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Abstract
The present study introduces a low Reynolds number (Re) airfoil family for the entire blade span of small wind turbines, 
aiming to reduce the effects related to laminar separation, improve startup response and meet acceptable levels of 
structural integrity. Six airfoils of varying relative thickness were designed by increasing the thickness distribution of 
RG15 airfoil up to 50% and adopting a rounded trailing edge with a diameter equal to 1% of the chord length. The aero-
dynamic performance of RG15 family was initially evaluated by means of XFOIL code at several low Reynolds numbers 
ranging from 60,000 to 300,000 and angles of attack between − 6° and 14°. XFOIL analysis revealed that increasing relative 
thickness leads to the reduction of maximum lift-to-drag ratio (C

L
∕C

D
) . However, this percentage reduction decreases 

with increasing Re. The maximum reduction in maximum C
L
∕C

D
 was found at 60,000 Re for the thickest airfoil of RG15 

family. Conversely, a growth of maximum lift coefficient (C
L
) was observed by increasing relative thickness. Besides, a 

Reynolds-Averaged Navier–Stokes (RANS) analysis was also conducted at 300,000 Re to get additional information on 
the flow characteristics. Comparisons between the XFOIL and RANS data were performed. The results of RANS simula-
tions were generally in accordance with those of XFOIL. However, notable over-estimations of drag coefficient (C

D
) were 

detected. The behavior of the recirculation area behind the rounded trailing edge and that of the separation bubble near 
the leading edge for different values of relative thickness and angle of attack was examined. Thickening of the airfoils was 
found to have a beneficial impact on the appearance of separation bubbles, while no significant effect of the rounded 
trailing edge on C

L
 and C

D
 was observed.
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1  Introduction

On account of global efforts to reduce greenhouse gases 
emissions and combat climate change, small-scale wind 
energy conversion systems have recently attracted 
renewed attention from the international engineering 
community, since they represent a promising solution for 
sustainable energy production in site-specific cases. In 
contrast to their larger counterparts, small wind turbines 
provide a considerably higher level of flexibility, both in 
terms of required space and wind speed conditions [1]. 

Therefore, they can be integrated within a much broader 
spectrum of residential, rural and remote areas for either 
on-grid or off-grid power generation—usually directly 
where the power is required, rather than where the wind 
is most favorable—enabling significant opportunities for 
more geographic dispersion of wind technology applica-
tions [2], growth in distributed energy deployments, and 
further expansion of renewable energy utilization on a 
global scale.

Small horizontal-axis wind turbines (HAWTs), which 
according to the standards issued by the International 
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Electrotechnical Commission [3] are characterized by a 
rotor swept area of less than 200 m2, rely on the same 
aerodynamic principles governing the operation of larger 
HAWT systems. However, the chord Reynolds numbers 
( Re ) prevailing along the entire blade span of the former 
applications are considerably lower—generally below 
500,000—as a consequence of the smaller blade radius 
[4]. One of the major aspects of high Reynolds number 
flows over airfoils is that the transition from laminar to 
turbulent flow inside the velocity boundary layer is real-
ized earlier than laminar separation. Eventually, this early 
transition prevents the appearance of undesirable aerody-
namic effects related to the latter phenomenon [5], since 
a turbulent boundary layer is capable of withstanding an 
adverse pressure gradient (that is an increase of static pres-
sure in the direction of the flow) better than an equiva-
lent laminar one. On the contrary, at low Reynolds number 
regimes—typically defined by a chord Reynolds number 
lower than approximately 500,000—the boundary layer is 
predominantly laminar and therefore, relatively fragile [4]. 
In that case, the existence of a large adverse pressure gra-
dient may force the flow to detach prematurely from the 
surface of the airfoil, that is, prior to the development of a 
fully turbulent flow. Even though the resultant free shear 
layer (detached boundary layer) remains laminar shortly 
after the separation point, it eventually transits to the tur-
bulent state due to the intensification of the velocity dis-
turbances in the flow [6] (separation-induced transition). 
From that point on, two distinct flow regimes may result; 
the so-called subcritical and supercritical flow regimes [7], 
which are represented in Figs. 1 and 2.

In a supercritical flow, the detached (now turbulent) 
shear layer does reattach to the surface of the airfoil, 
causing the formation of a laminar separation bubble, 
the size and chordwise location of which are functions of 
the airfoil profile, Reynolds number, turbulence intensity 
( Tu ) and angle of attack ( a ) [8]. Typically, a separation 
bubble moves towards the leading edge as the angle of 
attack increases [5]. In terms of size, laminar separation 

bubbles can be roughly classified as either short or long 
ones, depending on their chordwise extent ( Lsb ) and 
consequent effects on the pressure and velocity distri-
butions about the airfoil [9]. A short separation bubble 
encompasses a chordwise extent ranging up to approxi-
mately one percent; therefore, it does not influence the 
pressure distribution around the airfoil to a large degree. 
However, a long separation bubble (usually produced by 
the burst of a short one, because of either the reduction 
in Reynolds number or the increase in angle of attack) 
may cover a significantly larger percent of the airfoil 
chord, affecting severely the pressure distribution and 
the aerodynamic forces developed on the airfoil [10].

Although the existence of a laminar separation bub-
ble near the leading edge at high angles of attack may 
increase the apparent camber of the airfoil and improve 
the lift ( L ) generation capacity [11], it ultimately thickens 
(locally) the velocity boundary layer on the suction side, 
increasing considerably the drag coefficient ( CD ) as well. 
In addition to that, the presence of laminar separation 
bubble is also associated with a turbulent flow separa-
tion near the trailing edge of the airfoil, as exemplified in 
Fig. 2a, b; this characteristic phenomenon of the super-
critical flow regime is known as trailing edge stall [7]. 
Besides, the potential premature burst of a laminar sepa-
ration bubble could cause an even larger growth of the 
drag coefficient, which is accompanied by a sudden and 
severe loss of the generated lift [11]. Now, in contrast to 
the supercritical regime, if the turbulent transition takes 
place far away from the surface of the airfoil, there is 
a possibility that the turbulent shear layer may not be 
able to reattach to the airfoil surface, creating an open 
separation area (subcritical flow) instead of a separation 
bubble. In that case, a thicker and extremely unstable 
wake region is produced, as shown in Fig. 2c, resulting 
in much higher drag ( D ) levels and further reduction in 
the aerodynamic performance of the airfoil, compared 
to the supercritical flow regime. However, such an unat-
tached free shear layer (open separation area) may also 

Fig. 1   Schematic representation of laminar flow separation. a Subcritical flow regime. b Supercritical flow regime
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be produced by the bursting of a laminar separation 
bubble.

Therefore, to optimize the aerodynamic performance 
of small wind turbine blades, operating at low Reynolds 
numbers, the effects related to laminar separation have 
to be minimized. One of the available methods to reduce 
or even eliminate bubble drag (that is drag induced by a 
laminar separation bubble)—as well as to delay the pos-
sible chances of separation at higher angles of attack—is 
related to the promotion of early transition on the upper 
surface (suction side) of the airfoil, through the installation 
of a mechanical turbulator or trip [1]. However, the particu-
lar technique, which is the only one applicable to existing 
airfoils [5], requires adequate experience in selecting the 
proper location and thickness of the trip, so as to maximize 
the reduction in bubble drag while minimizing the drag 
produced by the trip [12]. On the other hand, according to 
Giguere and Selig [5], the suppression of laminar separa-
tion effects could also be achieved by means of specially 
designed airfoils with a very gradual upper-surface pres-
sure recovery (bubble ramp), which can decrease signifi-
cantly the additional drag induced by separation bubbles. 
Currently, the majority of low Reynolds number airfoils are 

designed based on the latter technique, providing reduced 
amounts of drag and higher maximum lift-to-drag ratios 
(also termed as glide ratios), as compared with those of 
traditional airfoils that have been mainly designed for high 
Reynolds numbers and, therefore, they usually suffer from 
severe laminar separation effects when operating at low 
Reynolds number regimes.

The first airfoils for small wind turbines were introduced 
by the National Renewable Energy Laboratory (NREL); the 
S822 and S823 airfoils [13] were particularly designed for 
small stall-regulated wind turbines with a rotor diameter 
between 3 and 10 meters, based on the following criteria: 
restrained maximum lift, insensitivity to roughness and 
low profile drag. Nevertheless, the first systematic attempt 
to establish a wide database of low Reynolds number air-
foils for small wind turbine blades was made by Giguere 
and Selig [5]. In that study, the aerodynamic performance 
of 15 already existing low Reynolds number airfoils (most 
of them had been originally designed for small unmanned 
aerial vehicles) was thoroughly evaluated, based on the 
results of a large-scale testing program undertaken in the 
University of Illinois at Urbana-Champaign (UIUC) low-tur-
bulence subsonic wind tunnel [14]. Besides, Giguere and 

Fig. 2   Velocity streamlines for different flow regimes. a Short separation bubble (supercritical regime). b Long separation bubble (supercriti-
cal regime). c Unattached shear layer (subcritical regime)
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Selig [5] provided useful guidelines to facilitate the airfoil 
selection process for each one of the different operational 
modes of small wind turbines (variable-speed, variable-
pitch, stall regulated). Later on, Giguere and Selig [15] 
introduced the SG604x airfoil family, which was designed 
by taking into consideration the special requirements of 
small variable-speed wind turbines with a rated capac-
ity up to 5 kW. The SG604x airfoil family was formed by 
three primary airfoils (SG6041, SG6042 and SG6043) with 
a maximum relative thickness of 10% and by one root air-
foil (SG6040) with a maximum relative thickness of 16%, 
to accommodate possible large root bending moment 
and large blade stiffness requirements. According to both 
experimental and numerical data reported in [15], the 
SG604x family could achieve high lift-to-drag ratios ( L∕D ) 
over a broad range of lift conditions. Moreover, Selig and 
McGranahan [16] conducted detailed wind tunnel experi-
ments in order to examine the performance characteristics 
of six low Reynolds number airfoils (E387, FX 63-137, S822, 
S834, SD2030 and SH3055) for small wind turbines, at vari-
ous Reynolds numbers up to 500,000.

Significant research on small wind turbine airfoils was 
also made by Ram et al. [17], who employed a Genetic 
Algorithm to design a low Reynolds number airfoil with 
high roughness insensitivity and maximum relative thick-
ness of 10%. The resultant USPT2 airfoil was evaluated 
both numerically and experimentally. According to the 
corresponding results reported in [17], USPT2 seemed 
to overperform the SG6043 airfoil in terms of lift-to-drag 
ratio for angles of attack greater than 10°, while a smother 
stall region, as compared to that of similar airfoils, was also 
observed. On the other hand, Henriques et al. [18] applied 
a pressure-load prescription method to design a new air-
foil (T.Urban 10/193) with high lift performance ( CL value 
around 2) for urban wind turbines. In comparison with 
conventional blade section designs, the T.Urban 10/193 
airfoil demonstrated increased maximum lift, reduced 
leading edge suction peak and controlled soft-stall behav-
ior, due to a reduction of the adverse pressure gradient on 
the suction side [18]. More recent research on small wind 
turbine airfoil design can also be found in the studies of 
Singh et al. [1], Shah et al. [4], Islam et al. [19], Marnett 
et al. [20] and Shen et al. [21]. In particular, the study of 
Singh et al. [1] was focused on the design of a new low 
Reynolds number airfoil, aiming to improve the startup 
behavior and low wind speed performance of small wind 
turbines. Compared with other low Reynolds number air-
foils suited for small wind turbines, the proposed AF300 
airfoil showed good aerodynamic performance, attain-
ing the highest combinations of optimum CL and lift-to-
drag ratios. Moreover, Singh et al. [1] highlighted that the 
flatback trailing edge of the AF300 airfoil had improved 
the aerodynamic properties of AF300 by delaying flow 

separation and increasing CL . Finally, they noted that the 
structural strength added by the thick trailing edge would 
require lighter blade materials and decrease the rotor iner-
tia. Therefore, the startup could be significantly improved 
and the rotor could operate at lower cut-in wind speeds 
[1].

Apart from the suppression of laminar separation 
effects, the achievement of a good starting behavior 
(startup response) and low cut-in speeds can also enhance 
significantly the overall performance of small wind tur-
bines intended for low/moderate wind speeds and fluc-
tuating regimes. According to [22], a good startup can be 
succeeded by selecting root airfoils with high maximum 
lift coefficients ( CL ) and high lift-to-drag ratios, since 
most of the starting torque is caused by the blade root, 
whereas the tip region generates most of the power pro-
ducing torque [23]. The RG15 is one of the attractive low 
Reynolds number airfoils—both in terms of aerodynamic 
performance and low Reynolds behavior—that were 
examined during the testing program at UIUC low-turbu-
lence subsonic wind tunnel [14]. However, the particular 
airfoil is rather unsuitable for the root region of the blade, 
because of its limited structural integrity (limited rigid-
ity and stiffness), stemming from the small value of the 
thickness-to-chord ratio ( t∕c ) and cross-sectional area ( A ). 
Against this background, this work presents the develop-
ment and application of a methodology for the design of a 
low Reynolds number airfoil family, suitable for the entire 
blade span of small wind turbines, through the proper 
thickening of the RG15 airfoil. Moreover, since the origi-
nal RG15 airfoil geometry has a knife-sharp trailing edge, 
which does not meet the current blade manufacturing and 
transportation limitations, the original and the thickened 
airfoils are further modified, to result in a rounded trailing 
edge, without truncating the provided airfoil geometries. 
Ultimately, the aim of this study is to extend the use of 
this promising low Reynolds number airfoil and provide 
an adequate airfoil family for the entire blade span (includ-
ing the root region as well) of small wind turbine blades, 
capable of significantly improving the overall power 
performance.

The remainder of this paper has been organized as fol-
lows: In Sect. 2, the original RG15 airfoil is presented, along 
with the experimental results of the testing program con-
ducted at the UIUC low-turbulence subsonic wind tunnel 
[14]. Sections 3 and 4 provide a detailed description of the 
developed methodology for the construction of the RG15 
airfoil family; the RG15 airfoil family is entirely presented 
in Sect.  5. In Sects.  6 and 7, the numerical procedure, 
involving the use the well-known XFOIL software and an 
in-house developed 2D Reynolds-Averaged Navier–Stokes 
(RANS) solver, for the aerodynamic evaluation of the 
RG15 airfoil family is thoroughly described. Finally, Sect. 8 
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provides the numerical results obtained from both XFOIL 
and RANS solvers, while Sect. 9 contains the major conclu-
sions of this work.

2 � The RG15 airfoil

The RG15 low Reynolds number airfoil was designed by 
Rolf Girsberger in an attempt to provide a superior alterna-
tive—in terms of maximum CL—to the Eppler E180 airfoil 
and meet the special requirements of the FAI-F3B class 
that is the World Championship for Model Gliders. Even 
though RG15 was initially intended exclusively for radio 
controlled sailplanes and model gliders, including slope 
soaring and electric powered gliders, it currently repre-
sents an attractive low Reynolds number airfoil for the 
design of small wind turbine blades as well. Figure 3a pre-
sents the theoretical profile of the RG15 airfoil, which has 
a maximum relative thickness of 8.92% located at 30.2% 
of the chord from the leading edge and a maximum rela-
tive camber of 1.8% located at 39.7% of the chord from 
the leading edge.

The theoretical profile of the RG15 airfoil was gener-
ated by means of the Eppler airfoil code, according to the 
following criteria:

(a)	 Section drag for low lift ( CL between 0 and 0.4) com-
parable to E180 airfoil.

(b)	 Lower edge of laminar drag bucket at slightly nega-
tive lift.

(c)	 Higher maximum lift than E180 airfoil.
(d)	 Critical Reynolds number well below 100,000.
(e)	 Higher absolute value of pitching moment than E180 

airfoil.
(f )	 Lower absolute value of pitching moment than E193 

airfoil.
(g)	 Relative airfoil thickness between 8.5 and 9.5%.

In addition, Fig. 3b illustrates the actual airfoil profile 
used during the experimental study at the UIUC low-tur-
bulence subsonic wind tunnel [14].

Since low Reynolds number airfoil performance is 
highly dependent on the laminar boundary layer behavior, 

low turbulence levels within the wind tunnel were nec-
essary to ensure that laminar flow does not prematurely 
transition to the turbulent state over the airfoil surface. 
To this end, the wind-tunnel settling chamber had been 
equipped with a 4-in thick honeycomb and four anti-tur-
bulence screens; the turbulence intensity was measured 
to be less than 0.1%, which was considered sufficient for 
low Reynolds number airfoil measurements [14]. In Fig. 4, 
the aerodynamic characteristics of the RG15 airfoil for vari-
ous Reynolds numbers from Re = 60,000 to Re = 300,000 
are illustrated, as obtained from the testing program at 
the UIUC low-turbulence subsonic wind tunnel [14]. As 
expected, the increase of Re is associated with a reduction 
in drag coefficient and therefore, an increase of the lift-to-
drag ratio, since no significant variation of the lift curve 
with Re was observed for the examined angles of attack.

3 � Thickening of the RG15 airfoil

During the selection of the airfoil sections for the optimum 
wind turbine blade design, the specific requirements of 
the different blade regions should be considered as well. 
In particular, structural requirements have higher priority 
than the aerodynamic ones for airfoil sections that form 
the root region of the blade, due to the high stresses they 
go through. However, increased aerodynamic efficiency is 
essential for airfoil sections located in the mid span and tip 
regions, because of their great impact on the rotor power 
output. Consequently, even though RG15 airfoil seems 
appropriate for the mid span and tip regions, because 
of its promising aerodynamic characteristics, it appears 
unsuitable for the root region, due to its limited structural 
integrity (limited rigidity and stiffness), resulting from the 
small value of the thickness-to-chord ratio and cross-sec-
tional area. To this end, five new thickened airfoils have 
been designed, based on the original RG15 geometry, in 
order to create an airfoil database suitable for the root 
region formation of small wind turbine blades.

The five thickened airfoils have been constructed in 
such a way that they have the same mean camber line 
(MCL) compared to the original RG15 airfoil (in order to 
retain its desirable aerodynamic characteristics), but an 
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Fig. 3   The RG15 airfoil. a Theoretical profile. b Actual profile [14]



Vol:.(1234567890)

Research Article	 SN Applied Sciences (2020) 2:371 | https://doi.org/10.1007/s42452-020-2161-1

increased thickness-to-chord ratio distribution by 50%, 
40%, 30%, 20% and 10% respectively, compared to the 
base airfoil design. The construction of the five thickened 
airfoils, which from now on will be denoted as RG15-(50), 
RG15-(40), RG15-(30), RG15-(20) and RG15-(10), was imple-
mented by the utilization of Rhinoceros 3D Computer-
Aided Design (CAD) application software, developed by 

Robert McNeel & Associates, as well as Grasshopper visual 
programming language, which runs within Rhinoceros.

Initially, the mean camber line of the original RG15 air-
foil was calculated, by interpolating a smooth curve (blue 
line) through the centers (blue squares) of the inscribed 
circles (red circles) to the RG15 airfoil, as shown in Fig. 5 
(standard procedure for calculating the MCL).
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Fig. 5   Calculation of the RG15 mean camber line (blue line)
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Then, the thickness distribution of the RG15 airfoil was 
calculated, according to the following procedure (which 
is schematically represented in Fig. 6): for a point k along 
the chord line ( c ), the thickness value corresponding to k 
is equal to the length of the line segment (thickness line—
magenta) perpendicular to the MCL (blue) that passes 
through the projection of k on the MCL.

In Fig. 7, only a few indicative thickness lines (magenta) 
of the RG15 airfoil are depicted for clarity purposes. Finally, 
as illustrated in Fig. 8, for the construction of the points 
of the new thickened airfoils, each thickness line of the 
original RG15 was extended equally from both sides by 

the appropriate percentage, depending on the desirable 
rate of thickness increase. The start and end points of the 
extended thickness lines (magenta squares—Fig. 8) are 
the points of the new thickened airfoil.

4 � Trailing edge modification

The Kutta-Zhukovsky theorem dictates that a lift produc-
ing airfoil should have a knife-sharp trailing edge and 
therefore, it considers the practical necessity of manu-
facturing blades and wings with rounded trailing edges 

Fig. 6   Calculation of the 
thickness line corresponding 
to a random point k along the 
chord line

Fig. 7   Indicative thickness lines (magenta) of the RG15 airfoil

Fig. 8   Indicative points of a thickened airfoil, constructed through the proper extension of the RG15 thickness lines
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as a divergence from the ideal case. However, some early 
experiments [24, 25], which were carried out to deter-
mine the lift and drag dependence upon the trailing edge 
radius, revealed that a rounded trailing edge of radius less 
than 1% of the chord length produces essentially the same 
lift and drag as a maximally sharp trailing edge, while a 
notable increase in drag was observed for rounded trail-
ing edges of radius above 2% of the chord length. In this 
context and given that the current blade manufacturing 
and transportation limitations do not allow sharp trailing 
edges to be constructed, the trailing edges of the origi-
nal and thickened RG15 airfoils were locally thickened 
and rounded. For the generation of a blunt trailing edge 
without truncating the airfoil, QBlade software [26] pro-
vides the built-in Trailing Edge Gap function, where the 
desired gap and blending distance from the leading edge 
(i.e., the absolute percentage of the airfoil chord, down-
stream of which the smoothing code is free to modify the 
airfoil shape in order to accommodate the modified trail-
ing edge) are specified as percentages of the chord length. 
Nevertheless, as it was observed during the utilization of 
the Trailing Edge Gap function, the user-defined blend-
ing distance was not being completely respected by the 
code; while additionally, the airfoil thickness was being 
measured and applied perpendicular to the center line (as 
utilized by QBlade instead of the actual MCL), which is a 
rough and generally incorrect approximation of the MCL.

Therefore, in order to overcome the aforementioned 
shortcomings, a custom script was created within Grass-
hopper, to be used for the generation of a blunt trailing 
edge without truncating the airfoil, through the proper 
modification (local thickening) of the provided (baseline) 
airfoil geometry under consideration. As long as the fea-
tures of the developed script are concerned, the user is 
permitted to precisely define the trailing edge diameter 
and blending distance from the leading edge as in QBlade, 
while conversely to QBlade, the airfoil thickness is meas-
ured and applied perpendicular to the airfoil’s MCL, as it 
should be, so the resultant airfoil to have the exact same 
MCL with the baseline, so as to retain its aerodynamic 
characteristics as far as possible. Once the baseline airfoil 

geometry (with a sharp trailing edge) and the required 
software parameters (blending distance and trailing edge 
diameter) have been provided, the modified airfoil geome-
try is constructed through the application of an additional 
parabolic thickness distribution to the baseline airfoil, 
starting from the point along the chord that corresponds 
to the established blending distance and ending at the 
airfoil’s trailing edge; in such a way that the defined trailing 
edge diameter to be exactly achieved and the resultant 
airfoil geometry to fulfill all the required continuity, curva-
ture and smoothness criteria. The blending distance and 
trailing edge diameter are schematically defined in Fig. 9.

In Fig. 10, an indicative application of the developed 
methodology described above to the RG15 airfoil is pre-
sented, where the trailing edge diameter and the blending 
distance from the leading edge were set equal to 1% and 
50% of the chord length respectively.

As it seems, the baseline (RG15—black) and the modi-
fied (red) airfoil geometries coincide from the leading 
edge until the point that corresponds to the 50% of the 
chord, while the differentiation between the two airfoils 
lies only in the region downstream of the 50% of the 
chord; increasing smoothly and parabolically as the trail-
ing edge is approached, to attain the desirable thickness. 
Subsequently, in order to create a rounded trailing edge 
geometry, a circle (black) is fitted to the thickened trailing 
edge of the modified airfoil, in such a way that is tangent 
to its upper and lower surfaces and passes through the 
sharp trailing edge of the baseline airfoil, as depicted in 
Fig. 10b; so as the reformed airfoil to have the same chord 
line with the baseline one. Finally, the leftover edges are 
properly cut off, to result in the final modified airfoil with 
a rounded trailing edge.

5 � RG15 airfoil family

In this work the methodology, developed for the conver-
sion of sharp trailing edges to rounded ones, was applied 
to all the original and thickened RG15-(xx) airfoils. For each 
one of the six airfoils (denoted as “parent” airfoils), four 

Fig. 9   Schematic definition of the a trailing edge diameter and b blending distance
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modified configurations were generated (Table 1), by set-
ting the trailing edge radius equal to 0.5% of the chord 
length (i.e., trailing edge diameter equal to 1%) and the 
blending distance equal to 0%, 50%, 60% and 70% of the 
chord length respectively. Regarding the notation used for 
the modified airfoils, the RG15-(xx)-yy-z refers to an airfoil 
with an increased thickness-to-chord ratio by xx % com-
pared to the original RG15, whose rounded trailing edge 
was created by setting the trailing edge diameter equal 
to z % and the blending distance from the leading edge 
equal to yy % of the chord length.

The four variants for each one of the “parent” airfoils, 
corresponding to the different blending distance values, 
as well as their “parent” airfoil, were then evaluated using 
XFOIL software [27], at various low Reynolds numbers, 
in order to examine the influence of the blending dis-
tance parameter on the developed aerodynamic forces. 
Figure 11a illustrates the drag polar for the RG15, RG15-
(00)-00-1, RG15-(00)-50-1 and RG15-(00)-70-1 airfoils at 
Re = 300,000 . Apparently, no significant variation of the 
drag polar was detected with different values of the blend-
ing distance parameter, while the same outcome was 
observed by examining the rest of low Reynolds numbers 
considered during the experimental study at UIUC [14]. In 

addition, Fig. 11a indicates that the adoption of a rounded 
trailing edge (instead of a maximally sharp one) did not 
result in a substantial reduction in the aerodynamic per-
formance of the airfoil, since the comparison between the 
drag polars (XFOIL solver) of RG15 and RG15-(00)-70-1 air-
foils reveal a high level of similarity.

To further support the latter deduction, RG15 and RG15-
(00)-70-1 airfoils were also evaluated at Re = 300,000 , 
using a 2D RANS solver [28] instead of XFOIL; turbulence 
simulation was achieved by means of the standard two-
equation Shear Stress Transport (SST) k − � turbulence 
model. The comparison between the resultant drag polars 
is provided in Fig. 11b, verifying that a rounded trailing 
edge with a radius equal to 0.5% of the chord does not 
affect the aerodynamic performance of the airfoil to a 
large degree, as only minor differences were detected, 
especially in the upper high-drag region. The simulation 
parameters for both XFOIL and RANS solvers are equal to 
the ones adopted during the detailed evaluation of the 
entire RG15 airfoil family, which are presented in the fol-
lowing Sects. 6 and 7.

Consequently, since no significant impact of the 
blending distance parameter on the aerodynamic per-
formance was found, the airfoils that were produced 

Fig. 10   Schematic representa-
tion of the followed meth-
odology for the creation of a 
rounded trailing edge

Table 1   The modified RG15 
airfoils with a thickened and 
rounded trailing edge

“Parent” airfoils—sharp trailing edge

 RG15 RG15-(10) RG15-(20) RG15-(30) RG15-(40) RG15-(50)

Modified airfoils—rounded trailing edge

 RG15-(00)-00-1 RG15-(10)-00-1 RG15-(20)-00-1 RG15-(30)-00-1 RG15-(40)-00-1 RG15-(50)-00-1
 RG15-(00)-50-1 RG15-(10)-50-1 RG15-(20)-50-1 RG15-(30)-50-1 RG15-(40)-50-1 RG15-(50)-50-1
 RG15-(00)-60-1 RG15-(10)-60-1 RG15-(20)-60-1 RG15-(30)-60-1 RG15-(40)-60-1 RG15-(50)-60-1
 RG15-(00)-70-1 RG15-(10)-70-1 RG15-(20)-70-1 RG15-(30)-70-1 RG15-(40)-70-1 RG15-(50)-70-1
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by setting the blending distance equal to 70% have 
been selected to form the RG15 airfoil family, as they 
are the ones with the lesser deviation from the “parent” 
airfoils. The final airfoil family RG15-(xx)-70-1 gener-
ated through this work is illustrated in Fig. 12, whereas 

Table 2 contains the major geometrical characteristics of 
the corresponding airfoils. Given that all the airfoils have 
been constructed using the same MCL (the MCL of the 
original RG15 airfoil), the maximum camber, the position 
of maximum camber and the position of maximum thick-
ness are mutual for all members of the family.
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RANS results
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6 � XFOIL code

The aerodynamic performance of the RG15 airfoils was ini-
tially evaluated by means of XFOIL software, which relies 
on the combination of a potential flow panel method 
with an integral boundary layer formulation, for the anal-
ysis of subsonic isolated airfoils [27]. The final solution is 
achieved through the implementation of an iterative pro-
cedure between the inner and outer flow solutions on the 
boundary layer displacement thickness, until an appropri-
ate convergence criterion is reached; accordingly, the vis-
cous pressure distributions (which capture the effects of 
laminar separation bubbles and trailing edge separation) 
can be predicted with reasonable accuracy [29]. During 
an XFOIL analysis, the transition from laminar to turbulent 
state is predicted by applying an approximate eN envelope 
method [30], according to which, only the most amplified 
frequency at a given point on the airfoil downstream from 
the point of instability is tracked (instead of tracking the 

amplification rates of all frequencies), in order to obtain 
the amplitude of the entire frequency envelope [29]. 
Transition is assumed when this integrated amplitude N 
reaches an empirically determined value, denoted as Ncrit . 
The appropriate value of Ncrit parameter can be calculated 
as a function of the absolute value of turbulence intensity, 
through Eq. (1) [31]:

6.1 � XFOIL setup and validation

Prior to the aerodynamic evaluation of the proposed RG15 
airfoil family, the accuracy of XFOIL was validated against 
the available experimental data for the original RG15 air-
foil [14]. In this study, a value of 9 was adopted for Ncrit , in 
order to match the turbulence levels reported during the 
wind tunnel testing (that is a turbulence intensity value 
less than 0.001 or 0.1%) [14]. As long as the geometry 
description is concerned, the study of Morgado et al. [32] 
concluded that no significant variation in the aerodynamic 
coefficients should be detected by increasing the number 
of points (panel resolution) on the airfoil surface over 150. 
However, XFOIL documentation advises that a fine panel 
resolution is required, if the appearance of laminar sepa-
ration bubbles is expected. To this end, 300 points were 
used to describe the RG15 airfoil geometry, by applying 
a denser point distribution near the leading and trailing 
edges. The Mach number was set to zero.

Figures 13 and 14 provide the lift and drag coefficients 
of the RG15 airfoil, as a function of the angle of attack, 
for Re = 60,000 and Re = 300,000 respectively, as they 

(1)Ncrit = −8.43 − 2.4ln
(

Tu
)

.

Table 2   Geometrical characteristics of the airfoils composing the 
proposed RG15 airfoil family

Airfoil Max. thickness Max. camber Sectional area

Original RG15 0.0892c 0.018c 0.0595c2

RG15-(00)-70-1 0.0892c 0.018c 0.0605c2

RG15-(10)-70-1 0.0981c 0.018c 0.0664c2

RG15-(20)-70-1 0.1070c 0.018c 0.0724c2

RG15-(30)-70-1 0.1160c 0.018c 0.0784c2

RG15-(40)-70-1 0.1249c 0.018c 0.0843c2

RG15-(50)-70-1 0.1338c 0.018c 0.0903c2
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Fig. 13   Comparison of the XFOIL results for the lift and drag coefficients of the original RG15 airfoil at Re = 60,000 with the corresponding 
experimental measurements [14]; a CL − � . b CD − �
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resulted from both the testing program at the UIUC low-
turbulence subsonic wind tunnel [14] and XFOIL software; 
the particular Reynolds numbers correspond to the lower 
and upper values of the Reynolds number spectrum exam-
ined during the experimental studies at UIUC [14].

As it can be observed, the experimental lift and drag 
curves have been predicted with reasonable accuracy for 
both Reynolds numbers; similar levels of accuracy were 
found during the comparisons made for the rest of the 
available experimental data, corresponding to the differ-
ent Reynolds numbers (within the particular range) that 
were examined during the experimental study at UIUC 
[14]. However, some notable discrepancies between the 
experimental and numerical results were also detected, 
especially in terms of the drag coefficient. In particu-
lar, XFOIL seems to over-predict the drag coefficient at 
Re = 60,000 for angles of attack higher than 8o, while 
an evident under-prediction of the drag coefficient at 
Re = 300,000 was also observed, regarding the angles of 
attack higher than 10o. Nevertheless, the approximation 
of the experimental data is considered acceptable, since 
the trend and major aspects of both curves have been well 
captured. Consequently, XFOIL can be used for the evalu-
ation of the RG15 airfoil family within the particular low 
Reynolds numbers range.

7 � RANS solver

Apart from the XFOIL analysis, the aerodynamic perfor-
mance of the entire RG15 family was further evaluated 
by means of an in-house 2D RANS solver, so as to have a 
better understanding of the respective flow fields and the 

associated phenomena. The particular flow solver is based 
on a dimensionless formulation of the Navier–Stokes equa-
tions, modified by the artificial compressibility method 
[28]; space discretization is based on node-centered Finite 
Volume formulation, utilizing a 2nd order MUSCL (Mono-
tonic Upstream Scheme for Conservation Laws) scheme; 
turbulence simulation is succeeded through the stand-
ard two-equation Shear Stress Transport (SST) k − � tur-
bulence model [33], which is a combination of the k − � 
and k − � turbulence models. The SST k − � model was 
preferred over the alternative two-equation turbulence 
models because of the beneficial features that provides, 
since it combines the advantages of both k − � and k − � 
models, while disregarding their major shortcomings [34]. 
Furthermore, according to the study on Morgado et al. 
[32], the SST k − � model seems capable of accurately 
predicting a wide spectrum of low Reynolds number flows 
over airfoils. The limitations of this approach should be 
taken into account, as no transition model or low-Re cor-
rections are considered in this study. The spatial discretiza-
tion of the flow and turbulence models is performed over 
two-dimensional unstructured grids, comprised of both 
triangular and quadrilateral elements, along with a node-
centered finite-volume scheme. A detailed description of 
the employed solver can be found in the work of Leloudas 
et al. [28].

7.1 � CFD setup and validation

Prior to the aerodynamic evaluation of the RG15 airfoil 
family, the ability of the 2D RANS solver to accurately 
predict the lift and drag forces was validated against the 
available experimental data for the original RG15 airfoil 

(b)(a)

-0.75

-0.50

-0.25

0.00

0.25

0.50

0.75

1.00

1.25

1.50

-8 -6 -4 -2 0 2 4 6 8 10 12 14

Li
� 

Co
effi

ci
en

t -
C L

[-]

Angle of A�ack - α [Deg]

XFOIL (Version 6.99)

Wind Tunnel Data

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

-8 -6 -4 -2 0 2 4 6 8 10 12 14

Dr
ag

 C
oe

ffi
ci

en
t -

C D
[-]

Angle of A�ack - α [Deg]

XFOIL (Version 6.99)

Wind Tunnel Data

Fig. 14   Comparison of the XFOIL results for the lift and drag coefficients of the original RG15 airfoil at Re = 300,000 with the corresponding 
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[13]. However, a grid independence study was also per-
formed before the validation study, in order to guaran-
tee that the grid resolution does not affect the simulation 
results. For this purpose, three computational grids with 
different resolutions were constructed, denoted as Mesh 1 
(coarse), Mesh 2 (medium) and Mesh 3 (fine), by consider-
ing an angle of attack equal to 0°. At this point, it is noted 
that the desired angle of attack for each flow simulation 
was achieved by properly rotating the airfoil geometry 
instead of changing the inflow angle; then the updated 
computational domain was re-meshed. Therefore, a differ-
ent computational grid was constructed for each one of 
the considered airfoils and angles of attack. This procedure 
was adopted in order to retain a high grid density in the 
wake region for all different angles of attack.

All three grids were generated by adopting a compu-
tational domain, such as the one depicted in Fig. 15a, in 
which the inflow boundary was placed at a distance of 
25 chord lengths upstream the airfoil’s leading edge and 
the outflow boundary at a distance of 40 chord lengths 
downstream the airfoil’s trailing edge. Mesh 1 (which is 
the coarsest among the examined ones) was composed 
by 164,345 triangular and 25,284 quadrilateral elements, 
with a total number of nodes equal to 107,927. For the 
description of the airfoil geometry 602 points were used 
along the airfoil surface, by applying a denser distribu-
tion near the leading and trailing edges. Mesh 2 was con-
structed by applying a denser points distribution on the 
airfoil surface (804 points), accompanied by increasing 
mesh resolution within the entire computational domain; 
it comprises of 380,032 triangular and 28,140 quadrilateral 
elements, with a total number of nodes equal to 218,765. 
Finally, an even finer mesh resolution and denser points 
distribution on the airfoil surface was adopted for the 

construction of Mesh 3, which is composed by 686,556 
triangular and 47,920 quadrilateral elements, with a total 
number of nodes equal to 392,160. The wall spacing of the 
first inflation layer, created on the airfoil surface for all the 
three grids, was calculated by considering a y+ value of 
approximately 1. The corresponding meshing parameters 
are also provided in Table 3.

Table 4 presents the numerical lift and drag coefficients 
of the RG15 airfoil at Re = 300,000 and � = 0◦ , as obtained 
by using Mesh 1, Mesh 2 and Mesh 3. Apparently, no sig-
nificant variation of the lift and drag coefficients was found 
by increasing the mesh resolution over the levels provided 
by Mesh 2; the percentage difference in both lift and drag 
obtained through the utilization of Mesh 2 and Mesh 3 
was below 0.3%, even though the number of nodes has 
been almost doubled. Therefore, the resolution provided 
by Mesh 2 is considered sufficient to result in a mesh inde-
pendent solution. Consequently, a computational mesh 
of analogous resolution was constructed for each one of 
the different angles of attack that were encountered dur-
ing this validation study. Such a computational mesh is 
presented in Figs. 15b and 16.

The RANS simulations were conducted at Re = 300,000 
for angles of attack ranging from − 6° to 12° (using an 

Fig. 15   a The computational domain used for the validation study of the RANS solver, b wide view of the corresponding computational grid

Table 3   Meshing parameters used for the grid independence study

Mesh parameter Mesh 1 Mesh 2 Mesh 3

Number of nodes 107,927 218,765 392,160
Triangular elements 164,345 380,032 686,556
Quadtrilateral Elements 25,284 28,140 47,920
Points on airfoil 602 804 1200
Target y+ ≈ 1.0 ≈ 1.0 ≈ 1.0
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increment of 1°); therefore, 19 computational grids were 
constructed in total. In Fig. 17, the lift and drag coefficients 
of the RG15 airfoil as a function of the angle of attack are 
illustrated, as obtained from the testing program at the UIUC 
low-turbulence subsonic wind tunnel [14], XFOIL code and 
the 2D RANS solver. As it seems, the trend of both experi-
mental curves have been well predicted by the RANS solver; 

however, an over-prediction of the drag coefficient was 
observed (typical characteristic of the SST k − � turbulence 
model), especially for the angles of attack lying between 
− 3° and 6°. According to the results presented in the study 
of Morgado et al. [22], a better match of the experimental 
drag coefficients could be achieved by the utilization of 
low Reynolds number correction to the standard SST k − � 

Table 4   The results of the grid 
independence study. The flow 
simulations were performed 
for RG15 airfoil at Re = 300,000 
and � = 0◦

Number of nodes CL CD Percentage 
Diff.—CL (%)

Percentage 
Diff.—CD 
(%)

Mesh1 107,927 0.2355460 0.0117844 – –
Mesh 2 218,765 0.2353327 0.0116944 0.09 0.76
Mesh 3 392,160 0.2353510 0.0116699 0.01 0.21

Fig. 16   The hybrid computational grid used for the flow field simulation of the original RG15 airfoil at � = 6◦
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Fig. 17   The lift and drag coefficients of the original RG15 airfoil at Re = 300,000 , as obtained by XFOIL software, the 2D RANS solver and the 
experimental measurements [14]
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turbulence model. However, the implementation of such a 
modified turbulence model is the subject of ongoing work.

7.2 � Lift and drag calculation

The components of the total aerodynamic force R = (Rx,Ry ) 
on the airfoil are calculated by integrating the pressure ( p ) 
and shear stress ( �) distributions over the airfoil contour (Cs) 
[35] 

Regarding Eqs. (2) and (3), nx and ny denote the compo-
nents of the unit vector n̂ normal to the airfoil surface; �xx , 
�xy , �yx and �yy represent the components of the viscous 
stress tensor. Subsequently, the lift and drag forces on the 
airfoil can be obtained through the following equations 
[35] 

where � is the angle between the inflow velocity vec-
tor and the x axis. In this study, � angle is zero, since the 
desired angle of attack is simulated by rotating the airfoil 
geometry. Eventually, the lift and drag coefficients are cal-
culated as follows [35] 

where � represents the air density, V∞ the ambient wind 
speed and c the airfoil chord.

(2)Rx = −∮
Cs

pnxds + ∮
Cs

(

�xxnx + �xyny
)

ds,

(3)Ry = −∮
Cs

pnyds + ∮
Cs

(

�xynx + �yyny
)

ds,

(4)L = Ry cos (�) − Rx sin (�),

(5)D = Rx cos (�) + Ry sin (�),

(6)CL = 2L∕�V∞c,

(7)CD = 2D∕�V∞c,

8 � Results and discussion

8.1 � XFOIL results

Similarly to the preceding validation study, the analysis of 
RG15 airfoil family was performed by setting the value of 
Ncrit parameter equal to 9 and Mach number equal to 0, 
while the same panel resolution was adopted (300 points 
on each airfoil surface). The aerodynamic performance 
of the proposed RG15 airfoil family was evaluated for 
each one of the Reynolds numbers examined during the 
wind tunnel experiments [14], by considering a range of 
angles of attack between − 6° and 20°. Table 5 contains the 
maximum lift-to-drag ratio (L∕D)max and the maximum lift 
coefficient CLmax

 for the RG15 airfoil and the entire RG15 
airfoil family at the corresponding Reynolds numbers, 
ranging from Re = 60,000 to Re = 300,000 . Apparently, the 
decrease of Re results in the reduction of (L∕D)max for each 
one of the examined airfoils, while for a fixed Re value, a 
reduction in (L∕D)max was also detected by increasing the 
thickness distribution. Therefore, all airfoils of the RG15 
family exhibit a (L∕D)max loss, for every Re , as compared 
with the original RG15 airfoil. However, the percentage 
loss of (L∕D)max between a thickened and the original 
RG15 airfoil seems to decrease with increasing Re . In par-
ticular, the maximum reduction in (L∕D)max was found for 
the RG15-(50)-70-1 airfoil at Re = 60,000 ; it was equal to 
12.68%. The corresponding reduction at Re = 300,000 
was equal to 4.13%, while the percentage reductions for 
the rest of Reynolds numbers lie within the range defined 
by the aforementioned values. Apparently, the particular 
range decreases as the thickness-to-chord ratio is reduced. 
For example, the reduction in the maximum lift-to-drag 
ratio for the RG15-(30)-70-1 airfoil was found equal to 
7.52% and 2.09%, at Re = 60,000 and Re = 300,000 respec-
tively. Conclusively, the impact of thickness distribution 
on the maximum lift-to-drag ratio tends to deteriorate as 
the Re increases.

RG15-(50)-70-1 airfoil demonstrated the maximum 
reduction in (L∕D)max at Re = 60,000 (Table  5) because 

Table 5   The maximum lift 
coefficient and lift-to-drag 
ratio for each one of the 
examined airfoils, at various 
Reynolds numbers, resulting 
from the XFOIL analysis

Airfoil 60,000 Re 100,000 Re 150,000 Re 200,000 Re 300,000 Re

(L∕D)max CLmax
(L∕D)max CLmax

(L∕D)max CLmax
(L∕D)max CLmax

(L∕D)max CLmax

Original RG15 39.89 1.088 52.57 1.133 62.38 1.162 68.88 1.169 78.39 1.207
RG15-(00)-70-1 39.50 1.073 52.38 1.109 62.01 1.139 69.22 1.155 78.28 1.195
RG15-(10)-70-1 38.88 1.127 51.53 1.167 61.58 1.203 68.28 1.213 77.57 1.252
RG15-(20)-70-1 38.05 1.162 50.52 1.218 60.93 1.243 67.51 1.258 77.03 1.289
RG15-(30)-70-1 36.89 1.220 49.92 1.274 60.12 1.284 67.06 1.293 76.75 1.319
RG15-(40)-70-1 35.91 1.222 49.09 1.276 59.29 1.293 66.49 1.304 76.00 1.342
RG15-(50)-70-1 34.83 1.250 48.24 1.302 58.44 1.324 65.53 1.325 75.15 1.351
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this is the airfoil with the maximum geometrical devia-
tion (thickness) from the original RG15 airfoil (compared 
to all the airfoils in the family) and the Reynold number is 
low enough to considerably affect the drag production. 
The (L∕D)max for all the examined airfoils is observed in 
the range of angle of attack ( a ) between (approximately) 
3° and 7°. At this range of a , lift is not affected by the 
increase in maximum thickness of the airfoil, for constant 
Re (Figs. 18a, 19a). However, drag is increased with increas-
ing the maximum airfoil thickness and decreasing Re 
(Figs. 18b, 19b). At this Re range, as the Re decreases below 
100,000 there is an increase in drag, particularly because of 
premature flow separation and failure to reattach, result-
ing in a reduced drag bucket and a large decrease in lift 
[36]. At Re in the range between 50,000 and 100,000 the 
separation bubble and turbulent boundary-layer thickness 

both increase in size (compared to higher Re ), a conse-
quence of the higher contribution of the viscous forces, 
resulting in increased parasitic drag [36]. Nevertheless, 
at such low Re , the increase in airfoil thickness results in 
considerable increase in form drag, due to trailing edge 
separation, while simple flat plates outperform conven-
tional airfoils for Re lower than 50,000 [36].

Although the thickening of the RG15 airfoil results in 
reduced maximum glide ratios, an opposite behaviour was 
observed for the maximum lift coefficient, which seems to 
increase by increasing the thickness-to-chord ratio, for a 
fixed Re value. Apart from Table 5, the particular effect is 
characteristically demonstrated in Figs. 18a and 19a, which 
provide the lift coefficient for the entire RG15 airfoil fam-
ily, as a function of the angle of attack. Additional infor-
mation about the behaviour of (L∕D)max and CLmax

 with Re 
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Fig. 18   Aerodynamic characteristics of the RG15 airfoil family at Re = 60,000 , as obtained through the XFOIL analysis. a CL − � . b CD − � . c 
CL∕CD − � . d CL − CD
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can be obtained by observing Table 6, which presents the 
increase rate of (L∕D)max and CLmax

 due to the increase of Re 
(i.e., the rate of change in (L∕D)max and CLmax

 as Re changes) 
for each airfoil of the RG15 family, using the slope of the 
linear regression line through data points suggested in 
[37, 38]. According to Table 6, Re has a higher impact on 
(L∕D)max , as the relative thickness of the airfoil increases. 
Unfortunately, such a conclusion cannot be drawn for CLmax

 , 
since the slope of the linear regression line for CLmax

 is not a 
monotonic function of the relative thickness.

Furthermore, an extension of the high-lift region to 
higher angles of attack has been also detected for both 
Re = 60,000 and Re = 300,000 , while the increase of the 
thickness distribution leads to a smoother stall behavior, 
especially at Re = 300,000 . This latter deduction is further 
supported by observing the performance of the entire 
RG15 airfoil family in terms of the drag coefficient, which 
is represented in Figs. 18b and 19b. Even though the drag 
coefficient at Re = 60,000 is analogous to the airfoil thick-
ness for the angles of attack ranging from − 3° to 7°, an 
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Fig. 19   Aerodynamic characteristics of the RG15 airfoil family at Re = 300,000 , as obtained through the XFOIL analysis. a CL − � . b CD − � . c 
CL∕CD − � . d CL − CD

Table 6   Increase rate of (L∕D)max
 and CLmax

 with Re using the slope linear regression through data points

Airfoil RG15 RG15-(00)-70-1 RG15-(10)-70-1 RG15-(20)-70-1 RG15-(30)-70-1 RG15-(40)-70-1 RG15-(50)-70-1

(L∕D)max 1.536E−04 1.552E−04 1.548E−04 1.563E−04 1.594E−04 1.605E−04 1.610E−04
CLmax

4.536E−07 4.853E−07 4.910E−07 4.796E−07 3.532E−07 4.437E−07 3.634E−07
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opposite behaviour was found for the angles of attack 
higher than 7o, where the airfoils with a larger thickness-
to-chord ratio exhibit a smaller drag coefficient. A similar 
behaviour was also identified at Re = 300,000 ; however, in 
the latter case, the drag dependence upon the thickness-
to-chord ratio for the angles of attack below 7° was much 
weaker.

8.2 � RANS simulations results

RANS simulations were performed for each airfoil com-
posing the proposed RG15 airfoil family at Re = 300,000 , 
considering a range of angles of attack from − 6° to 12°. 
As previously noted, a new computational grid of similar 
resolution to Mesh 2 was generated for each airfoil and 
angle of attack. Thus, by including the original RG15 air-
foil, 133 different computational grids were constructed 
during this study. Such a computational grid (for the flow 
simulation around RG15-(30)-70-1 airfoil at � = 6◦ ) is pre-
sented in Fig. 20.

8.2.1 � Aerodynamic coefficients

Figure  21 illustrates the aerodynamic characteristics 
of the RG15 airfoil family at Re = 300,000 , as obtained 
by the RANS simulations. In accordance to the results 
of XFOIL analysis, no significant variation in the linear 

region of the lift coefficient has been observed with 
increasing thickness-to-chord ratio, as shown in Fig. 21a; 
a similar behavior in terms of drag coefficient was also 
found. Even though the drag coefficient seems to be pro-
portional to the thickness-to-chord ratio, for the angles 
of attack ranging between − 5° and 8°, a trend reversal 
was detected for the angles of attack higher than 8o, 
in which the airfoils with a larger thickness-to-chord 
ratio exhibit a smaller drag coefficient. This is probably 
attributed to the ability of the thicker airfoils of the RG15 
family to maintain the flow attached at higher angles of 
attack (later and smoother stall). The quantification of 
the relationship between lift-to-drag ratio and angle of 
attack (Fig. 21c) is provided in Table 7.

However, as the preceding validation study already 
revealed, the drag levels estimated by the RANS solver 
are higher than those predicted by XFOIL solver; this 
conclusion can be easily drawn by observing both 
Fig. 21b, d, as well as Table 8, which provides a compari-
son between the maximum lift-to-drag ratios resulted 
from XFOIL and RANS solvers, for each airfoil of the 
RG15 family. In particular, the RANS simulation resulted 
in maximum lift-to-drag ratios which are reduced by 
approximately 30%, as compared to those of XFOIL anal-
ysis, for each airfoil. Furthermore, significant differences 
can be detected on the prediction of the angle of attack 
in which the maximum lift-to-drag ratio is achieved. 

Fig. 20   The hybrid computational grid used for the flow field simulation of the RG15-(30)-70-1 airfoil at � = 6◦
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Nevertheless, a fairly good agreement on the prediction 
of the percentage reduction of the maximum lift-to-drag 
ratio between the original and the thickened airfoils was 
found. For example, XFOIL predicted that the maximum 
lift-to-drag ratio of the RG15-(50)-70-1 was reduced by 

4.6%, as compared to the original RG15; the estimation 
of the RANS solver on the corresponding reduction was 
equal to 3.2%. A last remark on the RANS results con-
cerns the high drag coefficient that was observed for 
the RG15-(00)-70-1 airfoil at − 6° (Fig. 19b). According 
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Fig. 21   Aerodynamic characteristics of the RG15 airfoil family at Re = 300,000 (RANS analysis). a CL − � . b CD − � . c CL∕CD − � . d CL − CD
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to the examination of the respective flow field, this is 
attributed to the presence of a large separation bub-
ble on the lower surface of the particular airfoil, which 
encompasses a chordwise extend of approximately 9%. 
It should be emphasized than no transition model or 
low-Re corrections for the turbulence model were used 
for RANS simulations in this study, which can partially 
explain the discrepancies between the XFOIL and RANS 
results.

8.2.2 � Comparison with XFOIL

Further to the comparisons between the results of XFOIL 
and RANS solvers, Fig. 22 provides the distribution of the 
pressure coefficient along the RG15-(40)-70-1 airfoil, as 
obtained by the 2D RANS solver and XFOIL software, for 
various angles of attack between − 5° and 10°. Although 
a good match is observed for the largest extend of 
the airfoil chord and both suction and pressure sides, 

Table 7   Lift-to-drag ratio as a function of angle of attack at Re = 300,000 (RANS analysis)

300,000 Reynolds number

AoA RG15 RG15-(00)-70-1 RG15-(10)-70-1 RG15-(20)-70-1 RG15-(30)-70-1 RG15-(40)-70-1 RG15-(50)-70-1

− 6° − 14.56 − 14.51 − 23.60 − 25.77 − 26.82 − 27.37 − 28.51
− 5° − 19.55 − 19.62 − 20.69 − 21.66 − 21.42 − 21.42 − 21.56
− 4° − 14.90 − 14.69 − 14.55 − 14.65 − 14.74 − 14.73 − 14.40
− 3° − 7.23 − 6.95 − 6.67 − 6.77 − 6.98 − 6.83 − 6.84
− 2° 1.62 1.76 1.94 1.58 1.49 1.32 1.24
− 1° 10.84 10.80 10.89 10.36 10.20 9.95 9.47
0° 19.97 19.83 19.26 18.90 18.76 18.14 17.80
1° 28.48 28.04 27.53 27.01 26.42 25.96 25.27
2° 36.15 35.50 34.89 34.38 33.39 32.56 32.37
3° 42.60 41.89 41.19 40.66 39.71 39.05 38.00
4° 47.74 46.99 46.22 45.94 45.01 44.60 43.32
5° 51.40 50.66 49.54 49.72 49.12 48.43 46.73
6° 53.42 52.46 51.54 52.01 51.65 50.37 49.65
7° 53.65 52.80 52.30 51.65 52.85 50.72 50.62
8° 51.18 50.51 52.31 52.34 52.06 50.68 51.89
9° 46.27 46.17 50.57 52.23 50.93 51.47 48.43
10° 39.49 39.04 45.97 47.05 48.60 47.20 47.18
11° 27.68 23.98 39.19 43.87 43.83 44.20 42.38
12° 16.32 – 31.29 37.71 38.92 40.42 38.93

Table 8   Comparison between the results of XFOIL and RANS solvers, in terms of the maximum lift-to-drag ratio

300,000 Reynolds number

Airfoil RG15 RG15-(00)-70-1 RG15-(10)-70-1 RG15-(20)-70-1 RG15-(30)-70-1 RG15-(40)-70-1 RG15-(50)-70-1

XFOIL (L∕D)max 78.76 78.65 77.80 77.31 76.56 75.84 75.12
2D RANS (L∕D)max 53.64 52.80 52.31 52.34 52.85 51.47 51.89
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significant discrepancies have been found around the 
points in which laminar to turbulent transition is real-
ized. Obviously, this is attributed to the inability of the 
standard SST k − � model to predict the particular phe-
nomenon. The calculation of pressure coefficient was 
implemented through Eq. (8):

where p∞ is the free flow pressure.
Finally, a detailed comparison of the lift and drag 

curves for the entire RG15 airfoil family at Re = 300,000 
is provided in Figs. 23, 24, 25, 26, 27 28. Apparently, the 
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drag levels predicted by the RANS solver are higher than 
those resulting from the XFOIL analysis for all the airfoils 
composing the RG15 family. On the other hand, a better 
match is observed for the lift coefficient curves, which 
tends to improve as the thickness-to-chord ratio of the 
airfoil increases.

8.2.3 � Flow field visualizations

One of the most characteristic feature of the flow field 
around each one of the airfoils composing the RG15 family 
is the formation of a recirculation zone behind the rounded 
trailing edge, which is generally composed by two distinct 
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Fig. 23   Comparison between the lift and drag curves obtained by XFOIL and RANS solvers for the RG15-(00)-70-1 airfoil at Re = 300,000
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Fig. 24   Comparison between the lift and drag curves obtained by XFOIL and RANS solvers for the RG15-(10)-70-1 airfoil at Re = 300,000
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vortex rings. Figure 29 illustrates the recirculation region 
behing the trailing edge of the proposed airfoils at � = 0◦ 
and Re = 300,000 . The vortex size is approximatelly equal 
to 1 percent of the chord length, while no variation in both 
size and behavior of the particular recirculation area has 
been observed by increasing the thickness-to-chord ratio 
of the airfoil.

Although the size of the recirculation zone seems not to 
be influenced by the thickness-to-chord ratio, it is highly 
dependent upon the angle of attack. Figure 30 presents 
the variation of the recirculation zone behind the trail-
ing edge of the RG15-(30)-70-1 airfoil at Re = 300,000 for 
several angles of attack between − 6° and 12°. As it can 
be observed, the recirculation zone size decreases as the 

-0.75

-0.50

-0.25

0.00

0.25

0.50

0.75

1.00

1.25

1.50

-8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18 20

Li
� 

Co
effi

ci
en

t -
C L

[-]

Angle of A�ack - α [Deg]

RG-(20)-70-1 (2D RANS)

RG-(20)-70-1 (XFOIL)
0.00

0.02

0.03

0.05

0.06

0.08

0.10

0.11

0.13

0.14

0.16

-8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18 20

Dr
ag

 C
oe

ffi
ci

en
t -

C D
[-]

Angle of A�ack - α [Deg]

Fig. 25   Comparison between the lift and drag curves obtained by XFOIL and RANS solvers for the RG15-(20)-70-1 airfoil at Re = 300,000
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Fig. 26   Comparison between the lift and drag curves obtained by XFOIL and RANS solvers for the RG15-(30)-70-1 airfoil at Re = 300,000



Vol:.(1234567890)

Research Article	 SN Applied Sciences (2020) 2:371 | https://doi.org/10.1007/s42452-020-2161-1

angle of attack increases, until a trailing edge stall is estab-
lished. Then, the recirculation region behind the trailing 
edge is substituted by a separated flow located on the suc-
tion side of the airfoil. According to the available numeri-
cal results, the first appearance of a trailing edge stall for 
the RG15-(30)-70-1 airfoil at Re = 300,000 was made at an 

angle of attack between 10° and 11°. A similar behavior in 
terms of the recirculation zone behind the rounded trail-
ing edge was found during the analysis of the numerical 
results for the rest airfoils of the RG15 family. However, in 
the cases of RG15-(40)-70-1 and RG15-(50)-70-1 airfoils, the 
first appearance of a trailing edge stall was observed at an 
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Fig. 27   Comparison between the lift and drag curves obtained by XFOIL and RANS solvers for the RG15-(40)-70-1 airfoil at Re = 300,000

-0.75

-0.50

-0.25

0.00

0.25

0.50

0.75

1.00

1.25

1.50

-8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18 20

Li
� 

Co
effi

ci
en

t -
C L

[-]

Angle of A�ack - α [Deg]

RG-(50)-70-1 (2D RANS)

RG-(50)-70-1 (XFOIL)
0.00

0.02

0.03

0.05

0.06

0.08

0.09

0.11

0.12

0.14

0.15

-8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18 20

Dr
ag

 C
oe

ffi
ci

en
t -

C D
[-]

Angle of A�ack - α [Deg]

Fig. 28   Comparison between the lift and drag curves obtained by XFOIL and RANS solvers for the RG15-(50)-70-1 airfoil at Re = 300,000
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angle of attack between 9° and 10° (that is slightly smaller 
than the corresponding angle of attack for the rest of the 
RG15 airfoils).

Apart from the improvement of the structural charac-
teristics, the thickening of the RG15 airfoil seems to also 
have a beneficial impact on the appearance of separa-
tion bubbles. Especially, as the thickness-to-chord ratio 
increases the first appearance of a separation bubble 
moves to higher angles of attack. Figure 31 illustrates the 
velocity streamlines around the leading edge of the airfoils 
composing the proposed RG15 family at � = 12◦ . As it is 
observed, an open separation area has been formed on 
the suction side of RG15-(00)-70-1. However, by increasing 
the thickness-to-chord ratio, the open separation area is 
substituted by a short separation bubble (Fig. 31b) cov-
ering a chordwise extend of approximately 1.6%. Further 
increase of the airfoil thickness results in the reduction 
of the bubble’s size, accompanied by its movement away 

from the leading edge. Eventually, no separation bubble 
was detected on the upper surface of RG-(50)-70-1. Finally, 
Figs. 32 and 33 illustrate the pressure and axial velocity 
contours for each one of the airfoils composing the RG15 
family at the angle of attack in which the maximum lift-to-
drag ratio was detected.

9 � Conclusions

In this study, a low-Reynolds airfoils family (consisted of 
six airfoils) suitable for the entire blade span of small hor-
izontal-axis wind turbines has been designed, aiming to 
reduce the effects related to laminar separation, increase 
the structural integrity of the blade, enhance the startup 
behavior of the wind turbine and meet the current blade 
manufacturing limitations. Initially, 5 thickened airfoils 
were constructed based on the RG15 airfoil. According 

Fig. 29   Recirculation area behind the rounded trailing edges of the proposed airfoils at � = 0◦ and Re = 300,000
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to the followed methodology, the thickened airfoils were 
designed in such a way that they have the same mean 
camber line (MCL), as compared to the one of the origi-
nal RG15 airfoil (so as to retain its desirable aerodynamic 
characteristics), but an increased thickness-to-chord ratio 
distribution by 50%, 40%, 30%, 20% and 10% respectively. 
Then, another custom script was applied to the original 
and the thickened RG15 airfoils, for the generation of 
a rounded trailing edge without truncating the airfoil, 

through the proper modification (local thickening) of the 
provided airfoil geometries. The final airfoil family resulted 
through the application of a parabolic thickness distribu-
tion to the thickened airfoils, at their trailing edge region, 
setting the value for the blending distance equal to 70% 
and the trailing edge radius equal to 0.5% of the chord 
length respectively. According to the aerodynamic evalu-
ations performed with XFOIL code at various low Reynolds 
numbers, the dependence of the blending distance on the 

Fig. 30   Variation of the recirculation zone behind the trailing edge of the RG15-(30)-70-1 airfoil with the angle of attack at Re = 300,000
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lift and drag coefficients was found practically zero; the 
same conclusion was drawn for the dependence of the 
aerodynamic coefficients on the rounded trailing edge 
with a radius of 0.5% of the chord.

The aerodynamic performance of the entire RG15 airfoil 
family was initially evaluated by using XFOIL software for 
various low Reynolds numbers ranging from Re = 60,000 
to Re = 300,000 . The results of the XFOIL analysis revealed 
that the increase of the thickness-to-chord ratio leads to 
the reduction in the maximum lift-to-drag ratio for each 

one of the considered Reynolds numbers. However, as 
the Reynolds number increases the particular percentage 
reduction decreases. Apparently, the maximum reduction 
in the maximum lift-to-drag ratio, as compared to the one 
of the original RG15 airfoil, was found for the lowest Re 
examined (60,000) and the RG15-(50)-70-1 airfoil (the 
thicker airfoil of the RG15 family); this percentage reduc-
tion was equal to 12.68%. The corresponding percentage 
at Re = 300,000 was equal to 4.6%. Nevertheless, even the 
largest reduction of the maximum lift-to-drag ratio seems 

Fig. 31   The variation of separation bubble with thickness-to-chord ratio at � = 12◦
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minor given that this airfoil has a maximum thickness-to-
chord ratio that is 50% higher than the maximum thick-
ness-to-chord ratio of the baseline RG15 airfoil, accompa-
nied by cross-sectional area that has been increased by 
approximately 52%. On the other hand, a growth of the 
maximum lift coefficient for each Re was found by increas-
ing the thickness-to-chord ratio.

Moreover, the performance of the RG15 airfoil family 
was further examined by employing an in-house 2D RANS 
solver, using the standard two-equation SST k − � turbu-
lence model. The RANS simulations were performed at 
Re = 300,000 . Although the results of the RANS simulation 

were generally in accordance with those of XFOIL, a nota-
ble over-estimation of the drag coefficient was detected, 
leading to the under-estimation of the lift-to-drag ratio. 
Such an outcome clearly indicates that a low Reynolds 
number correction model is essential, in order to increase 
the accuracy of the numerical results. Finally, the behav-
ior of the recirculation area behind the rounded trailing 
edge for different angles of attack was examined, while 
the thickening of the airfoils was found to have a beneficial 
impact on the appearance of separation bubbles.

Fig. 32   The pressure contours around each one of the airfoils composing the RG15 family at the angle of attack leading to the maximum 
lift-to-drag ratio (Re = 300,000)
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