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Abstract. This paper presents the results of the drag coefficient estimations 
for different types of NREL airfoils based on the experimental data. Namely, 
it was S803, S807, S813, and S817 profiles with the same chord length. The 
investigations were conducted at three angles of attack α=0°, α=±5°, 
different chord-based Reynolds numbers 0.6×105, 1.3×105 and 2.6×105. 
While, measuring cross-sections were placed behind the trailing edge at 
x∙c−1≈0.2, 0.4 and 1.0. Experimental data were collected using a hot-wire 
split fiber probe 55R55, which allowed us to estimate the characteristics of 
turbulent flow in stream-wise and crosswise directions. According to the 
obtained results, the highest and lowest Cd values correspond to profiles 
S817 and S803, respectively. Moreover, the results show that more 
asymmetric profiles S803 and S807 have the lowest resistance at zero angles 
of attack. 

Research background: Application of Antonia and Rajagopalan 
methodology to drag assessment of various stream bodies. 
Purpose of the article: Comparative evaluation of the drag coefficients of 
the NREL airfoils based on instantaneous velocity distribution behind. 
Methods: Hot-wire anemometry with split fiber probe 55R55. 
Findings & Value added: The highest drag coefficient corresponds to the 
S817 profile. The asymmetry of the airfoil shape has a significant impact on 
its drag characteristics. 
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1 Introduction 
Nowadays, investigations of the aerodynamic characteristics of the different airfoil types 

at relatively low chord-based Reynolds numbers less than 5×105 are becoming more actual 
from both fundamental and industrial points of view [1]. That is primarily due to the active 
development of innovations for small wind turbines [2], various types of drones, quadcopters, 
modern micro-air vehicles, and even biomechanics systems [3]. Despite their significance, 
the experimental data for lift and drag coefficients for low Rec are only available for some 
airfoils. Usually, various aerodynamic scales are applied to determine these parameters, while 
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for their prediction, using numerical simulations. Besides, the methodology proposed by 
Antonia and Rajagopalan has also become widely available to assess the drag forces of 
various streamlined bodies [4]. According to it, the aerodynamic forces can to determined 
using instantaneous velocity and its derivatives [5]. It allows obtaining drag data without 
surface instrumentation or external balance mechanism, which is particularly useful for 
different experimental techniques [6-9].  

This paper aims to study by Hot-wire the behavior of the drag coefficient for different 
types of NREL's airfoils under various experimental conditions. These profiles family have 
become widespread in various fields because their geometry provides well lift-to-drag ratios. 
[10]. 

2 Experimental setup 
The experiments were conducted at the Department of Power Engineering of the 

University of West Bohemia in the low-speed open-type wind tunnel, which has a test section 
0.75 m long, 0.3 m high, and 0.2 m wide [11]. The natural level of turbulent inlet flow did 
not exceed 0.2 %. 

Four types of NREL airfoil S803, S807, S813, and S817, were selected for the current 
study. They were produced of polymerized lactic acid (PLA) by 3D printing technology using 
the PRUSA i3 printer. In the general case, at 3D printing, the manufactured models are 
characterized by high surface roughness Ra ≈ 21.8 μm [12, 13]. Therefore, with the help of 
P2500 sandpaper with low abrasiveness, we have reduced the roughness to Ra ≈ 3~5 μm. 
The quality of roughness was estimated using a Taylor Hobson Surtronic Duo profilometer. 
All airfoil models have the same chord length and span of с ≈ 100 mm and of l∙c−1≈1, 
respectively. But at these dimensions, their thickness was different, namely for S803 − b∙c−1 

≈0.12, S807 − b∙c-1 ≈0.18, S813 − b∙c−1≈0.16, and S817 − b∙c−1 ≈0.16 (see Fig. 1 c). 
 

 
Fig. 1. a) The geometry configuration of the studied NREL airfoils. b) Sketches of the experimental 
setup. c) 55R55 split-fiber film probe. The arrows in blue indicate the direction of free-stream flow U. 
The green field shows the Hot-wire measuring plane. Where b and c the thickness and chord length of 
the airfoils. While z∙c−1, x∙c−1 and y∙c−1 the width, length and location height of the measuring fields, 
respectively. The red dots line is the position of the measuring cross-section and kz is the distance 
between the measuring points. The coordinates Δz∙c−1≈1.9 and Δx∙c−1≈2.8 shows the position of the 
aerodynamic center of the airfoil. 
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Measurements were performed at three flow velocities U ≈ 10, 20 and 40 m∙s−1. Thus, the 
chord-based Reynolds number Rec was around 0.6×105, 1.3×105 and 2.6×105. The angle of 
attack also had three positions, α=0° and α=±5°, that varied by a stepper motor. It should note 
that, accordingly to the airfoil geometry, at zero angles, the blockage ratio is equal to 2.1-
2.3%, while for the positive and negative angles, it is about 3%. Respectively to the Pope and 
Harper, this value cannot exceed 7.5%. Otherwise, an appropriate blockage correction 
method must be applied to the experiments. Mainly, the wake topology was analyzed in the 
measuring cross-section from z∙c−1≈ −0.5 to 0.5 at x∙c−1 ≈ 1.0, and the height of y∙c−1≈1.8. But 
for a qualitative assessment of wake evolution, some measurements were done at x∙c−1≈0.2 
and 0.4, also. The sketch of the airfoil model and its set-up in the test section presents in 
Fig. 1 a.  

The 55R55 split-fiber film Hot-wire probe was applied to study the two-dimensional 
characteristics of turbulent flow behind airfoil (see Fig. 1 b). The general uncertainty of the 
measurements was approximately ± 0.5%. The Hot-wire signals for all experiments were 
sampled at 70 kHz. The filtering of the received signal was applied as well. For the high and 
low pass filter the frequency was 10 Hz, and 30 kHz respectively. The typical duration of a 
one-point measurement was 10 s. 

3 Results and discussion 
In current investigations, the average drag coefficient for each airfoil was estimated from 

the wake profiles of the mean velocity and Reynolds stresses, accordingly to the formula of 
Antonia and Rajagopalan [4]: 

𝐶𝐶𝑑𝑑 = 2∫ 𝑢𝑢
𝑈𝑈
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where u is the local mean velocity, U is the external velocity of undisturbed flow, 𝑢𝑢′2���� and 
𝜐𝜐′2���� are the normal Reynolds stresses components in streamwise and cross-stream directions, 
while z∙c−1 is a dimensionless coordinate of the measuring point in a cross-stream direction. 

The above formula consists of two parts, where the first term reflects the momentum 
deficit and the second is the effect of turbulence fluctuation in stream-wise and crosswise 
directions. Generally, this dependence gives approximately constant values in the absence of 
backflows. That usually happens close to the bluff body due to the vortex formation behind 
it. One of the main issues in drag predicting by velocity profiles is at what distance from the 
aerodynamic profile we need to integrate to correctly evaluated the drag coefficient. Many 
papers are devoted to this point. For example, according to [14], if the integration operation 
is performed at a cross-section where the local velocity is less than 0.5U, the resulting value 
of the momentum deficit will have significant inaccuracies causing a serious underestimate 
of the drag coefficient. Moreover, in the airfoil drag investigation, the angle of its attack also 
plays an important role. Because a larger angle leads to the increasing bluntness, thus 
promoting the intensity of vortices separation from the airfoil [15]. As a result, the integral 
value of the second part of equation 1, which is responsible for fluctuating forces, increases 
sharply. 

First, using the 55R55 hot-wire probe, we estimated the patterns of the velocity deficit 
with increasing distance from the trailing edge of the studied airfoils. The normalized 
streamwise velocity distribution u⋅U−1 along the wake centerline at Rec ≈ 0.6×105, depending 
on the incident angles α and the distance x∙c−1 shown in Fig. 2.  
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Fig. 2. Normalized streamwise velocity distribution u⋅U−1 along the wake centerline at Rec ≈ 0.6×105, 
depending on the incident angles α and the distance x∙c−1 behind airfoils. 
 

 
 
Fig. 3. Normalized streamwise velocity profiles u⋅U−1 at x∙c−1≈1.0, depending on the airfoil types and 
incident angles α. Violet, green and yellow curves characterize the obtained data at Rec ≈ 0.6×105, 
1.3×105 and 2.6×105, respectively. 
 

As we can see, with increasing distance up to x∙c−1 ≈ 1, the velocity deficit decreased from 
0.3−0.6 up to 0.8. Moreover, the last value of u⋅U−1 is approximately the same for all airfoil 
types, regardless of the angles of attack. Whereas, close to the trailing edge, the effect of 
profile geometry increases significantly. That is especially clear at x∙c−1 ≈ 0.2 and α = 0°, 
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where the velocity deficit for S817 is almost twice high as for S803. This result is somewhat 
unexpected, as the thickest among the studied airfoils is the S807 profile (see Fig. 1 c). 

Based on the above data for further analysis, we chose the cross-section at x∙c−1 ≈ 1. At 
this distance, we evaluated the distribution of the velocity characteristics behind different 
airfoil types (stream-wise component only), depending on the angle of attack and various 
Reynolds numbers (see Fig. 3). For better visualization, the obtained data were normalized 
to the average freestream velocity U and placed relative to the trailing edge of airfoils at 
α=0°. The received results permitted us to estimate the dimensions of the wake. In general, 
we can observe that as the Reynolds number increases, the depth and width of the wake 
decrease. Accordingly, to the airfoil thickness, the largest and smallest wake widths 
correspond to profiles S807 and S803, respectively. This feature is especially noticeable at 
α =−5°, where the wake at S807 are three times thicker than at S803.  

 

 
Fig. 4. Normalized standard deviation distributions of the streamwise velocity component σu⋅U−1 at 
x∙c−1≈1.0, depending on the airfoil types and incident angles α. Violet, green and yellow curves 
characterize the obtained data at Rec ≈ 0.6×105, 1.3×105 and 2.6×105, respectively. 

 
We also evaluated the patterns of the normalized standard deviation distributions in the 

streamwise directions at x∙c−1≈1.0 depending on the Reynolds number and angle of attack 
(Fig. 4). The obtained data showed that, the smallest value of σu ∙U−1 and the narrowest width 
of the perturbation area is inherent for the S803 at α=0°. Mainly this difference is due to the 
thinnest profile thickness. In general, the experimental results of the studied airfoils indicate 
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a sharp decrease in the value of σu ∙U−1 with increasing Reynolds number and the presence of 
double peaks of the data distributions. Usually, the double peak can be observed at a 
symmetrical airfoil and occurs due to the interaction of vortices between the pressure and 
suction sides. In our case, the appearance of this phenomenon may indicate a certain shape 
symmetry of the studied profiles. Thus, we can see that for S813 and S817 airfoil at α=0°, 
the double peak is more apparent. Whereas for the most asymmetric S807 profile, the 
obtained curve of σu ∙U−1 has only one pronounced peak from the pressure side. 

It should note that another relative indicator of shape asymmetry may be the anisotropy 
of turbulent flow. What can be estimated using the Reynolds stress tensor [16]. Usually, it 
has six individual components that describe the flow characteristics relative to the three 
spatial directions. But in our case, the split fiber 55R55 probe provides measurements only 
in two directions. In this case, the Reynolds stress tensor becomes statistically two-
dimensional. The normalized Reynolds shear stress distributions 𝑢𝑢′𝜐𝜐′ ⋅ 𝑈𝑈−2 at x∙c−1≈1.0, 
depending on the airfoil types and incident angles, are shown in Fig. 5.  

 
Fig. 5. Normalized Reynolds shear stress profiles 𝑢𝑢′𝜐𝜐′ ⋅ 𝑈𝑈−2 at x∙c−1≈1.0, depending on the airfoil types 
and incident angles α. Violet, green and yellow curves characterize the obtained data at Rec ≈ 0.6×105, 
1.3×105 and 2.6×105, respectively. 

 
As we can see, the highest anisotropy is observed for S807 airfoil, while the lowest is for 

S803. Of course, such a pattern can be caused not only by the asymmetry of the geometry 
but also by the airfoil thickness. 
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Moreover, the characteristics of 𝑢𝑢′𝜐𝜐′ ⋅ 𝑈𝑈−2 for the S803 strongly depends on the Reynolds 
number. For example, when Rec increases four times, the maximum value of 𝑢𝑢′𝜐𝜐′ ⋅ 𝑈𝑈−2 
decreases approximately five times. Besides, the data obtained show that regardless of the 
airfoil type, the perturbation region of shear stress with a negative value is located directly 
on the suction side. This behavior is due to the growth of turbulence intensity, which 
increases the frictional resistance of the flow. Another interesting fact is that the greatest 
width of the perturbation zone corresponds to the S817 profile. That is especially noticeable 
at zero angle of attack. It should note that, unlike others, this airfoil type has a maximum 
width close to the trailing edge. Thus, this feature of the geometry can cause such a difference. 
 

 
Fig. 6. Impact assessment of streamwise and cross-stream fluctuations on the drag coefficient 
(accordingly to Antonia and Rajagopalan [4]) for different airfoil types. Calculations were performed 
at x∙c−1≈1.0 and at various incident angles α, where If is the integral value of the turbulence contribution 
for each measuring cases. Violet, green and yellow curves characterize the obtained data at Rec ≈ 
0.6×105, 1.3×105 and 2.6×105, respectively. 
 

The next necessary part of our investigation was the analysis of the Reynolds normal 
stress components characteristics. Because exactly their difference forms the part of Antonia 
and Rajagopalan equation, which reflects the contribution of turbulent fluctuations on the 
drag coefficient. In Fig. 6 shows a graphical interpretation of the normalized difference 
between the cross-stream and streamwise velocity fluctuations at x∙c−1≈1.0 depending on the 
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airfoil types, angle of attack, and different Reynolds numbers. Moreover, each graph also 
contains the integral value of the obtained distribution If for each measuring case. It should 
note that this parameter could be also interpreted as a complex indicator of the degree of flow 
anisotropy. Accordingly, to the obtained data, the value of If decreases with increasing 
Reynolds number from 0.6×105 to 2.6×105. Thus, at zero angles of attack, the magnitude of 
If reduces by: for S803−2 times, for S807−8 times, for S813−5 times, and for S817 is 4 times.  

Finally, using the obtained data and equation (1), we calculated the characteristics of the 
drag coefficient Cd for each airfoil types depending on the incident angle and Reynolds 
numbers (see Fig. 7). The obtained data, regardless of the airfoil type, at flow velocity 
increasing shows logical drag growing. Moreover, the highest value of Cd is inherent for 
S817, while for S803, it is the lowest. That is a somewhat unexpected result, as the S807 is 
the thickest of the investigated airfoils (see Fig. 1 c). Besides, we can also observe the 
influence of airfoil shape asymmetry on the drag coefficient characteristics. Thus, for S803 
and S807, its minimum value is detected at α=0°, whereas at α=±5°, Cd increases sharply. 
While the maximum drag values for S813 and S817 are observed at α=+5° and α=−5°, 
respectively. 

 

Fig. 7. Distribution of the drag coefficient Cd for different airfoil types depending on the incident angle 
and Reynolds numbers. Violet, green and yellow curves characterize the obtained data for 
Rec ≈ 0.6×105, 1.3×105 and 2.6×105, respectively. 

4 Conclusion 
The drag coefficient in the near wake of the different NREL's airfoils was estimated. 

Namely, it was the profiles S803, S807, S813, and S817. Hot-wire anemometry with a split-
fiber film probe 55R55 was applied to the data collection. Experimental investigations 
realized in several measuring cross-sections, at different Reynolds numbers 0.6×105, 1.3×105, 
2.6×105, three angles of attack α= ±5°and 0°. As a result of the study, we obtained a series of 
graphical distributions for velocity characteristics, standard deviation, and Reynolds stress 
components. That allowed us to assess the wake topology for each measuring case. Then, 
using the methodology of Antonia and Rajagopalan, we evaluated the values of the drag 
coefficients for different airfoil types. Comparative analysis of the data showed that the 
highest and lowest value of Cd corresponds to S817 and S803 profiles, respectively. 
Moreover, the obtained results displayed that for S803 and S807 profiles, the minimum drag 
coefficient manifests at α=0°. Whereas for S813 and S817, it was detected at negative and 
positive angles of attack, respectively. 
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