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ABSTRACT

ARTICLE INFO

In the current study, three airfoils—PSU94-097, SD6060, and S2055—were
analyzed for their aerodynamic performance across Reynolds numbers (Re) ranging
from 50,000 to 500,000, typical for Small Wind Turbine (SWT) blade airfoils.
Results indicated that as Re increased, the aerodynamic efficiency of all modified
airfoils improved. Optimal thickness-to-camber ratios (t/c) of 1.50-2.25, 2.25-3, and
0.60-1.50 for SD6060, S2055, and PSU94-097 airfoils, respectively, contributed to
enhanced efficiency. PSU94-097-modified airfoil demonstrated the highest lift-to-
drag ratio (CL/CD) of 151.60 at Re of 500,000. Peak CL/CD values for SD6060-
modified and S2055-modified airfoils were 109.87 and 97.13, respectively. PSU94-
097-modified, SD6060-modified, and S2055-modified airfoils attained peak lift
coefficients (CL) of 1.534, 1.219, and 1.174, respectively. PSU94-097-modified
airfoil also showed the highest peak CL across Re ranging from 50,000 to 500,000.
Percentage increase in peak CL/CD across Re range of 50,000 to 500,000 was
15.8%, 16.08%, 24.43%, 17.12%, 17.30%, 17.98%, and 20.22% for PSU94-097-
modified airfoil; 27.87%, 2.03%, 13.77%, 15.83%, 15.14%, 17.95%, and 17.73%
for SD6060-modified airfoil; and 16.70%, 7.11%, 5.77%, 7.25%, 11.40%, 9.99%,
and 6.04% for S2055-modified airfoil. In addition to enhancing the aerodynamic
efficiency of airfoils and consequently increasing electricity production in wind
turbines, optimizing the t/c reduces the material needed for wind turbine
construction. This not only lowers the cost but also minimizes environmental impact
by using fewer resources. Thus, these modifications are environmentally beneficial,
contributing to sustainable development alongside improving wind turbine
efficiency.
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1. Introduction

SWTs are pivotal in converting renewable
energy into electricity, offering versatile
deployment options—standalone, grid-
connected, or integrated into various systems
(Seifi et al., 2023a). Due to their size and
placement, SWTsexcel in low Re airflows (Porto
et al., 2022), typically operating below 500,000
Re (Seifi Davari et al., 2024a). Poorly designed
blade airfoils can hamper aerodynamic
performance, affecting wind turbine efficiency.

Airfoils tailored for large turbines may not suit
SWTs (Akour et al., 2018; Karthikeyan et al.,
2015), necessitating optimization  across
parameters like CL, drag coefficient (CD),
CL/CD, stall Angle of Attack (AoA), and drag
bucket (Akour et al., 2018). Nemati and
Jahangirian (2020) proposed a novel method for
optimizing morphing wing segments, aiming to
enhance high-lift capabilities while minimizing
alterations. Utilizing a Genetic Algorithm (GA)
and numerical solutions, they achieved superior
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CL wvalues in less computational time than
traditional methods. Abdelwahed and El-
Rahman (2020) applied shape optimization,
using GA and XFOIL solver, to SG6043 airfoil,
boosting CL/CD by up to 24% to 10%
compared to the base design. Leite et al. (2022)
aimed to develop a framework based on high-
fidelity  simulations to optimize the
aerodynamic efficiency of a 2D simulation
using a NACAQ012 airfoil across various flight
regimes, from subsonic to hypersonic speeds.
Additionally, gradient-based optimizations
were conducted to reduce drag. Their
optimization results showcased a notable
enhancement in aerodynamic efficiency
compared to the baseline airfoil, with a
reduction in CD of up to 79.2%. Bashir et al.
(2022) selected the black widow optimization
method for their investigation due to its superior
performance among the explored optimization
techniques. Their optimizations were performed
to assess the impacts of different imposed
constraints on optimization precision and to
maximize CL/CD for cruising and climbing
flight conditions, respectively. The CL/CD for
the optimized airfoil relative to the standard
airfoil in cruise flight conditions increased from
48.53 to 86.52, indicating that the optimized
configurations outperformed the standard
airfoil models. Tang et al. (2022) aimed to
identify an ideal airfoil with minimal
susceptibility to uncertainties while maintaining
CL/CD compared to the standard airfoil. The
optimized airfoil demonstrated a 17.96%
decrease in the fluctuation spectrum without
altering the mean CL/CD. Additionally, they
employed a non-deterministic Computational
Fluid Dynamics (CFD) method to validate the
optimization process by analyzing the airflow
domain. Additionally, Zargar et al. (2022)
investigated two hybrid blade airfoils formed by
merging the DUO6W200 and NACA63215;
their findings demonstrated that a novel hybrid
blade airfoil could significantly alter the airflow
pattern over the airfoil, resulting in increased
aerodynamic efficiency. Research by Sarkar et
al. (2023) suggests that airfoils with slots
demonstrate higher lift and power coefficients
(Cp) compared to those without slots. They
evaluated the effectiveness of SWT blades by
analyzing the NACAO0018 airfoil and a slotted
airfoil  configuration. Efficiency notably
improved when slots were integrated into the
basic airfoil at an AoA of 15° resulting in
increases of 2.32% and 17.94% in CL and Cp,

respectively. Lendraitis and LukoSevicius
(2023) optimized the CL/CD ratio of the
NACA23012 airfoil flap using the suggested
airfoil parameters method. Starting at 0.7c with
a 10° deflection, their study employed a GA to
shape a morphing trailing-edge flap, enabling
aerodynamic optimization while capturing the
expected structural behavior. The optimizer
produced a structurally feasible morphing flap
that enhanced the CL/CD within the optimized
AOA range by 10%. Bhavsar et al. (2023)
investigated the impact of slots on the CL and
CD of an airfoil across various A0As by
examining an innovative slot design for the DU-
99-WA405 airfoil shape. Five different slot
positions along the chord were analyzed,
revealing that the slot 2 configuration yielded
the highest CL, CD, and CL/CD values, with
significant improvements. Salinas et al. (2023)
demonstrated the potential enhancement in
CL/CD achievable through the GA method,
while Longtin Martel et al. (2023) observed a
significant increase in overall aerodynamic
efficiency in developed airfoils. Sefi Davari et
al. (2023) examined the aerodynamic
performance of various airfoils by modifying
their shapes using XFOIL software across a
range of Re. They found that the NACAOQ015
airfoil exhibited a high peak CL/CD at low Re,
with XFOIL predictions closely matching wind
tunnel experiments. Tanirin (2024) showed
that adaptive flap design enhanced efficiency by
enlarging the wake and intensifying vortices
behind the turbine blade. Despite numerous
significant studies on airfoil optimization that
enhance aerodynamic performance using
various tools, research specifically focusing on
t/c and its impact on aerodynamic effectiveness
remains limited. This study investigates the
modification of PSU94-097, SD6060, and
S2055 airfoils, analyzing their aerodynamic
performance characteristics under low Re
conditions and varying wind velocities. The
aerodynamic capabilities of the modified
PSU94-097, SD6060, and S2055 airfoils, along
with their improved effectiveness across a range
of Re conditions from 50,000 to 500,000, are
examined in this study. This Re range
corresponds to the typical performance region
of SWTs (Kumar and Narayanan, 2022).
Following an introduction to  airfoil
optimization, CL, CD, drag bucket, and
maximum CL/CD for both the original and
modified airfoils are discussed, highlighting the
optimal t/c for each airfoil across the Re range
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of 50,000 to 500,000. Additionally, the validity
of the study is confirmed by comparing its
findings with those of other researchers. These
findings lay the groundwork for developing
additional low Re airfoils and underscore the
essential aerodynamic characteristics of the
modified PSU94-097, SD6060, and S2055
airfoils. The methods employed in conducting
this research are detailed in the subsequent
section.

2. Material and Methods
2.1. Selection of the Airfoil

In a recent study, wind turbine (WT) blades
were targeted for enhancement using a gradient-
based shape optimization method. This method
integrates Blade Element Momentum (BEM)
theory with a 2D potential airflow solver that
incorporates viscous effects and XFOIL. The
power output of the WT, analyzed through the
BEM analyzer, serves as the objective
parameter for the gradient-based optimization
method. XFOIL, a commonly used tool by
researchers for airfoil design and analysis, has
been supported by previous studies (Song and
David Lubitz, 2014; Seifi et al., 2023b; Bai et
al., 2014; Seifi Davari et al., 2024b; Seifi Davari
et al., 2023b) for its efficiency impacts.
Considering  their  superior  aerodynamic
effectiveness in low Re conditions, the SD6060

(Tarhan and Yilmaz, 2019), PSU94-097
(Maughmer et al., 2002), and S2055 (Badawy et
al., 2023) airfoils were chosen as the foundation
for generating new airfoils in this study. Using
XFOIL, the thickness and camber parameters of
the original airfoils were adjusted to reshape
their key features and create innovative designs.
For each t/c setting, the newly developed airfoil
with the maximum CL/CD at Re between
50,000 and 500,000 was examined. The
geometric characteristics of the newly created
airfoils were then determined based on the t/c
area with the highest CL/CD. Each t/c
configuration, along with the best-performing
new airfoil, underwent testing to determine the
peak CL/CD at Re ranging from 50,000 to
500,000. Further definition of the geometric
characteristics of the specific modified airfoils
was achieved using a t/c region with a higher
CL/CD. Parameters for the aerodynamic
effectiveness of the novel modified airfoils
were identified and compared to the baseline
airfoil at Re between 50,000 and 500,000. These
parameters included CL, CD, CL/CD, stall
AO0A, and drag buckets. Fig. 1 outlines the
experimental method used for the innovative
airfoil designs in XFOIL. Studies of airfoil
performance were conducted for viscous
airflow with Re ranging from 50,000 to 500,000
and Ao0A ranging from 0° to 20°. Section 3
presents examples of the new performance
standards for innovative airfoils.

—
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Fig. 1. Abstract of XFOIL process for profile experiment
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2.2. Airfoils Modified Optimization

2.2.1. SD6060 Airfoil Modified Optimization

In the current study, the CL/CD efficiency of
various airfoil t/c values served as the basis for
optimizing modified airfoils. Initial
optimization results for the SD6060 airfoil
revealed differences in the peak CL/CD across
different t/c values at Re ranging from 50,000 to
500,000, as shown in Fig. 2. At each Re, the
peak CL/CD exhibited a dome-shaped
relationship with t/c, with CL/CD efficiency
generally increasing as Re increased. The
highest point of peak CL/CD occurred within
the t/c range of 1.50 to 2.25 for each Re.
Consequently, outside this t/c range, peak
CL/CD tended to decrease. The t/c range
analyzed during the development of the airfoils

in this study was 1.50 to 2.25, which was used
to determine the thicknesses and camber of the
SD6060 airfoil. As depicted in Fig. 2(b), the
optimization of the SD6060 airfoil results in a
peak thickness of 7.34% at 24.80% of the chord
and a peak camber of 3.67% at 43.20% of the
chord. Conversely, the peak thickness and
camber of the modified SD6060 airfoils are
10.37% at 33.92% of the chord and 1.85% at
38.52% of the chord, respectively. This graph
highlights the primary differentiating factor
between the SD6060 airfoil and its modified
counterparts: the geometrical features of
thickness and camber. Specifically, the
modified SD6060 airfoils exhibit thinner and
more cambered designs compared to the
original SD6060 airfoil.
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Fig. 2. Airfoil geometry variation for SD6060 airfoil optimization

2.2.2. S2055 Airfoil Modified Optimization

Based on preliminary design optimization
results, Fig. 3(a) illustrates the variations in
peak CL/CD with t/c for the S2055 airfoil across
Re ranging from 50,000 to 500,000. It can be
observed from Fig. 3(a) that the peak CL/CD

exhibited a dome-shaped relationship with t/c
for each Re, indicating that the efficiency of
CL/CD generally improved with increasing Re.
The peak CL/CD occurred at its maximum for
each Re within the t/c range of 2.25 to 3.
Consequently, the peak CL/CD was observed to
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decrease outside of this t/c range. The thickness
and camber of the S2055 airfoil were
determined based on the

t/c, which was
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considered during the development of the
airfoils in the current research. Specifically, the
t/c ranged from 2.25 to 3.
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Fig. 3. Airfoil geometry variation for S2055 airfoil optimization

As depicted in Fig. 3(b), the optimization of the
S2055 airfoil results in a peak thickness of
6.84% at 37.70% of the chord and a peak
camber of 2.49% at 35.10% of the chord.
Additionally, the camber of the S2055 airfoil
peaks at 1.66% at 44.61% of the chord, while
the thickness peaks at 7.99% at 34.81% of the
chord. The primary distinction between the
S2055 airfoil and its modified counterparts lies
in the geometrical features of thickness and
camber, as illustrated in Fig. 3(b). Specifically,
the modified S2055 airfoils exhibit thinner and
more cambered designs compared to the
original S2055 airfoil.

2.2.3. PSU94-097 Airfoil Modified Optimization

Based on early design optimization results, Fig.
4(a) illustrates the variations in peak CL/CD
with t/c for the PSU94-097 airfoil across Re

ranging from 50,000 to 500,000. Fig. 4(a)
reveals that the peak CL/CD exhibited a dome-
shaped relationship with t/c for each Re,
indicating an overall improvement in CL/CD
efficiency with increasing Re. The peak CL/CD
occurred at its maximum for each Re within the
t/c range 0f 0.60 to 1.50. Consequently, the peak
CL/CD was observed to decrease outside of this
t/c range. The thickness and camber of the
PSU94-097 airfoil were determined based on
the t/c, which was taken into account during the
development of the airfoils in the current
research. Specifically, the t/c ranged from 0.60
to 1.50. Therefore, the peak CL/CD was
reduced outside this t/c range. The t/c range of
0.60-1.50, considered during the development
of the airfoils in this study, was used to
determine the thickness and camber of the
PSU94-097 airfoil.
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Graphically depicted in Fig. 4(b), the
optimization of the PSU94-097 airfoil results in
a peak thickness of 4.13% at 12.40% of the
chord and a peak camber of 6.88% at 38.20% of
the chord. Additionally, the camber peaks at
4.10% at 46.30% of the chord, while the
thickness peaks at 9.70% at 32.30% of the chord
for the PSU94-097 airfoil. The primary
distinction between the PSU94-097 airfoil and
its modified counterpart lies in the geometrical
features of thickness and camber, as illustrated
in Fig. 4(b). Specifically, the modified PSU94-
097 airfoil features designs that are more
cambered and thinner compared to the original
PSU94-097 airfoil.

3. Results and discussion
3.1. Validation data

As illustrated in Figs. 5(a) and 5(b), the
aerodynamic efficiency of the E387 airfoil, as
predicted by X-Foil at Re of 200,000 and
400,000, is compared with experimental and
XFOIL data from Wei et al. (2020) to confirm
the accuracy of XFOIL. The results from both
the experiment and XFOIL demonstrate strong
agreement, supporting the reliability of XFOIL
for further optimization purposes.
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Fig. 5. Variation of aerodynamic parameters predicted by the X-FOIL data and experimental findings (Wei et al., 2020)

3.2. Comparison of CL, drag buckets, and CL/CD
of basic airfoils with modified airfoils

In Fig. 6(a), the CL efficiency graph of the base
and modified airfoils at a Re of 50,000 is
depicted. It is evident from Fig. 6(a) that the CL
of the PSU94-097 modified airfoils is higher
than that of the other airfoils. Specifically, the
PSU94-097 modified airfoil outperforms the
original and other modified airfoils in CL
investigations, particularly for AoAs ranging
from 0° to 20°. Furthermore, the PSU94-097
modified airfoil achieved a peak CL of 1.534 at
an AoA of 9° In comparison, the SD6060
modified and S2055 modified airfoils reached
maximum CL values of 1.155 at an AoA of 9°
and 0.98 at an AoA of 8°, respectively. On the
other hand, the peak CL values for the PSU94-
097 airfoil at an AoA of 12°, the SD6060 airfoil
at an AoA of 10°, and the S2055 airfoil at an
AoA of 8° were 1.371, 1.016, and 0.929,

respectively. Fig. 6(b) demonstrates that the
PSU94-097 modified airfoil exhibited better
drag characteristics compared to the entire
airfoil at a Re of 50,000. While all original and
modified airfoils experienced gradual increases
in lift without corresponding increases in drag
initially, the drag for the PSU94-097 and
PSU94-097 modified airfoils began to increase
dramatically above a CL of 0.47. Similarly, for
the SD6060 modified, SD6060, S2055, and
S2055 modified airfoils, initial lift increments
occurred gradually without accompanying
increasesindrag, but drag beganto rise abruptly
above a CL of 0.035. Notably, differences in
performance among the PSU94-097 modified
airfoils became more pronounced above a CD
of 0.0356, with the PSU94-097 modified airfoil
exhibiting the best performance in the drag
bucket, followed by the SD6060 modified and
S2055 modified airfoils.
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Fig. 6. Comparison of CL, drag buckets, and CL/CD of base and modified airfoils at Re of 50,000

Fig. 6(c) illustrates the CL/CD performance of
the original and modified airfoils at a Re of
50,000. According to Fig. 6(c), the PSU94-097
modified airfoil outperforms the original and
other modified airfoilsin CL/CD investigations,
particularly for AoAsranging from2°to 7°. The
highest maximum CL/CD of 43.20 was
recorded by the PSU94-097 modified airfoil at
an AoA of 6°, while the lowest value was
obtained by the SD6060 airfoil at an AoA of 7°,
where it measured 31.43. Additionally, the
greatest CL/CD values for the SD6060
modified and S2055 modified airfoils were
40.19 at an AoA of 7° and 38.85 at an AoA of
5°, respectively. Moreover, the highest CL/CD
values for the PSU94-097 and S2055 airfoils
were 37.33 atan AoA of 8° and 33.29 atan A0A
of 5° Hence, the maximum CL/CD of all
modified airfoils exceeded that of their original
counterparts. Fig. 7(a) displays the CL
efficiency graph of the base and modified
airfoils at a Re of 75,000. The PSU94-097
modified airfoil again exhibits higher CL values

compared to the other airfoils, particularly for
A0A ranging from 1° to 20°. Moreover, the
PSU94-097 modified airfoil achieved a peak
CL of 1.498 at an AoA of 12°. Additionally, the
SD6060 modified and S2055 modified airfoils
reached peak CL values of 1.168 at an AoA of
10° and 1.038 at an AoA of 9°, respectively.
Meanwhile, the peak CL values for the PSU94-
097 airfoil at an AoA of 11°, the SD6060 airfoil
at an AoA of 10°, and the S2055 airfoil at an
AoA of 9° were 1.374, 1.02, and 0.963,
respectively. Furthermore, the PSU94-097
modified airfoil exhibited the highest stall AoA
of 12°. In Fig. 7(b), it is demonstrated that the
PSU94-097 modified airfoil exhibited better
drag characteristics compared to the entire set
of airfoilsat a Re of 75,000. Initially, all original
and modified airfoils experienced gradual
increases in lift without corresponding increases
in drag, although the drag for the PSU94-097
and PSU94-097 modified airfoils began to
increase dramatically above a CL of 1.20.
Similarly, for the SD6060 modified, SD6060,
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S2055, and S2055 modified airfoils, initial lift
increments  occurred  gradually  without
accompanying increases in drag, but drag began
to rise abruptly above a CL of 0.434. Notably,
performance differences among the PSU94-097
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SD6060modified
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1.65
1.4 .
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017

modified airfoils became more pronounced
above a CD of 0.0205, with the PSU94-097
modified airfoil exhibiting the best performance
in the drag bucket, followed by the SD6060
modified and S2055 modified airfoils.
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Fig. 7. Comparison of CL, drag buckets, and CL/CD of base and modified airfoils at Re of 75,000

Fig. 7(c) illustrates the CL/CD efficiency of the
base and modified airfoils at a Re of 75,000.
According to Fig. 7(c), the PSU94-097
modified airfoil outperforms the base and other
modified airfoils in CL/CD investigations,
particularly for AoAs between 2° and 7°. The
highest peak CL/CD of 61.14 was achieved by
the PSU94-097 modified airfoil at an AoA of
6°, while the lowest value was recorded by the
SD6060 airfoil at an AoA of 7°, measuring
42.34. Additionally, the greatest CL/CD values
for the S2055 modified and SD6060 modified
airfoils were 47.10 at an AoA of 5° and 43.20 at
an AoA of 7°, respectively. Similarly, the peak
CL/CD values for the PSU94-097 and S2055
airfoils were 52.67 at an AoA of 7° and 43.97 at
an AoA of 5°. Therefore, the maximum CL/CD
of all modified airfoils exceeded that of their

base counterparts. Fig. 8(a) depicts the CL
efficiency graphs of the base and modified
airfoils at Re of 100,000. The PSU94-097
modified airfoil exhibits higher CL values
compared to the other airfoils. It outperforms
the base and other modified airfoils in CL
investigations, especially for AoA ranging from
1° to 20°. Additionally, the peak CL of the
PSU94-097 modified airfoil was 1.50 at an AoA
of 12°. Moreover, the SD6060 modified and
S2055 modified airfoils achieved peak CL
values of 1.174 at an AoA of 10° and 1.057 at
an AoA of 9°, respectively, while the peak CL
of the PSU94-097 airfoil at an AoA of 12°, the
SD6060 airfoil at an AoA of 11°, and the S2055
airfoil at an AoA of 8° were 1.379, 1.03, and
0.938, respectively. Additionally, the PSU94-
097 modified airfoil exhibited the greatest stall
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AoA of 12°. In Fig. 8(b), it is demonstrated that
the PSU94-097 modified airfoil exhibited better
drag characteristics compared to all other
airfoils at Re of 100,000. Initially, all base and
modified airfoils experienced gradual increases
in lift without corresponding increases in drag,
although the drag for the PSU94-097 and
PSU94-097 modified airfoils began to increase
dramatically above a CL of 1.10. Similarly, for
the SD6060 modified, SD6060, S2055, and

~4—PSU94-097
== SD6060modified
L7 —4=$2055modified

S2055 modified airfoils, initial lift increments
occurred gradually without accompanying
increases indrag, but drag began to rise abruptly
above a CL of 0.731. Notably, performance
differences among the PSU94-097 modified
airfoils became more pronounced above a CD
of 0.018, with the PSU94-097 modified airfoil
performing best in the drag bucket, followed by
the SD6060 modified and S2055 modified
airfoils.
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c) CL/CD performance of base and modified airfoils
Fig. 8. Comparison of CL, drag buckets, and CL/CD of base and modified airfoils at Re of 100,000
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Fig. 8(c) illustrates the CL/CD efficiency of the
base and modified airfoils at a Re of 100,000.
For AoAs ranging from 1° to 8°, the PSU94-097
modified airfoil outperforms the base and other
modified airfoils in CL/CD investigations. At
an AoA of 5°, the PSU94-097 modified airfoil
displayed the highest peak CL/CD of 73.84,
while the S2055 airfoil recorded the lowest
value of 49.20 at the same AoA. Furthermore,
the highest CL/CD values for the modified
SD6060 and S2055 airfoils were 56.66 at an
AoA of 6° and 52.04 at an AoA of 4°
respectively. Additionally, for the PSU94-097
and SD6060 airfoils, the maximum CL/CD
values were 73.84 at an AoA of 5° and 49.80 at
an AoA of 6°, respectively. Consequently, all
modified airfoils exhibited a higher maximum
CL/CD than their base airfoils. Fig. 9(a)
presents the CL efficiency graphs of the base
and modified airfoils at Re of 200,000. The
PSU94-097 modified airfoil demonstrates
higher CL values compared to other airfoils. It
outperforms the base and other modified airfoils
in CL investigations, particularly for Ao0A
ranging from 0° to 11°. Additionally, the peak
CL of the PSU94-097 modified airfoil was 1.49
at an AoA of 10°. Moreover, the SD6060

——PSU94-097

S2055
—~SD6060modified
1.35
1.05
"0.75
045 ¥
0.15

P o
» i

modified and S2055 modified airfoils achieved
peak CL values of 1.19 at an AoA of 10° and
1.07 at an AoA of 9°, respectively, while the
peak CL of the PSU94-097 airfoil at an AoA of
12°, the SD6060 airfoil at an AoA of 11°, and
the S2055 airfoil at an AoA of 10° were 1.394,
1.045, and 1.016, respectively. In Fig. 9(b), itis
demonstrated that the PSU94-097 modified
airfoil exhibits better drag characteristics
compared to all other airfoils at Re of 200,000.
Initially, all base and modified airfoils
experience gradual increases in lift without
corresponding increases in drag, although the
drag for the PSU94-097 and PSU94-097
modified airfoils begins to increase
dramatically above a CL of 1.136. Similarly, for
the SD6060 modified, SD6060, S2055, and
S2055 modified airfoils, initial lift increments
occur slowly without accompanying increases
in drag, but drag begins to rise abruptly above a
CL of 0.576. Notably, performance differences
among the PSU94-097 modified airfoils
become more pronounced above a CD of 0.015,
with the PSU94-097 modified airfoil
performing best in the drag bucket, followed by
the SD6060 modified and S2055 modified
airfoils.
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c) CL/CD performance of base and modified airfoils
Fig. 9. Comparison of CL, drag buckets, and CL/CD of base and modified airfoils at Re of 200,000

Fig. 9(c) illustrates the CL/CD efficiency of the
base and modified airfoils at Re of 200,000. The
PSU94-097 modified airfoil outperforms the
base and other modified airfoils in CL/CD
investigations for AoA ranging from 0° to 5°.
At an AoA of 4°, the PSU94-097 modified
airfoil exhibited the highest peak CL/CD of
105.96, while the S2055 airfoil showed the
lowest value of 69.17. Similarly, the highest
CL/CD values for the SD6060 modified and
S2055 modified airfoils were 80.54 at an AoA
of 6° and 74.19 at an AoA of 4°, respectively.
Additionally, at an AoA of 6°, the greatest
CL/CD values for the PSU94-097 and SD6060
airfoils were 90.47 and 69.53, respectively.
Consequently, all modified airfoils exhibited a
greater maximum CL/CD compared to the base
airfoils. The CL efficiency graphs of the base
and modified airfoils at Re of 300,000 are
presented in Fig. 10(a). The PSU94-097
modified airfoil demonstrates higher CL values
compared to other airfoils. It outperforms the
base and other modified airfoils in CL
investigations, particularly for AoA ranging
from 0° to 20°. Additionally, the peak CL of the
PSU94-097 modified airfoil was 1.497 at an
AoA of 10°. Moreover, the SD6060 modified
and S2055 modified airfoils achieved peak CL

values of 1.172 at an AoA of 10° and 1.125 at
an AoA of 10°, respectively, while the peak CL
of the PSU94-097 airfoil at an AoA of 12°, the
SD6060 airfoil at an AoA of 11°, and the S2055
airfoil at an AoA of 9° were 1.434, 1.08, and
1.03, respectively. Consequently, the stall AoA
of the S2055 modified airfoil has increased
from 9° to 10°. In Fig. 10(b), it is evident that
the PSU94-097 modified airfoil exhibits better
drag characteristics compared to all other
airfoils at Re of 300,000. Initially, all base and
modified airfoils experience gradual increases
in lift without corresponding increases in drag,
although the drag for the PSU94-097 and
PSU94-097 modified airfoils begins to increase
dramatically above a CL of 1.138. Similarly, for
the SD6060 modified, SD6060, S2055, and
S2055 modified airfoils, initial lift increments
occur slowly without accompanying increases
in drag, but drag begins to rise abruptly above a
CL of 0.649. Notably, performance differences
among the PSU94-097 modified airfoils
become more pronounced above a CD of
0.0130, with the PSU94-097 modified airfoil
performing best in the drag bucket, followed by
the SD6060 modified and S2055 modified
airfoils.
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¢) CL/CD performance of base and modified airfoils
Fig. 10. Comparison of CL, drag buckets, and CL/CD of base and modified airfoils at Re of 300,000

The CL/CD efficiency of the base and modified
airfoils at Re of 300,000 is depicted in Fig.
10(c). In analyses for AoA from 1° to 5°, the
PSU94-097 modified airfoil outperforms the
base and other modified airfoils. It achieved the
highest peak CL/CD of 125.40 at an AoA of 4°,
while the S2055 airfoil exhibited the lowest
value of 78.92. Similarly, the highest CL/CD
values for the SD6060 modified and S2055

modified airfoils were 93.84 at an AoA of 5°
and 87.92 at an AoA of 3° respectively.
Additionally, the highest CL/CD values for the
PSU94-097 and SD6060 airfoils were 106.90
and 81.50, respectively, at an AoA of 6°.
Therefore, all modified airfoils had a higher
maximum CL/CD than the base airfoils.

Fig. 11(a) illustrates the CL performance graphs
of the base and modified airfoils at a Re of
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400,000. The modified PSU94-097 airfoil
exhibited greater CL values than the
conventional airfoils. It outperforms the base
and other modified airfoils in CL investigations,
particularly for AoA ranging from 0° to 20°.
Likewise, with an AoA of 10°, the highest CL
of the PSU94-097 modified airfoil was 1.508.
The maximum CL of the PSU94-097 airfoil at
an AoA of 11°, the SD6060 airfoil at an AoA of
11°, and the S2055 airfoil at an AoA of 9° were
1.45, 1.115, and 1.047, respectively, while for
the SD6060 and S2055 modified airfoils, they
were 1.194 and 1.151 at an AoA of 10°,
respectively. Consequently, the stall AoA of the
S2055 modified airfoil has increased from 9° to
10°. Fig. 11(b) indicates that the PSU94-097

modified airfoil exhibited better drag
~—-PSU94-097
52055
=4=SD6060modified
1.5 __,g—‘-'@"ﬂ'“

PRy

0 2 4 6 8

10

characteristics than all other airfoils at a Re of
400,000. Initially, all original and modified
airfoils experienced gradual increases in lift
without corresponding increases in drag;
however, the drag for the PSU94-097 and
PSU94-097 modified airfoils began to increase
dramatically above a CL of 1.10. Similarly, for
the SD6060 modified, SD6060, S2055, and
S2055 modified airfoils, initial lift increments
occurred  slowly without accompanying
increasesindrag, but drag began to rise abruptly
above a CL of 0.729. Notably, the efficiency
differences among the PSU94-097 modified
airfoils mostly appear above the CD of 0.0124,
where the PSU94-097 modified airfoil performs
best in the drag bucket, followed by the SD6060
modified and S2055 modified airfoils.
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c) CL/CD performance of base and modified airfoils
Fig. 11. Comparison of CL, drag buckets, and CL/CD of base and modified airfoils at Re of 400,000

Fig. 11(c) illustrates the CL/CD efficiency of
the original and modified airfoils at a Re of
400,000. The PSU94-097 modified airfoil
outperforms the base and other modified airfoils
in studies for AoA from 1° to 4°. It achieved a
maximum CL/CD of 140.40 at an AoA of 4°,
while the SD6060 airfoil reached a maximum
CL/CD of 87.52 at an AoA of 5°. Similarly, the
highest CL/CD values for the S2055 modified
and SD6060 modified airfoils were 103.23 at an
AoA of 5° and 96.60 at an AoA of 3°,
respectively. For the PSU94-097 and SD6060
airfoils, the greatest CL/CD values were 119 at
an AoA of 5° and 87.81 at an AoA of 3°,
respectively. Consequently, all modified
airfoils exhibited a higher maximum CL/CD
than the basic airfoils. Fig. 12(a) illustrates the
CL performance graphs of the base and
modified airfoils at a Re of 500,000. The
PSU94-097 modified airfoil demonstrated a
higher CL than the conventional airfoils. It
performed better in CL investigations,
particularly for AoA ranging from 0° to 10°, in
comparison to the base and other modified
airfoils. Similarly, at an AoA of 10°, the highest
CL of the PSU94-097 modified airfoil was 1.52.
The maximum CL of the PSU94-097 airfoil at

an AoA of 11°, the SD6060 airfoil at an AoA of
11°, and the S2055 airfoil at an AoA of 9° were
each 1.489, 1.138, and 1.058, respectively,
while for the SD6060 and S2055 modified
airfoils, they were 1.219 at an AoA of 10° and
1174 at an AoA of 10° respectively.
Consequently, the stall AoA of the S2055
modified airfoil has increased from 9° to 10°.
Fig. 12(b) shows that the PSU94-097 modified
airfoil exhibited better drag characteristics than
the entire airfoil at a Re of 500,000. Initially, all
base and modified airfoils experienced gradual
increases in lift without corresponding increases
in drag; however, the drag for the PSU94-097
and PSU94-097 modified airfoils began to rise
dramatically above a CL of 1.10. Similarly, for
the SD6060 modified, SD6060, S2055, and
S2055 modified airfoils, initial lift increments
occurred  slowly without accompanying
increases in drag, but the drag on the airfoils
began to rise abruptly above a CL of 0.71.
Notably, the efficiency differences among the
PSU94-097 modified airfoils mostly became
apparent above the CD of 0.0344, where the
PSU94-097 modified airfoil performed best in
the drag bucket, followed by the SD6060
modified and S2055 modified airfoils.
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c) CL/CD performance of base and modified airfoils
Fig. 12. Comparison of CL, drag buckets, and CL/CD of base and modified airfoils at Re of 500,000

airfoils. While the peak CL/CD of the S2055
airfoil was 91.59 at an AoA of 3°, that of the
PSU94-097 modified airfoil was 151.60.
Similarly, the highest CL/CD values for the
modified SD6060 and S2055 airfoils were

The CL/CD efficiency of the original and
modified airfoilsat a Re 0f 500,000 is illustrated
in Fig. 12(c). In investigations for AoA from 0°
to 4° the PSU94-097 modified airfoil
outperforms the base and other modified
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109.87 at an AoA of 5° and 97.13 at an AoA of
2°, respectively. For the PSU94-097 and
SD6060 airfoils, the highest CL/CD values
were 126.10 at an AoA of 5° and 93.32 at an
AoA of 4° respectively. Consequently, all
modified airfoils exhibited a greater peak
CL/CD than the basic airfoils.

3.3. Summary of performance and technical
analysis

The lift and stall AoA data, as well as the
CL/CD summary for the SD6060, SD6060
modified, S2055, S2055 modified, PSU94-097,
and PSU94-097 modified airfoils, are shown in
Figs 13 and 14, respectively. According to Figs.
13(a) and (b), among the modified airfoils,
PSU94-097 had the highest peak CL at the
studied Re range of 50,000 to 500,000, while
S2055 had the lowest peak CL at the examined
Re of 50,000. Additionally, the PSU94-097
modified airfoil also exhibited the highest peak
CL across the Re range from 50,000 to 500,000.
Conversely, the S2055 modified airfoil had the
lowest peak CL among the modified airfoils at

&
1.6 1

26

Re of 50,000, whereas the SD6060 modified
airfoil had the lowest peak at Re from 75,000 to
500,000. As discussed previously, the base
airfoils exhibited the lowest peak CL across all
Re investigated, from 50,000 to 500,000. The
stall AoA values for the modified airfoils
ranged between 8° and 12°, with the maximum
stall AoA observed at Re from 75,000 to
100,000 being 12°. Furthermore, at Re of
75,000, the stall AoA value of the PSU94-097
modified airfoil surpassed that of the PSU94-
097 airfoil, while at other Re, the stall AoA
values for both PSU94-097 and PSU94-097
modified airfoils were equal. For SD6060 and
SD6060 modified airfoils, the stall AoA values
at Re of 50,000, 75,000, 200,000, and 500,000
remained consistent. Additionally, the stall
AO0A value of the S2055 modified airfoil
exceeded that of the base airfoil at Re of
100,000, 300,000, 400,000, and 500,000.
Moreover, the stall AoA values of the S2055
modified and S2055 airfoils were equal at Re of
50,000 and 75,000.
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Fig. 13. Lift and stall AoA efficiency summary for all airfoils
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Fig. 14 illustrates that as Re increases from
50,000 to 500,000, the peak CL/CD of all
modified airfoils also increases. For each
airfoil, the highest peak CL/CD is observed at
Re of 500,000, while the lowest maximum
CL/CD is observed at Re of 50,000. Across the
investigated Re range of 50,000 to 500,000, the
PSU94-097 modified airfoil exhibited a higher
maximum CL/CD compared to other modified
airfoils and base airfoils. The maximum CL/CD
value for all modified and base airfoils was

80

75

151.60, observed for the PSU94-097 modified
airfoil at Re of 500,000. Additionally, all
modified  airfoils demonstrated  higher
maximum CL/CD values compared to their
respective base airfoils. Furthermore, among
the modified airfoils, the SD6060 modified
airfoil had the lowest maximum CL/CD value at
Re of 75,000, while at Re of 50,000 and 100,000
t0 500,000, the S2055 modified airfoil exhibited
a lower maximum CL/CD compared to other
modified airfoils.
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Fig. 14. CL/CD efficiency summary for entire airfoils

4. Conclusion

The present study investigated the
aerodynamic efficiency characteristics of the
PSU94-097, SD6060, and S2055 modified
airfoils developed SWT usage using XFOIL at
Re <500,000, a typical range for SWT airfoils.
The results indicated that efficiency generally
improved with increasing Re. The study yielded
the following key findings:

1. Modifying the t/c range to 1.50 to 2.25 for the
SD6060 airfoil enhances efficiency.

2. Efficiency increases when using the optimal
t/c range of 2.25 to 3 with the S2055 airfoil.

3. Modifying the t/c limit to 0.60 to 1.50 for the
PSU94-097 airfoil enhances efficiency.

4. The PSU94-097 modified airfoil achieved the
highest peak CL/CD of 151.60 at Re 0f 500,000.
5. The peak CL/CD values for the SD6060
modified and S2055 modified airfoils were
109.87 and 97.1, respectively.

6. The peak CL values for the PSU94-097
modified, SD6060 modified, and S2055
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modified airfoils were 1.534, 1.219, and 1.174,
respectively.

7. The PSU94-097 modified airfoil also
exhibited the highest peak CL at Re ranging
from 50,000 to 500,000.

8. In drag bucket analyses, the entire modified
airfoils increased CL efficiency to the point
where CL peaked with either a constant or
decreasing CD across all Re.

9. At Re < 500,000, the PSU94-097 modified
airfoil demonstrated a higher peak CL/CD
compared to the other modified and base
airfoils.

10. For the PSU94-097 modified airfoil, the
peak CL/CD was found to be 15.8% at Re of
50,000, 16.08% at Re of 75,000, 24.43% at Re
of 100,000, 17.12% at Re of 200,000, 17.30%
at Re of 300,000, 17.98% at Re of 400,000, and
20.22% higher at Re of 500,000.

11. For the SD6060 modified airfoil, the peak
CL/CD was presented as 27.87% at Re of

50,000, 2.03% at Re of 75,000, 13.77% at Re of
100,000, 15.83% at Re of 200,000, 15.14% at
Re of 300,000, 17.95% at Re of 400,000, and
17.73% higher at Re of 500,000.

12. For the S2055 modified airfoil, the greatest
CL/CD was recorded at 16.70% at Re of 50,000,
7.11% at Re of 75,000, 5.77% at Re of 100,000,
7.25% at Re of 200,000, 11.40% at Re of
300,000, 9.99% at Re of 400,000, and 6.04%
higher at Re of 500,000.

Furthermore, the present study was validated
with experimental results. The minimal
variation in lift efficiency across all modified
airfoils is suitable for analyzing SWT for low
Re applications. Multiple experimental tests
will accompany this study across the entire Re
range. Subsequently, the developed and
constructed 3-bladed horizontal axis wind
turbine concept will undergo thorough CFD
computations, particle image velocimetry (P1V)
flow visualization, and wind tunnel testing.

Nomenclature
Roman symbol

t/c
Acronyms
AoA
BEMT
CFD
SWT
WT
Greek Symbol

p

u
v

Chord of length (m)

Percentage of chord (-)

Drag Coefficient (-)
Lift Coefficient (-)
Lift-to-drag ratio (-)
Power coefficient (-)
Drag force (N)
Airfoil span (m)
Lift force (N)

Reynolds number (-)
Thickness to camber ratio (-)

Angle of Attack

Blade Element Momentum Theory
Computational Fluid Dynamics
Small Wind Turbine

Wind Turbine

Airflow density (Kg/m®)
Dynamic viscosity (Kg m~1s™1)
Kinematic viscosity (m?s~1)
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