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Abstract

The authors of the work numerically studied the aerodynamic coefficients of the

sail blade, during which the patterns of three-dimensional flow around airflow and
the pressure distribution field were obtained. The triangular sail blade is used as the
power element of wind turbines. The sail blade modeling was based on the Reynolds-
averaged Navier-Stokes equations (RANS) using the ANSYS FLUENT computer pro-
gram. A flow pattern is obtained, which gives a physical explanation of the nature

of the airflow around the sail blade and the pressure distribution field. Comparative
analyses of theory and experiment are given. In the range of Reynolds numbers from
0.5 x 10*t0 2.5 x 10% the change in the drag force coefficient is from 1.04 to 0.54, and
the difference in the lift force coefficient is from 0.52 to 0.33.

Keywords: Sail blade, Wind turbine, Modeling, ANSYS FLUENT, Aerodynamic
coefficients

1 Introduction

Back in 3000 BC in Egypt, people first used wind energy in the form of sailing boats.
Using the energy of the wind, the sails contributed to the boat’s movement. In 2000 BC
in ancient Babylon, the first mills for grinding grain, powered by sails, appeared. Starting
from the 1000s, the European crusaders, after campaigns in the Middle East, brought
the concept of a Dutch-type windmill [1, 2].

In 1887, Professor James Blyth of Anderson College built the first wind turbine with
sail blades in Scotland. With this significant event, a new era of developing wind turbines
with sail blades begins [3].

As a result of the Los Alamos National Laboratory, which developed many fluid flow
modeling techniques in the 1950s and 1960s, CED research based on the Navier—Stokes
equations began. Proof of this is the first work published by John Hess and A.M.O. Smith
in 1967 on 3D flow computation [4].

In 1950-1960, research was carried out for a two-dimensional sail using numerical
and experimental methods [5]. Then, in 1970, researchers experimentally investigated
wind turbines with vertical and horizontal sail blades [6, 7].
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Starting from the 1990s, a new era begins, the development of numerical methods
for studying sails using modern computer programs. In the last two decades, numeri-
cal and experimental advances in the aerodynamics of sails have contributed to a new
understanding of their behavioural patterns and improved design [8]. The authors of
[9] performed a numerical simulation of a triangular sail using the Reynolds-averaged
Navier—Stokes equations, measuring the pressure distributions on the sails. A holistic
view of the aerodynamics of leeward sails is presented in [10] using experimental and
numerical studies. Data on distributed pressure and aerodynamic forces were obtained.
In [11], tests were carried out to determine the aerodynamic coefficients of the sail
in a wind tunnel based on a stable wind field and a simulated natural wind field. The
results show that for a more accurate analysis of the aerodynamic characteristics of the
sail, one cannot neglect the natural variations of the wind speed and the wind profile
in the atmospheric boundary layer. Moreover, interesting numerical and experimental
results were obtained on the pressure distribution on the sail at different angles [12]. The
authors of [13] developed a system to study the aerodynamics of sails using real time
measurements of pressure and sail shape in full size.

In [14], the authors carried out a numerical analysis of the aerodynamic characteristics
of 2D winged sails and optimization of their shape and operating conditions in terms
of angle of attack, flap length and deflection angle in different wind directions. Optimal
design variables have been obtained that maximize the average thrust characteristics of
several sail wings relative to the wind direction.

In [15], a 3D-printed rigid sail with a Reynolds number 10% was tested. It was found
that on the leeward side of the sail (the suction side), the flow separates at the leading
edge, again joining downstream and forming a stable vortex of the leading edge (LEV).

However, results such as the distribution of velocity and pressure vectors and the com-
parison of the aerodynamic coefficients of leeward sails and their inherent flow struc-
tures still need to be investigated.

Reynolds-averaged Navier—Stokes modelling (RANS) is the oldest approach to mod-
elling turbulence. It involves solving a hierarchy of flow equations that introduce new
apparent stresses known as Reynolds [16, 17]. In this work, the authors used the k-¢ tur-
bulence model with two equations, which provides a general description of turbulence
with two transport equations for the turbulent kinetic energy k and the turbulent energy
dissipation rate ¢ [18, 19]. Essentially, the magnitude and direction of the aerodynamic
forces on the sail depend on its position relative to the airflow, which is characterised by
the attack angle [20-24].

The aim of this work is to numerically simulate the aerodynamic coefficients of a
triangular blade using software and to conduct a comparative analysis of theory and

experiment.

2 Task formulation

A sail mesh model with dimensions was developed for the numerical CFD. The compu-

tational analysis was carried out using the general purpose programme Fluent 14 CED.
For the numerical modelling of a sail blade, the blade geometry was created with the

following dimensions in the KOMPAS 3D programme (Table 1).
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Table 1 Simulation input data

Ne Description of parameters Data

1 Blade type sailing

2 Sail dimensions S=0.07 m?

3 Chord sails 45 sm

4 Potbellied sails 10 sm

5 Air density 1225 kg/m?

6 Pressure OPa

7 Gas constant 287.2

8 Kinematic viscosity 1.795 x 107 Pa-s

9 Air flow rates 3m/s,5m/s, 7 m/s,
10m/s, 12 m/s,
15m/s

For a three-dimensional representation of the problem, the dimensions of the compu-
tational domain were taken in accordance with the dimensions of the wind tunnel.

3 Numerical simulation

3.1 Calculation grid

The computational domain is a parallelepiped with a model inside it (Fig. 1). The dimen-
sions of the computational domain are identical to those of the working domain of the
experimental wind tunnel T-1-M.

In order to determine the influence of the size of the differential grid (the num-
ber of cells) on the determination of the resistance force of the sail, calculations were
carried out with the model used for three differential grids: 1 — 224,745, 2 — 500,680,
3 — 1,005,863 nodes.

Table 2 shows the drag forces obtained for low wind speeds in the range from 3 to
15 m/s. The value of C; corresponds to the drag force received from the model used on
the grid at 224,745, C, — 500,680, and C; — 1,005,863 nodes.



Tleubergenova et al. Advances in Aerodynamics (2023) 5:14 Page 4 of 15

Table 2 The value of the drag force at different grid numbers

u (m/s) F4atC, F4atC, Fyeat Gy
3 0.62 05 052
5 1.35 12 1.24
7 1.75 1.95 1.98
9 245 2.75 277
12 3.71 3.82 3.85
15 5.01 5.15 5.19

As could be seen from Table 2, the discrepancy between C, and C; is minimal. In fur-
ther calculations we will take C, — 500,680 because it requires relatively few energy and
time resources.

To proceed to the next step, the resulting geometric model was exported to the Ansys
Meshing programme. Based on this model, a finite difference model was created with
a mesh of 500,680 cells. The mesh quality was checked and the boundaries of the com-
putational domain were defined, for which the boundary conditions will apply in the
future. Subsequently, the calculation grid was exported to the Fluent programme.

Modelling in Ansys Fluent is based on solving the Navier—Stokes equations, energy
and continuity. For a much more practical approach, the standard k-¢ turbulence model
[13] is used to minimise the unknowns and present a set of equations that can be applied
to a wide range of turbulent applications. The considered flow is turbulent.

The system of equations describing the gas flow is presented in the form:

v 1 5

— +(VV)V =F — —Vp+9V3V, (1)
at P

divV = 0. (2)

Where, % denotes the speed change over time, (V'V)V denotes the component speed
change, —%Vp denotes the component change pressure, ¥ V2V is the viscosity compo-
nent; and F are the components characterizing the effect exerted on the liquid.

3.2 Turbulence model k-¢

The equation for turbulent kinetic energy k is written as:

d(pk)  d(pku;) O [pe Ok
+ =
ot 0x; 0x;

— — | +2uEE;; — pe.

ox axj:| MeLijEij — P (3)
Where u; are averaged components of the velocity vector in the Cartesian coordinate

system, k is the kinetic energy of turbulence, oy is a parameter that provides the desired

dimension, E;; is the component of the deformation rate, and 1, is the vortex viscosity.
The equation for the dissipation of turbulent energy ¢ is written as:

d(pe) | d(peu;) d | pe ¢ >
+ =
ot 0x; 3x/‘

& &
Bt 08 S E Ey — Conp .
G Bx,} + Cie P MKeLij i 2e 0 A (4)



Tleubergenova et al. Advances in Aerodynamics (2023) 5:14 Page 5 of 15

Where, u; is the velocity component in the corresponding direction, Ej is the strain
rate component, and u; is the eddy viscosity, us = pC,, k?z

The equations also consist of some adjustable constants oy, o, Cis, and Cy.. The val-
ues of these constants were obtained due to numerous iterations of data fitting for a
wide range of turbulent flows. They are as follows:

C, = 0.09; o = 1.00; 0, = 1.30; C1, = 1.44; Co, = 1.92.

3.3 Boundary conditions

Sticking and non-leaking conditions are

V=0, (5)
ok
— =0. 6
™ (6)
3/4,3/2
&p = C“kyp” is Karman’s constant, where index P refers to the center of the near-

wall cell of the difference grid.
Boundary conditions at the inlet are

U = Uy, V =0. )

Turbulent flow parameters are determined by setting the intensity of turbulent pul-
sations I of the hydraulic diameter Dj,,,;.

3 k3/2
k= E(Ivinlet)Q:S = C3/4T ,1 = 0.07Dyyql = 3%. (8)

Boundary condition at the exit boundary [16] is:

e
—~ =0
” )

4 Experimental part
4.1 Experimental model
Based on mathematical modelling and the selection of optimal geometric parameters
for experimental research, a sail blade was assembled and tested. The experiments
with the sail blade were carried out in the “Aerodynamic Measurements” laboratory
of the “Alternative Energy” Research Centre of E.A. Buketov Karaganda University.
The experimental model of the sail is made in the form of a triangle with dimensions
of 0.48 m, 0.45 m, and 0.35 m. The experiments were carried out at Reynolds numbers
from 0.5 x 10*to 2.5 x 10%.
When studying the effect of wind on a sail, a whole set of forces arise, including
aerodynamic force. The magnitude of the force, as well as the point of application of
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the resultant, strongly depends on the angle at which the sail (its chord) is to the wind
a — this angle is called the angle of attack, as well as on the bending of the sail (Fig. 2).

Suppose we decompose the aerodynamic force into two components: parallel to X and
perpendicular to the wind Y. In that case, we can estimate how much the sail will strive
with the wind and move perpendicular to the wind. In this case, the Y component is
called the lift (because this force causes the blade to rise when the blade is in a horizon-
tal position), and the X component is called the drag force of the sail.

The dimensionless coefficients of drag C,, lifting force C), and the following formulas
determine the Reynolds number criterion:

y u

Where, Fy is the drag force, F) is the lift force, p is the air density,  is the flow rate, S is
the midlength [midship] section area, [ is the length of the lever arm, and L is the char-
acteristic size of the sail.

The clogging coefficient is as follows:

Ay

Bp = —.
R= 7

wind e /

Fig. 2 Distribution of forces on the surface of the sail blade
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Where, A; denotes the projected area of the sail (m?), and A, denotes the test section
area of the wind tunnel (m?).

Pope and Harper (1966) [25] proposed a method for correcting the blocking effect at
low wind speeds, which can be easily obtained by multiplying the input wind speed by
the correction factor expressed in Eq. (12). The correction factor ¢, for an arbitrary shape
can be determined from formula (13).

U, = U1 + &), (12)

1
&t = EBR (13)

Where, U, is the adjusted wind speed (m/s), and & is the correction factor.

In our case, the clogging coefficient was 0.35%, which is acceptable according to the
results of the work [26].

The angle of attack of the sail blade was measured by comparison with rigid control

(model) instruments: angle measures and protractors.

4.2 Wind tunnel T-1-M

An experimental study of the sail blade was conducted in the T-1-M wind tunnel.
According to the concept, a wind tunnel is a channel in which an artificial air flow is
generated with the assistance of a fan. In this work, a wind tunnel with a closed air flow
was used.

The T-1-M wind tunnel includes a working part, a diffuser, a fan, a transition channel,
turning blades, leveling grids, a prechamber, and a collector (nozzle). A wind tunnel with
an open test section was used in the experiments. Parameters of the working part are:
diameter — 0.5 m; length — 0.8 m. The measurement error is 0.5 — 1%.

The drag and lift forces were measured with a three-component balance (Fig. 3).The
flow velocity varied from 3 to 15 m/s. The velocity of the incoming airflow was measured
with a Skywatch Atmos cup anemometer.

In an experimental study, a transition from a laminar flow to a turbulent one takes
place in a wind tunnel. In particular, the boundary layer formed on the walls of the work-
ing part of the wind tunnel generates acoustic disturbances in the flow field, which reach
the surface of the model under study and have a significant effect on the phenomenon of

transition from laminar flow to turbulent one.

4.3 Measurement uncertainty analysis
In accordance with the standard [27], an analysis of the measurement uncertainty was
carried out.

In our case, the measured value of the drag force and lift force is not measured directly
(Y) but is determined through N other values X;, X,, X5, and X, using the functional
dependence f:

Y =f(X1, X2, X3..XN). (14)
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Fig. 3 Laboratory layout and scheme of the sail blade: (a) layout of the sail blade; (b) the location of the
blades. 1: wind turbine blade, 2, 3, 4: frame, 5: adjustable flexible fastening of the movable end of the blade,
made of solid thread, 6: wind direction

For each value X; included in the model equation, it is necessary to determine the esti-
mate x; and the standard uncertainty u(x;). Estimates of input values (x;, %,...x,,) are their
mathematical expectations. The standard uncertainty u(x;), associated with the estimate
x;, of the measured quantity x;, is its standard deviation. In this case, each input estimate
x; and the associated standard uncertainty u(x;) are obtained from the probability dis-
tribution of the input value X,. Depending on the available information about the value
of X, the standard uncertainty estimation methods can be type A and type B. The type
A standard uncertainty estimate is obtained from a probability density function based
on the observed frequency distribution. The type B standard uncertainty estimate is
based on assigning a probability distribution function based on the available quantity
information.

Type A standard uncertainty is calculated using the formula (15):

?:1(1'7‘ _f)Z

. (15)
nn—1)

Uy = (F)

Where F; is the regular force measurement, # is the number of measurements, F is the
Su1Fi

arithmetic mean, and is equal to F =
Using the standard uncertainty of type B, the reliability of measurements is assessed
based on non-statistical information (16):
AF

Us = (F) = . (16)
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Where, £=AF are limits of permissible instrumental error, and as the force’s value, we
take the force’s average value, taking into account the error of 0.5% of the three-compo-
nent aerodynamic scale.

The total standard uncertainty of the measurement result simultaneously considers
the influence of random and known uncertainty factors. It summarizes all uncertainty
factors, considering their contribution to the measurement result. Calculated using the
following formula (17):

Where, u; is the i-th uncertainty factor, k; is its weight, and # is the number of uncer-
tainty factors.

Aerodynamic force coefficients and Reynolds number were calculated using formulas
(10). The results of the analysis of the uncertainty of the coefficient of drag and lift are
presented in Figs. 4 and 5, and Tables 3 and 4.

As seen from the figures, the uncertainty for both the drag force coefficient and the
lift coefficient are shown as vertical bars, but they are omitted in the subsequent figures
for clarity. The obtained experimental data of the drag force coefficient is approximated
by a linear dependence: y=-0.2902x+ 1.1411. Likewise, the experimental data of the lift
force coefficient is matched by a linear dependence of the type: y=-0.0568x + 0.4771.

5 Research results
In the numerical simulation, the velocity fields and the pressure distribution in the
plane of symmetry were determined for the angle of attack a =0° at inflow velocities
of 5m/s, 10 m/s and 15 m/s.

The sail, which has a curved profile (“belly”), has the apparent wind flowing around
it from two sides. The belly is one of the most important features of the sail design,

C. 1.300

1.100 §

0.900 ? y=-0.2902x + 1.1411

0.700 ¢ }
0.500

0.300
0 0.5 1.0 15 2.0 25 3.0

Re x 10*
Fig. 4 Dependence of the drag coefficient on the Reynolds number



Tleubergenova et al. Advances in Aerodynamics (2023) 5:14 Page 10 of 15
C, 0.500
0.450 =
e, y=-0.0568x + 0.4771
0.400
0.350 -
0.300
0 0.5 1.0 1.5 2.0 25 3.0
Re x 10*
Fig. 5 Dependence of the lift coefficient on the Reynolds number
Table 3 Results of the calculation of the uncertainty of the drag coefficient
Arithmetic mean Uncertainty Uncertainty Totalstandard Standard Confidence Error rate
by type A by type B uncertainty deviation interval (%)
1.053 +0.006 +0.049 +0.049 0.025 0.028 1.132%
0.880 +0.008 +0.041 +0.042 0.036 0.041 1.132%
0.743 +0.006 +0.034 +0.035 0.025 0.028 1.132%
0.690 +0.005 +0.032 +0.032 0.020 0.023 1.132%
0.560 +0.002 +0.026 +0.026 0.010 0.011 1.132%
0437 +0.008 +0.020 +0.022 0.035 0.040 1.132%
Table 4 Results of the calculation of the uncertainty of the lifting force coefficient
Arithmetic mean Uncertainty Uncertainty Totalstandard Standard Confidence Error rate
by type A by type B uncertainty deviation interval (%)
0467 +0.008 +0.022 +0.023 0.035 0.040 1.132%
0423 +0.006 +0.020 +0.020 0.025 0.028 1.132%
0.397 +0.012 +0.018 +0.022 0.050 0.057 1.132%
0.380 +0.011 +0018 +0.021 0.046 0.052 1.132%
0370 +0.008 +0.017 +0.019 0.036 0.041 1.132%
0.340 +0.011 +0.016 +0.019 0.046 0.052 1.132%

affecting its quality and ability to deliver proper traction in the right direction [18].

Therefore, calculations were made to determine the fullness of the sail (pot belly),

which was 10 cm.

The characteristics of the distribution of the airflow velocities are shown in Fig. 6

(a, b, ).

Figure 6 (b, c) shows that two vortex zones form behind the blade and the value

of the velocities in the area in front of the sail is low; their maximum value falls on
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Fig. 6 Velocity vector distribution field near the blade: (a) at 5 m/s; (b) at 10 m/s; (c) at 15 m/s

(©)
Fig. 7 Pressure distribution field: (@) at 5 m/s; (b) at 10 m/s; (c) at 15 m/s

the tips of the blade. It can be seen that after flowing around the blade, the velocity
decreases, the minimum flow velocity is reached behind the blade, and the maximum
velocity falls on the area in front of the sail.

The characteristics of the distribution of the pressure field as it flows around the
sail are shown in Fig. 7 (a, b, ¢). As you can see from the figures, pressure and drag
increase as the speed of the airflow increases. The presence of an increased pressure
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in front of the sample and a vacuum behind it leads to the appearance of air resist-
ance, which is called pressure resistance. At an inflow velocity of 15 m/s, the values of
static pressure (py=p — Pom) varied from -302.6 to 186.6 Pa.

From an aerodynamic point of view, the effective angle of attack is determined to
determine the ability of a sail blade to generate lift with optimal drag. In our case, the
most advantageous angle of attack was @ =15°, which corresponds to the maximum
aerodynamic quality of the sail blade.

Figure 8 shows the dependence of the aerodynamic quality on the angle of attack.

Aerodynamic quality is an indicator of the ratio of the lift force to the drag force at
a given angle of attack: K,=F/F,. As seen in Fig. 8, the maximum value of the lift-to-
drag ratio was obtained at an angle of attack @ =15° in the experiment K,=0.53 and
the numerical study method K,=0.38. Based on this, further studies of the aerodynamic
coeflicients of the sail blade were carried out at an angle of attack a =15°".

Figures 9 and 10 show comparative graphs of drag and lift coefficients versus Reynolds
numbers.

Figure 9 shows that an increase in the Reynolds number calculated from the flow veloc-
ity leads to a decrease in the lift force coefficient C, of the sail blade. This is explained by
the fact that the zone of high pressure is observed with an increase in Reynolds number.

Figure 10 shows a graph of a sailing blade’s drag force coefficient C, versus the Reyn-
olds number Re.

Graph 10 shows that the drag coeflicient decreases with increasing Reynolds number,
which corresponds to the physical laws of aerodynamics. These numerical and experi-
mental studies and their comparative analysis showed satisfactory agreement.

As a result of establishing the dependences of dimensionless aerodynamic parameters
on similarity criteria, in this case on the Reynolds number, universal dependencies could
be used to create a real operating installation.

The obtained aerodynamic dependencies of the drag coefficient and the lift coefficient
on the Reynolds number are universal, both for a small layout and for windmills of suf-
ficiently large sizes.

Ka
0.6

0.5
0.4

0.3

0.2

0.1

0 15 30 45 60 75 0(°)

—8— K, exp
Fig. 8 Dependence of the aerodynamic quality on the angle of attack a

K, number
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The result of the numerical simulation (Fig. 9) is well approximated by the linear
dependence of the reliability coefficient (R?), which explains the positive result of this

calculation:

Cy = —0.0625Re + 0.4837,
R? = 0.9947.

Also, according to the results of the dependence of the drag coefficient (Fig. 10), it was
determined that the reliance is decreasing in nature and satisfactory agreement with the

experimental data. The dependence is described by a linear dependence:

C, = —0.2937Re + 1.1548,
R2 = 0.9972.

It is determined that the dependences of the aerodynamic coefficients are decreasing

in nature and are in good agreement with the experimental data.

G
0.60
0.55 { 4 C,exp.
0.50 e C,num.
0.45 }\ { ___Linear
func.
0.40 (G, num)
0.35
0.30
0 0.5 1.0 1.5 2.0 2.5 3.0 Re x 10*
Fig. 9 Dependence of the lifting force coefficient C, on the Reynolds number Re
Cx
1.6 ® (. num.

1.4 }
1.2 }
1.0 % ~ Linear

4 Ciexp.

i func.
0.8 i C; (num.)
0.6 i
04
0.2
0 0.5 1.0 1.5 2.0 2.5 3.0
Re x 10*

Fig. 10 Dependence of the drag coefficient C, on the Reynolds number Re of the sail blade
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6 Conclusion

A three-dimensional model of a sailing blade has been created in the form of a trian-
gle with dimensions of 0.48 m, 0.45 m, and 0.35 m; the experiments were carried out at
Reynolds numbers from 0.5 x 10*to 2.5 x 10%

A flow pattern is obtained that provides a physical explanation for the nature of the
airflow around the sail blade and the pressure distribution field. It was found that zones
of increased pressure form on the walls of the computational domain and at the tops of
the blade, and a rarefaction zone forms behind the blade, and the greater the distance to
it, the greater the increase in pressure. Two circulation zones also form behind the sail.
The upper circulation zone is smaller than the lower one and its center lies much closer
to the top of the blade. The disturbances from the circulation zone go beyond the inte-
gration area; as a result, the formation of reverse flows is observed.

The numerical dependences of the aerodynamic coefficients of the blade for vari-
ous Reynolds numbers are established. In the range of Reynolds numbers from
0.5 x 10* to 2.5 x 10% the change in the drag force coefficient is from 1.04 to 0.54, and
the difference in the lift force coefficient is from 0.52 to 0.33.

A comparative analysis of theory and experiment was carried out, which showed
agreement.

The significance of this study is to increase the efficiency of using wind energy due to
the optimal area of the blade, improving its aerodynamic profile and increasing the coef-
ficient of aerodynamic thrust, reducing the initial and operating wind speed, as well as
increasing the reliability of its operation. Due to the improvement of the aerodynamic
characteristics of the sail and the growth of the working area of the sail blade, the wind
energy utilization factor is also increased.

The patterns of changes in aerodynamic parameters obtained by the authors could
help to understand the complex aerodynamic design of turbulent airflow around airfoils.
Furthermore, the obtained universal dependencies of the aerodynamic coefficients could
be used in engineering calculations of sail-type wind turbines with sails.
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