x 105. The lift coefficient measurement 
at Re= 40,000 and α = 8o, showed a drastic change in value. 
McArthur [9] points out that above a critical value of Reynolds 

number, lift to drag ratio (L/D) is much higher that the L/D ratio 
when the Reynolds number is reduced below the critical Re value 
(Fig. 4a). When the Reynolds number is below the critical Reyn-
olds number value, the flow is dominated by viscous forces and 
boundary layer remains laminar over the entire airfoil.  
 

 
Fig. 4a: L/D ratio vs. Reynolds number- the critical Re [9] 

 

It is known that transition to turbulent flow plays a critical role in 

determining the performance characteristics of an airfoil. As indi-
cated earlier, the transition phenomenon is influenced by the flow 
Reynolds number, angle of attack and turbulence in the ambient 
atmosphere. In a series of extensive study over airfoil at low 
Reynolds number, lift and drag measurements were carried out on 
over 60 different airfoils [12]. The Reynolds number was varied 
from 60,000 to 300,000. It was observed that for Re > 100,000, 
the drag polars were qualitatively similar to drag polar at higher 

Reynolds number. But as Reynolds number decreased below 
above value, there was significant increase in drag at moderate Cl 
and the drag polar showed large scatter (Fig. 4b) in the measured 
data [9, 12] that were obtained from different wind tunnel meas-
urements. The reason for drag increase and the scatter in the 
measured data are not clearly understood, although it is mentioned 
that varying amount of turbulence in different wind tunnels could 
be a reason. Selig [12] called this as bubble drag (drag due to 

LSB), while Grundy [13] calls drag due to long separation bubble, 
but not supported by any measurement. 
In the present study, investigation has been made to understand 
the effect of free-stream turbulence in flow (or turbulent intensity) 
using Mark Drela program XFLR5 [14] over four airfoils namely 
E387, SD7037, MH45 and S1223. XFLR code is a viscous 
inviscid interaction code and has been used extensively for pre-
dicting low Reynolds number flow over airfoils. It incorporates eN 

transition prediction method which is found to be successful in 
transition prediction for flow over airfoils. 

2. Numerical Approach 

In the direct mode, XFLR5 utilizes the viscous inviscid interaction 
method and computes inviscid outer flow over airfoil using linear 
vorticity stream function panel method, while the full inverse 
method, the code utilizes Lighthill and Van Ingen complex map-

ping method. The inviscid solution is used as input for solving the 
boundary layer and wake using two equation lagged dissipation 
integral boundary layer formulation and an envelope eN transition 
prediction criteria. The XFLR calculations have been carried out 
for several airfoil sections mentioned above, for Reynolds number 
value of 60,000, 100,000 and 200,000, and angle of attack, α vary-
ing from -6o to 16o. 

2.1. e
n
 Envelope Method 

The eN method [7] is based on linear stability theory for a given 
laminar main flow with superimposed small disturbances upon it 
for an incompressible flow. For such flow, with certain assump-
tions, the Navier Stokes equations are reduced to Orr-Sommerfeld 
equation [7] if the disturbance field given by 
 

       (1) 
 
The above equation is a homogeneous linear equation in disturb-
ance amplitude φ. Assuming, α to be complex, the amplification 
factor n is then given by 
 

       (2) 

 
Thus, for a given x location and different ω, one can obtain the 
maximum amplification factor N, which is related to start and end  
 

 
Fig. 4b: Drag polar for E387 [9] 

 

of transition location (N1, N2) based on experimental data from 
Schubauer and Skramstad [15]. The average of these two numbers 

is taken as Ncrit. The Ncrit will depend on, among other parame-
ters, turbulent intensity of the flow. Dependence of Ncrit on turbu-
lent intensity is as below [7] – 
 

       (3a) 

 

       (3b) 
 

It is seen that for Tu = 0.09 %, Ncrit = 10, Tu = 0.4 %, Ncrit = 6 
and Tu = 1.2 %, Ncrit = 3. These values have been used while 
computing flow for different Reynolds number in the XFLR5 
program. 

3. Results and discussions 

3.1 Comparison of Drag Polar and Cl Versus α 

The analysis was carried out for three Reynolds number and for 
three turbulence level over four different airfoils. The drag polar 
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and Cl versus α curve obtained for each airfoil have been shown in 
Fig. 5a & 5b, Fig. 6a & 6b, Fig.7a & 7b and Fig. 8a & 8b respec-
tively, i.e. for airfoils E387, SD7037, MH45 and S1223. 
 

 
 

 
 

 
 

  
Fig. 5a: Drag polar curve for E387 different Re 

 

Fig. 9 shows the comparison of two experimental data from Selig 
[12] and McArthur [9] and its comparison with XFLR results cor-

responding to turbulence intensity value of 0.1% and 0.03% in 
experiment. It can be clearly seen from both experiment [9, 12] 
and XFLR results that as the turbulent intensity reduces, the drag 
increases for E387 and also there is large difference (or scatter) in 
the drag values for the two turbulent intensity values considered.  
At very low Tu value of 0.03 %, the comparison between experi-
ment and XFLR result becomes worse. For S1223, there is no drag 
polar data for Re = 60,000. The experimental data have been ob-

tained from wind tunnel measurements at UIUC [12, 17]. The 

turbulence intensity level of less than 0.1 % has been reported in 
the test section of the wind tunnel, which corresponds to Ncrit 
value of 10.  For instance, Fig 5a shows the comparison of exper-
imental data (Tu = 0.1 %) with XFLR results for Tu = 0.09 %, 0.4 
% and 1.2 %. 
 

 
 

 
 

 
Fig. 5b: Cl versus α curve for E387 different Re 
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Fig. 6a: Drag polar curve for SD7037 different Re 

 

 
 

 
 

 
Fig. 7a: Drag polar curve for MH45 different Re 

 

 
 

 
Fig. 6b: Cl versus α curve for SD7037 different Re 

 

 
 

 
 

 
Fig. 7b: Cl versus α curve for MH45 different Re 
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Fig. 8a: Drag polar curve for S1223 different Re 

 

 
Fig. 9: Comparison of drag polar for Tu=0.03 % and Tu=0.1 % for 

XFLR5 

 

The drag polar comparison has been fairly good for E387, SD7037 
and MH45 airfoil sections while for S1223, even though the trends 
are captured, results do not match well. The Cl versus α curve 
match with the experimental data is poor for Re = 60,000, while 
for Re = 100,000 and 200,000 is fair. No specific reason could be 
assigned for poor match for S1223 airfoil. From the above plots, 
following important observations are made: 

1. For Re = 60,000, Cl- α curve using XFLR, do not compare 
well but it does show sensitivity to turbulence level for 
Tu=0.09 %, as it can be seen from above figures. For Re = 
200,000, the Cl- α curves for XFLR results are coincident for 
different turbulence levels used in computation and hence is 
less sensitive to free stream turbulence. 

2. For higher Reynolds number (Re = 200,000), drag polar 
curve fall onto each other for different turbulent intensity 
values. Hence, for this Reynolds number, drag polar is rela-

tively insensitive to free stream turbulence. 
3. For relatively low Reynolds number (Re = 60,000 and 

100,000), drag polar curves are separated (or scattered) for 
different turbulent intensity levels used in computation. 
XFLR is able to capture the drag rise at moderate Cl, even 
though value may not match well. The scatter in drag polar 
for different turbulent intensity values is more as the Reyn-
olds number reduces below 100,000 and for Tu less than 0.1 

%. 
 

 

 
Fig. 8b: Cl versus α curve for S1223 different Re 

 
McArthur concludes that the drag rise observed for airfoils at 
Reynolds number below 100,000 (and it was observed especially 
for E387) was due to the laminar flow separation with no transi-
tion to turbulence and hence no reattachment of flow. Also, it was 
found that there is scatter in data obtained from different wind 
tunnels for E387 at Re = 60,000. While this is true, a stronger 
reason is that the flow is extremely sensitive to turbulence present 

in the free stream as the chord based Reynolds number approaches 
critical Reynolds number. Thus, at smaller turbulence levels (Tu,< 
0.1 %), flow transition to turbulence does not occur and flow does 
not reattach giving rise to increased drag. Therefore, even small 
changes in the wind tunnel turbulence level or the model geometry 
roughness parameter, results in large scatter in the measurement 
data. 

4. Conclusion  

The numerical analysis using XFLR has been successfully used to 
study the effect of turbulence intensity on the aerodynamic per-
formance of low Reynolds number airfoils.  The large scatter in 
the drag polar data as seen in the results near the critical Reynolds 
number clearly brought out the effect of turbulence intensity on 

the performance of airfoils at these Reynolds number. This has 
also been verified with the experimental results from standard 
literature in the case of E387 airfoil. There is increase in drag at 
moderate lift coefficient at this Reynolds number and it is seen 
that it is inversely related to turbulent intensity in the flow. These 
results also highlight the fact that as Reynolds number approaches 
critical Reynolds number value, turbulent intensity plays an im-
portant role in the performance of airfoil characteristics. It turns 

out that eN transition prediction approach is good for predicting 
airfoil drag at Reynolds number below 100,000. 
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