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Abstract
This research presents a detailed numerical investigation of subsonic airflow around the S818-NR airfoil at angles of attack

from 0° to 20°. Using the finite element method in COMSOL Multiphysics, the aerodynamic performance was evaluated, with par-
ticular focus on the SST k-w turbulence model, which provided superior accuracy in capturing both near-wall separation and free-

stream characteristics. Key parameters, including pressure distributions, velocity components, and lift-to-drag ratios, were analysed

across a range of Reynolds numbers (5 - 10* to 10°). The computational model was rigorously validated against NASA experimental
data, demonstrating high reliability in predicting aerodynamic coefficients. The findings underscore the importance of precise mesh
density and solver configurations when simulating modified airfoils such as the S§18-NR. These results provide a robust framework

for optimising wind turbine blades in low-wind environments, offering a verified numerical approach for developing high-efficiency

aerodynamic structures.

NASA experimental data.
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1. Introduction

Turbulent flows are among the most challenging phenomena in acrodynamics, characterised
by complex, nonlinear interactions that significantly affect the lift, drag, and overall stability of
aerodynamic structures. In wind energy, understanding the turbulence around turbine blades is
essential for optimising aerodynamic design and improving energy extraction efficiency.

In recent years, rapid advances in computational fluid dynamics (CFD) and increased com-
puting power have transformed the design process for wind turbines and aircraft [1, 2]. Compared
with traditional experimental methods, CFD offers a more cost-effective and detailed analysis of
flow fields, often serving as the primary means of obtaining high-resolution scientific data in
complex fluid dynamics scenarios. Although the aerodynamic performance of various airfoils has
been extensively studied, the application of advanced turbulence models to predict the behaviour of
modified profiles remains a critical area of investigation.

The aerodynamic performance of S-series airfoils has been a focal point of recent compu-
tational studies. For instance, [3] analysed the influence of S809, S811, S814, and S818 geometries
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on near-vortex flow zones using ANSYS Fluent. While their findings identified the S818 airfoil
as highly efficient, with a superior lift-to-drag ratio and reduced turbulent energy, the research
primarily focused on standard profiles and did not consider the geometric modifications required
for specific low-wind environments. Similarly, research on flow separation control, such as the im-
plementation of synthetic jet technology on the S809 airfoil [4], demonstrates that while separation
can be suppressed, these active control methods add mechanical complexity compared to passive
profile optimisation.

Methodological comparisons in the literature further emphasize the importance of tur-
bulence model selection. Investigations into the NREL S809 airfoil [5] using both RNG k-¢ and
SST k- models confirmed that the SST k-w approach provides superior accuracy in predicting
boundary layer behavior. However, as noted in [6], standard RANS-based two-dimensional solvers
often exhibit significant discrepancies relative to experimental data in the post-stall region (an-
gles of attack up to 70°). Despite these advancements, a notable research gap remains regarding
the modified S818-NR profile. Most existing studies focus on the baseline S818 or S809 ge-
ometries, leaving the specific aerodynamic advantages of the ‘NR’ (Non-Reflective/Modified)
variant under-reported, particularly concerning its performance stability across a wide range of
Reynolds numbers.

The complexity of airfoil simulations is further highlighted in [7], where steady-state nu-
merical investigations using the EllipSys2D solver showed that computational accuracy is highly
sensitive to airfoil geometry and to the precise determination of the laminar-turbulent transition.
Furthermore, the transition from two-dimensional to three-dimensional flow dynamics introduces
additional variables; for instance, studies of rotating blades based on S809 [8, 9] and NASA series
airfoils [10] have identified stall-delay mechanisms driven by Coriolis and centrifugal forces.

While these studies provide a foundational understanding of standard profiles, the mod-
ified S818-NR airfoil remains underexplored. Unlike the baseline S818, the S818-NR variant is
engineered to enhance lift coefficients and structural integrity for low-wind-speed applications.
However, there is a critical lack of comprehensive data on its boundary-layer behaviour and aero-
dynamic efficiency across varied turbulence models and Reynolds numbers. This research bridges
the gap by providing a detailed numerical analysis that offers the necessary insights for the devel-
opment of high-efficiency wind turbines optimised for low-velocity wind regimes.

The main aim of this work is to investigate the airflow around helicopter and wind turbine
blade profiles based on the Reynolds-averaged Navier-Stokes (RANS) equations, as well as to de-
termine the distributed and integral aerodynamic characteristics in the operating range of angles
of attack.

2. Materials and methods

From a practical standpoint, airfoils with a relative thickness of 10—-18% are of greatest
interest, as these profiles are typically found in the midsections of helicopter and wind turbine
blades. These sections constitute the majority of the blade’s span and largely determine the blade’s
aerodynamic performance across all flight and operating modes.

The S818-NR airfoil was developed by the US National Renewable Energy Labora-
tory (NREL) and is intended primarily for use in small- and medium-sized wind turbines. This
airfoil is optimized for efficient operation at low and medium wind speeds, ensuring high aerody-
namic efficiency and stable power generation under variable wind conditions.

The S818-NR airfoil boasts several key characteristics. Specifically, its maximum relative
thickness is approximately 18%, which contributes to high structural strength. This airfoil boasts
a high lift coefficient and a low drag coefficient, making it more efficient than other airfoils.

Thanks to its high resistance to flow separation, the airfoil can operate efficiently even at
high angles of attack. Furthermore, the S818-NR design accounts for the transition between lami-
nar and turbulent zones, promoting flow stability and efficient energy conversion.

However, in the existing scientific literature, the maximum lift values, flow separation
zones, aerodynamic behavior across different Reynolds numbers, and profile stability across dif-
ferent angles of attack have not been studied sufficiently.
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In this research, the focus is on numerical modelling of turbulent flow around the
S818-NR airfoil. This airfoil is widely used in acrodynamic research due to its simplicity and good
lift characteristics. The flow around the airfoil is examined at various angles of attack, ranging
from 0 to 20 degrees. For numerical modelling, the Comsol Multiphysics software package is used,
which offers extensive capabilities for solving a variety of continuum mechanics problems, includ-
ing turbulent flow modelling.

Aerodynamic research is a crucial component of wind turbine development and optimiza-
tion. The S818-NR is one of the most common airfoils. Effective methods such as computational
fluid dynamics (CFD) can be used to study the flow around the airfoil and determine its aerody-
namic characteristics.

Research using CFD (computational fluid dynamics) methods enables virtual experiments,
simulating airflow around an airfoil under various operating conditions. This approach is particu-
larly relevant in wind energy, where airflow is characterized by a wide range of speeds and angles
of attack.

Turbulence models and numerical methods are used to estimate acrodynamic parameters.
One of the most effective is the Shear Stress Transport (SST) turbulence model, which is used
to solve the Navier-Stokes equations that describe the behavior of a viscous fluid or gas. This
model accounts for the transition between laminar and turbulent flow regimes and accurately
reproduces flow characteristics near the airfoil surface and in regions where flow separation
may occur.

The S818-NR turbulent wing profile is designed for operation under virtually incom-
pressible conditions. The Reynolds number per chord is Re = 10°. Fig. 2 shows the computa-
tional grid.

As shown in the airfoil geometry (Fig. 1), the S§818-NR profile has smooth upper and lower
surfaces and moderate camber, which is typical of low-speed aerodynamic applications.

In this research, the commercial software Comsol Multiphysics was used to simulate the
flow around a two-dimensional airfoil. The calculations were performed using the Reynolds-aver-
aged unsteady Navier-Stokes (RANS) equations, assuming a steady, incompressible, two-dimen-
sional (2D) flow. These equations form the basis for the mathematical description of incompressible
fluid dynamics and represent a system of differential equations that model changes in velocity and
pressure in a fluid over time and space.

Since the flow is not completely turbulent, the four-equation SST k- turbulent model was
chosen to more accurately describe the flow characteristics. A rigid-coupling scheme was used to
account for the relationship between pressure and velocity. A second-order discretization scheme
was used for the pressure and momentum equations.
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Fig. 1. 2D Profile S818-NR
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The main equations used in the research are as follows:
1. The continuity equation was calculated using the steady-state approach [11, 12]

o(pU;
oAebi) _,, (1)
6xj
2. Time-averaged momentum equation
opU,;U; oP 0 oU; 0 T
e = +—(—pu,~uj). )
axj 6xi an 8xj ﬁxj

SST model k~w Menter (shear stress transport k-w) is an improved turbulence model de-
veloped by Frank Menter for more accurate calculations of flows with strong pressure gradients,
especially near walls and under flow separation conditions. It is widely used in aerodynamics,
including modelling the flow around wind turbine blades, wings, diffusers, and other structures.

Menter’s SST model k- is a combination of the k- and models k-w. The method uses the
model k- near the wall, but then (via a special function) switches to k-¢ the — model away from the
wall (i.e., closer to the outer edge of the boundary layer).

The equation k-¢ is transformed into the form k- [13].

This allows to take advantage of the advantages of both models:

— the model k-w does not require corrections near the wall and more accurately describes
flows with an unfavorable pressure gradient. However, the solution depends on the values of turbu-
lent variables in the external flow, especially w;

— the model k-¢ is not as sensitive to these variables, but needs modification near the wall.

It is shown that the Menter SST model k- gives significantly better results in simulating
flows with a strong adverse pressure gradient compared to the original models k-¢ and k- [14, 15].

According to [16], this improvement is due to the introduction of the turbulent viscosity
limiter proposed by Menter. According to Catalano and Amato [14], compared to other models,
Menter’s SST model k- is capable of predicting the abrupt flow separation observed in experi-
ments. The results obtained are comparable to those of nonlinear models, but the SST model is less
rigid and less computationally intensive.

This model has been successfully applied to numerical simulations of flow around individ-
ual wings [17, 18] and to aerodynamic analysis of wind turbines [19].

The model is based on the following two transport equations:

1. Turbulent kinetic energy k

o(pk) o(pUk) & ok .
= —_— —_— P - . 3
o T o o, (.u+6k,ut)axj +h - B po A3
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To determine the turbulent viscosity in the SST k-@ model, the following formula is used

pk 1

==
0] a o
max| 1,——
L)

The coefficient Py indicates the rate at which turbulent energy & is generated in the flow as
a result of velocity shear or flow deformation

oUu; 0oU; \oU;
k ”’(&j ox, J (6)

®)

SST k-w model uses two key switching functions, | and F,, which determine which turbu-
lence model is applied in different flow zones.

F —active in near-wall regions and ensures model utilization k-w near the wall. This feature
is especially important for accurate modeling of laminar-turbulent transitions and shear layers,
where k- the model yields more accurate results

F; =tanh| | min| max \*/% ,SOOV ,4pc7w2k ) 7
Boy y*o ) CDyy?

F, — begins to dominate in zones far from the wall, facilitating a smooth transition to the
model k-&. This is important in free-flow zones, where k-& the model does a better job of describ-

ing turbulence
F, =tanh| | max Z*i, 00 . )
By yie

In (7), (8) p — the density; U — the velocity vector; x4 — the molecular (dynamic) viscosity;
1, — the turbulent viscosity; Py — the source of turbulent kinetic energy, y — the distance to the near-
est wall; (m), a, B, 8", 61, G, G,y — model constants; CDy_,, — modified diffusion term

CDy, = max(zpﬂwvmo-wj,

(0]

where Vk-Vw — the scalar product of the gradients &k and .
Closing the system requires the use of the perfect gas equation of state

p=pRT, ©

where R is the reduced gas state of air; 7= 293.15 K — air temperature.
For the considered variants of the problem, the Reynolds number was [20]

_pugl _ 1.2043x20x1

Re =
u 1.81397x1073

=1.327805x109,

which corresponds to a developed regime of turbulent flow around a solid surface. That is, in the
calculations, = 1.81397 - 10~ kg/m-s and turbulence model is selected accordingly.
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The use of Reynolds-averaged Navier-Stokes equations allows for the consideration of turbulent
effects and their impact on the flow around the S818-NR airfoil. These equations are solved numeri-
cally, such as by finite element analysis, using specialized software packages such as Comsol Multi-
physics. This approach provides detailed data on the flow characteristics and their impact on the airfoil.

SST turbulence model the objective of this paper is to simulate turbulent flow problems
around the S818-NR airfoil. The obtained numerical data are compared with known experimental
data available on the NASA turbulence modelling resource (TMR) website [1, 3].

Boundary conditions on the semicircle and on the boundaries y = +20 m (on the boundary Gj,
Fig. 2) are set depending on the angle of attack

U(xg,,y6,)=Ujcosa, V(xg,yg )=Ugsina, (10)

where Uj — the modulus of the velocity of the flow incident on the main undirected stream; a — the
angle between the direction of flow and the coordinate axis OX.
At this boundary, the excess pressure value is zero

p(xc;l , VG, ) =0 Pa. (11)

Accordingly, for the border

Gy =(0<x<1)n(y=fi(x)U f2(x)),

set the conditions U(xg2, yg2) = Uxga, ¥g2) = 0 m/s.
At the exit from the calculation region, y = 2 m (Gj3), the condition G5 of smooth conjugation
was adopted to determine the velocities:

oU (xg,,va,) 0
on ’

Wxova) (12)
on

For the standard turbulence model SST Standard Comsol Multiphysics solvers were used.
Calculations were carried out for 50000 < Re < 1000000 for different angle of attack options from
the interval 0 < ¢ <20°.

In the calculations, local grid thickening was used near the surface of the profile fi(x) and
f>(x) shown in Fig. 1.

50600 elements were used for the airfoil flow region. To ensure stable convergence of the
calculations, the convergence criteria were set to 1076,

To solve the problem, the steady-state method was used. Potential flow results were applied
as an initial approximation. The program’s operation on finite volumes is based on first determin-
ing velocity fields for a fixed time. These fields are used to determine the pressure increments,
relative to which Poisson’s equation is derived.

On average, the program ran for two or more hours. The outputs included longitudinal and
transverse velocity fields, pressure fields, turbulent kinematic energy and its dissipation, and aero-
dynamic derivatives.

The raw data obtained from the Comsol Multiphysics simulations, including pressure distri-
bution and wall shear stress, were processed to determine the integral acrodynamic characteristics.
The lift (C)) and drag (C,) coefficients were calculated by integrating the local pressure p and skin
friction (z,,) forces over the airfoil surface S using the following expressions:

1

Cr=g———F(p-nj+rt-j)ds,
5[)920
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gS(p~n-i+TW~t~i)ds, (13)

where ¢ — the chord length, n and ¢ — the normal and tangential unit vectors, i and j — the unit vectors
in the lift and drag directions.

The integration was performed using Comsol’s built-in boundary integration tools with
a high-order quadrature method to ensure numerical precision. The pressure distribution results
were also compared with the coordinates provided by the Airfoil Tools database to ensure geomet-
ric consistency during the post-processing phase.

To ensure the reliability of the numerical results, the current computational model was vali-
dated against experimental data for the S818-NR airfoil. The experimental data were obtained from
the NASA [21], which provides high-fidelity wind tunnel test results. The validation was conducted
at a Reynolds number of Re = 10°. A comparison was made between the calculated lift (C)) and
drag (C,) coefficients and the NASA experimental values across various angles of attack. The
high degree of correlation between the numerical simulations and the experimental measurements
confirms the validity of the chosen mesh density and the SST turbulence model settings used in
this research.

3. Results and discussion

The pressure coefficient (or relative pressure coefficient) is a dimensionless quantity that
shows the ratio of the difference between the local pressure on the surface of a body and the pres-
sure of the incoming flow to the dynamic pressure of the flow.

The change in excess pressure along the channel wall depending on the distance to the top
is called the distribution of the surface pressure coefficient [22, 23]

P~ Po
S 14
P 0.5pU2 (4

where p — the pressure at a point on the profile surface; p., — free flow pressure; p — free flow den-
sity; Uy — free flow velocity.

Comparisons of the obtained numerical results with known experimental data are shown
below. Fig. 3 shows the pressure coefficients for various angles of attack of the airfoil surface.

Dependence of the pressure coefficient C, The angle-of-attack relationship is an important
tool for analyzing and optimizing airfoils. It allows one to evaluate airfoil performance under vari-
ous conditions and use this information to design more efficient aerodynamic shapes.

In the region of the leading edge (x = 0—5 mm), a sharp drop in the pressure coefficient C,
is observed. This indicates an acceleration of the airflow along the upper surface of the airfoil,
causing a significant decrease in static pressure. As a result, a strong vacuum zone develops on the
upper surface, causing the generation of a strong lift force.

In the upper surface region (5 mm <x < 70 mm), the pressure coefficient remains strongly
negative but gradually increases, indicating partial pressure recovery. However, the low-pressure
zone remains wide, indicating a strong aerodynamic force and simultaneously increasing the risk
of flow separation. The slow pressure recovery may be due to a decrease in the pressure gradient,
which makes it difficult for the inertial flow to remain on the airfoil surface.

On the lower surface, on the other hand, the pressure is relatively higher (in some places, the
pressure coefficient even reaches positive values), indicating a slower airflow and, consequently,
higher pressure. The significant pressure difference between the upper and lower surfaces of the
airfoil results in significant lift.

At the rear of the airfoil (x # 90 — 100 mm), the C, values on the upper and lower surfaces
approach each other but do not completely equalize. This indicates that the airflow around
the airfoil is not fully restored, and residual vortex phenomena and energy losses in the flow
are possible.
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Fig. 3. Shows the pressure coefficients for various angles of attack of the airfoil surface:
a — distribution of the surface pressure coefficient C, at & = 5° angle of attack; b — distribution of
the surface pressure coefficient C, at a = 10° angle of attack

Analyzing the flow velocity contours around an airfoil at different angles of attack helps un-
derstand how the velocity distribution changes and where high- and low-velocity zones arise. This
is important for assessing the airfoil’s efficiency and identifying areas of potential flow separation.

Fig. 4 shows the longitudinal velocity field around an airfoil. Each subfigure represents the
airflow velocity distribution at different angles of attack (o). Blue indicates low-velocity zones (or
stagnation regions). Red corresponds to high flow velocities. Green and yellow represent interme-
diate values. The color scale is located to the right of the graph.

At low angles of attack (a = 2°, 4°), the flow around the airfoil is smooth, with virtually no
separation. The flow continues behind the airfoil, indicating a laminar flow. Lift is present, and the
airfoil’s efficiency is high.

At moderate angles of attack (e.g., a = 8°, 10°, 12°), a decrease in pressure is observed on the
upper surface of the airfoil (on the back), with red areas predominating. Flow separation begins,
which is especially noticeable at o = 12°. These angles approach the maximum lift value.

At high angles of attack (a = 14°, 16°, 20°), the flow separation zone (especially the reverse
flow — blue) increases significantly. A separation zone is clearly visible behind the airfoil. In this

mode, drag increases and lift decreases, leading to a stall.
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Overall, the range o = 8—12° is most efficient for the profile. As a > 12°, separation increases
and efficiency drops sharply. At a = 20°, a large stagnation zone is observed behind the profile, in-
dicating a complete flow stall.

In the region near the airfoil’s leading edge, particularly near the upper surface, a zone of
high positive transverse () velocity is observed (Fig. 5), shown as red-green colouration on the
flow map. This indicates accelerated upward motion of the air mass along the airfoil’s upper sur-
face. In this region, an intense pressure drop occurs, forming a rarefaction zone that contributes to
the generation of significant lift.

At the upper surface of the profile, the flow is deflected upwards in the y-direction, indi-
cating contact with the surface. The colour range varies from green to yellow and red, indicating
a high y-component of the velocity. This, in turn, corresponds to a region of increased flow velocity
and reduced pressure.

Blue zones are visible on the lower surface of the airfoil, indicating a downward transverse
flow. Here, the flow is relatively slower, and the y — component of the velocity is negative and small.
This indicates a region of higher pressure beneath the airfoil.

The flow over the upper and lower surfaces moves in opposite directions and does not fully
level off towards the trailing edge. This indicates that the flow has not yet been fully restored, and
there may be separation zones or low flow energy.

The pressure isolines are shown in Fig. 6 below.

Plotting pressure field isolines at different angles of attack is an important part of aerody-
namic analysis, as it allows one to visualize the pressure distribution around an airfoil and evaluate
its characteristics. Based on the obtained pressure isolines (Fig. 7) An analysis of the pressure
distribution on the aerodynamic profile at different angles of attack was carried out.

A numerical study of the pressure distribution and flow structure on an airfoil at various
angles of attack revealed consistent changes in its behaviour. At small angles (o = 2°), the flow is
stable and lift is low. As the angle of attack increases to a = 8—12°, the rarefaction zone on the upper
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surface intensifies, the pressure drop increases, and the lift coefficient (C;) reaches its maximum,
corresponding to the airfoil’s highest acrodynamic efficiency. With a further increase in the angle of
attack (o = 14-16°), flow separation begins: the separation zone gradually expands, leading to a de-
crease in efficiency. At o =20° complete flow separation occurs, accompanied by a sharp drop in
lift and an increase in drag (Cp), which significantly degrades the airfoil’s aerodynamic performance.
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Fig. 5. Field of transverse velocity: a —a=2%b—a=10% c—a=14° d — a = 20°

For this profile, the optimal angle of attack is approximately o = 10°~12°. At angles o > 14°,
the flow separation zone expands, leading to a reduction in lift and a deterioration in aerodynamic
efficiency. The analysis performed allows to clearly determine the nature of the lift and drag force
changes and establish the flow stability boundary around the airfoil.

Analysis of the isolines of the kinetic energy of the turbulent flow (Fig. 7) around the airfoil
at different angles of attack helps to visualize this, which is important for assessing the efficiency
of the airfoil and understanding the turbulent characteristics of the flow.

Turbulent kinetic energy (TKE) is an important metric for assessing flow instability, the
presence of separation zones, and their impact on aerodynamic efficiency. Below is an analysis of
the TKE distribution at various angles of attack a.

A numerical study of the distribution of turbulent energy at different angles of attack showed
a consistent change in the flow characteristics. At a = 2° the flow is close to a laminar regime, the
separation zone is practically absent, which corresponds to a stable state. With an increase in the
angle to a = 6° the growth of turbulent energy behind the profile and the formation of a separation
zone begins. At a = 8° Turbulence increases significantly, the plume zone becomes less stable, which
leads to acrodynamic losses. At o = 10° a partial restoration of flow stability is observed: the lift force
remains high, and the level of turbulent energy decreases — this regime can be considered close to
optimal. A further increase in the angle (o = 14°) is accompanied by the development of pronounced
separation, which reduces efficiency. At a = 20° a complete flow separation is recorded: the sepa-
ration zone is stable and large, the lift force drops sharply, and the resistance increases significantly.
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Analysis showed that the optimal aerodynamic regime for turbulence kinetic energy is ob-
served in the range o = 6°~10°. At a > 14°, the flow becomes unstable, acrodynamic efficiency
decreases, and separation zones expand. This assessment provides an important basis for flow
control, early detection, and reduction of aerodynamic losses.

Fig. 8 shows the pressure coefficient fields C, around an aerodynamic profile at different
angles of attack a. The pressure coefficient C, reflects the ratio of local pressure to dynamic pres-
sure and plays a key role in determining lift and flow stability.
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Fig. 8. Isolines of C, distribution: a —a=2°%b—-a=6%c—a=10%d—a=14°

The optimal range of angles of attack for this profile is a = 6°~10°. At o> 14° the onset
and development of flow separation is observed, which leads to a decrease in lift and an increase
in drag.

When studying the aerodynamic characteristics of airfoils (wings), the key quantities are
lift (L) and its relative coefficient (C). These parameters play a crucial role in assessing the airfoil’s
effectiveness when interacting with the airflow.

Investigating how airfoil geometry affects lift is an integral part of aerodynamic
analysis. Different airfoil shapes — for example, S818, NACA 4412, and NACA 0012 — pro-
duce different lift coefficients under identical conditions, making airfoil selection a critical
design step.

It’s worth noting that studying an airfoil without taking lift into account is like study-
ing a bird without wings. To understand why an airfoil has a particular shape, it’s first nec-
essary to determine how much lift it can generate when interacting with the airflow [24, 25]
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where C; — the lift coefficient (dimensionless value); L — the lift force (Newtons, N); p — the air
density (kg/m?); ¥ — the air flow velocity (m/s); S — the wing (profile) projection area (m?).
Fig. 9 analyzes the dependence of the lift coefficient C; on the angle of attack.
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Fig. 9. Analysis of the dependence of the lift coefficient C;, on the angle of attack

The following patterns are observed from the graph.

For all Re values, an increase in Cy is observed with increasing angle of attack to approxi-
mately 10—12°,and at Re = 500000 and Re = 1000000 the increase occurs smoothly and steadily, reach-
ing a maximum value of C; = 1.4. After reaching the maximum, flow separation occurs, during which
C; drops sharply. At low Re, for example at Re = 50000, separation occurs early — already around 6°.
At Re = 100000 and 200000, the separation is more pronounced. At high Re (500000 and 1000000),
the drop in Cy is less sharp, indicating high aerodynamic stability of the profile.

At negative angles of attack (o < 0), C; takes on negative values, indicating the genera-
tion of downward lift. In this range, C ; behavior also depends on the Reynolds number: at high
Re values, the airfoil copes better with laminar flow separation. Thus, at high Reynolds num-
bers (Re >500000), the S818-NR airfoil demonstrates high aerodynamic efficiency: significant
C; values, smooth flow separation, and stable lift growth. At the same time, at low Re (< 100000),
early laminar separation limits the growth of C; and reduces airfoil efficiency.

For the S818 airfoil, at a calculated Reynolds number 2.5 - 10°, the maximum lift coefficient
is 1.68. These performance characteristics are particularly important when selecting an airfoil for
both low-speed and high-speed installations such as wind turbines or large unmanned aerial vehicles.

The drag coefficient (Cp) is also a key parameter when evaluating an airfoil 's aerodynamic
performance. This coefficient reflects the degree of resistance of the airfoil to airflow. Combined
with the lift coefficient (C;), the coefficient Cp plays a key role in analyzing the airfoil’s overall
aerodynamic efficiency. The ratio C;/Cp is particularly important; its maximum value serves as
a criterion for determining the optimal operating mode.

The drag coefficient Cp is a dimensionless value that characterizes the ability of a body
(e.g., an airfoil, wing, or body) to resist air movement. It is determined by the formula [20]

D

- 16
0.5pV2S 16)

Cp

where Cp — the drag coefficient (dimensionless value); D — the aecrodynamic drag force (N); V' —the
air flow velocity (m/s), S — the wing projection area (profile) (m?).
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Fig. 10 presents the dependence of the drag coefficient Cp, on the angle of attack at different
Reynolds numbers.
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Fig. 10. Analysis of the dependence of the angle of attack on the drag coefficient (Cp)
at different Reynolds numbers

Below is an analysis of the dependence of the drag coefficient Cp of the S818-NR aerody-
namic profile on the angle of attack a at different Reynolds numbers (Re).

In this range Re = 50000 — 100000, the Cp, values are relatively high, especially in the range
of 0—6°. This is due to early laminar flow separation, during which the flow around the airfoil be-
comes unstable and separation zones form in the upper layer. As the angle of attack increases, the
drag coefficient Cp increases, reducing the overall aerodynamic efficiency of the airfoil. As the
stall angle approaches — approximately 6—8° Cp increases sharply due to complete flow separation
and the development of pronounced turbulence.

In the range of Re =200000-500000, the initial values of Cp are significantly lower,
indicating stable and smooth flow around the airfoil surface. As the angle of attack increases,
Cp increases, but no sharp jumps are observed until the flow stalls. Particularly noteworthy is the
behavior at Re = 500000, where Cj, is only slightly sensitive to changes in the angle of attack, and
the airfoil maintains high stability and aerodynamic efficiency.

AtRe >1000000, the lowest initial values of Cp are observed, since the flow is entirely near-
wall and laminar separation is absent. As the angle of attack increases, Cp increases very slowly,
and even when stall occurs, there is no sharp jump in Cp, indicating high stability and flow quality.

As the Reynolds number increases, the Cp coefficient decreases, indicating improved
wall flow and reduced drag. At low Re, laminar separation occurs earlier, increasing the Cp
and degrading aerodynamic performance. At high Re (= 500000), the airfoil exhibits low drag,
stable behavior, and delayed flow separation, making it particularly suitable for wind energy and
aircraft applications.

The lift coefficient C; (Fig. 11) calculated data according to the SST k-w model are in good
agreement with the results of experimental measurements. The maximum value of C; is achieved
at an angle of attack of a = 10—12° (approximately 1.2—1.25). With a further increase in the angle of
attack, a drop in C; is observed, which indicates flow separation. Overall, the model slightly over-
estimates the C; values compared to experiment, but the deviations are within acceptable limits.

Resistance coefficient Cp (Fig. 12) increases smoothly with increasing angle of attack.
Up to a = 12—14° the results of the model and experiment practically coincide. At o> 14° a noticeable
increase in Cp is observed, especially after 16°, which is associated with an increase in the flow sep-
aration zone and an increase in turbulence. The SST k- model slightly overestimates the Cp values
at large angles, which is typical for numerical simulations with high sensitivity to flow separation.
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Fig. 12. Comparison of the drag coefficient with experimental data [21]

The moment coefficient C,, is a dimensionless parameter characterizing the aerodynamic
torque generated around a specific point on the airfoil, typically a quarter-chord. C,, reflects the
extent to which aerodynamic forces tend to rotate the airfoil around the center of rotation. This
coefficient is key in assessing static stability and controllability. And profile sensitivity to flow
separation. It is determined by the formula [26, 27]

M
" 0.5pV2S’ "
where M — the aerodynamic moment (N m); p — the air density (kg/m?®); ¥ — the flow velocity (m/s);
¢ — the profile chord length (m); S — the wing or profile area (m?).

At C,, <0, the airfoil exhibits static stability, meaning the torque tends to return it to its origi-
nal position as the angle of attack increases. At C,, > 0, static instability is observed, which can cause
control difficulties. The point at which C,, = 0 corresponds to neutral stability there is no torque.

Fig. 13 analyzes the aerodynamic behavior of the S818 airfoil at different Reynolds numbers,
in particular the dependence of the moment coefficient C,, on the angle of attack a. The graph was
used to determine the airfoil stability, the onset of flow separation, and the overall efficiency level.
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Fig. 13. Change in the coefficient of moment C,, depending on the angle of attack o
for different values of the Reynolds number

It was found that with increasing Reynolds number, the C,, curve becomes smoother, and
the overall stability of the airfoil increases. Specifically, at Re = 50000 and Re = 100000, sharp
fluctuations in the C,, curve are observed, indicating laminar flow separation and aerodynamic
instability at low speeds.

Starting at Re = 200000, the flow around the airfoil becomes more stable, and the moment
coefficient stabilizes. Particularly high stability is observed at Re = 1000000, where the C,, curve
remains virtually unchanged, indicating that maximum static stability has been achieved.

Sharp breaks and changes in slope on the C,, graph indicate the onset of flow separation.
For Re = 50000-100000, separation occurs relatively early — at angles of attack a ~ 4—6°, which
reduces aerodynamic efficiency. However, at Re = 500000 and above, separation is delayed until
a ~ 12—14°, ensuring stable airfoil operation even under high loads.

It should be noted that the C,, values remain negative for all Reynolds numbers studied,
indicating static stability. As the angle of attack increases, the aerodynamic moment decreases,
ensuring stability and effective control of flight or turbine operation.

Overall, the S818 airfoil is designed for use in wind turbines and demonstrates best perfor-
mance at Re >200000. Therefore, the airfoil is recommended for use in medium and high Reynolds
number environments, where high aerodynamic efficiency and stability are ensured.

In aerodynamic optimization problems, the relationship between the lift coefficient (C;) and
drag coefficient (Cp) is of significant importance when C;/Cp — maximum.

This value determines the aecrodynamic quality of the profile and helps to determine the
most advantageous angle of attack for efficient flight.

Fig. 14 shows the variation of the acrodynamic quality C;/Cp with angle of attack a for
the S818 airfoil, computed using the SST k- turbulence model. At small angles of attack (2—6°),
C;/Cp increases sharply — the maximum value (~52) is reached at o = 5°, indicating the most ef-
ficient aerodynamic operation of the airfoil. After the peak, C;/Cp decreases — at a = 8—12°, effi-
ciency drops significantly, associated with increased drag and possibly the onset of flow separation.
At angles above 14°, C;/Cp falls sharply — to a value of 5 at o = 18°, indicating flow separation and
a substantial increase in drag.

Thus, the S818 airfoil achieves optimal performance in the angle-of-attack range of 4° to 8°,
especially at medium and high Reynolds numbers. This range should be considered when design-
ing wind turbine blades to ensure maximum efficiency.

The S818-NR airfoil is primarily designed for small-scale wind turbines because it maintains
efficient operation even at low wind speeds. In this research, its performance was analysed across
a wide range of angles of attack to identify the most effective operating regimes. These results
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provide essential data for the development of modern small-capacity wind turbines and for optimis-
ing their aerodynamic efficiency.
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Fig. 14. Graph of aerodynamic quality C;/Cp depending on the angle of attack o

The current research is limited to 2D numerical simulations, which may not fully capture
3D aerodynamic effects such as blade-tip vortices. To ensure reproducibility, standardised turbu-
lence models and refined mesh configurations were used in COMSOL Multiphysics. Future re-
search will involve 3D modelling to analyse the performance of full-scale wind turbine assemblies
integrated with these airfoils.

4. Conclusion

The standard SST turbulence model is used to simulate the flow around the S§18-NR airfoil.
The results are presented in the article. k~w is implemented in the Comsol Multiphysics software
package, which uses the finite element method. Velocity fields, pressure coefficients, and other
parameters are analysed.

The SST k- model adequately predicts both lift and drag for the S818 airfoil. The best
agreement with experiment is observed at angles of attack up to 12—14°. The model can be effec-
tively applied for numerical acrodynamic analysis of this airfoil in the range of moderate angles
of attack.

The S818-NR airfoil provides engineers and designers with useful data. This data can be
used to improve aerodynamic efficiency, optimise airfoil shape, and create more efficient wind tur-
bines and aircraft. Understanding the airfoil’s acrodynamic characteristics through numerical sim-
ulations aids the development of innovative technologies for renewable energy sources for industry.

The profile has low aerodynamic drag, which helps save fuel and increase aircraft speed. The
profile is designed to minimise turbulence, which improves the stability and control of the aircraft.

S818-NR airfoil is a highly efficient solution for wind turbine blade design. Its geometric
and aerodynamic properties provide high lift, low drag, and excellent lift-to-drag ratio, making it
an ideal choice for modern wind turbines.
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