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Abstract

In low-velocity areas, the Savonius turbine offers an attractive, economical, and ecologically beneficial
method of generating electricity. However, due to the fact that scientists are still looking for a solution
to the primary issue of the Savonius turbine's poor efficiency, this turbine has not yet been properly
investigated. To increase the efficiency of the Savonius turbine the nozzle system can be utilized. In the
present study, a 2-dimensional numerical simulation using the computational fluid dynamics (CFD)
method was conducted for a Savonius vertical axis wind turbine (VAWT). This study aims to investigate
the effect of different nozzle installation angles and nozzle wall lengths on the performance of the
Savonius turbine and for this purpose, six different nozzle designs are investigated. In order to observe
the performance of the mentioned turbine, the power coefficient (Cp) is calculated, and their values are
compared in the different tip speed ratios (TSR). The results show that the highest efficiency of Savonius
VAWTSs is achieved with a nozzle installation angle of 55°. After that in optimum nozzle installation
angle, the nozzle length of 1900 mm exhibits better performance compared to other nozzle lengths at a

TSR of 0.5.
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Nomenclature

Symbols Subscript

\% Inlet flow velocity (m/s) T Turbulence

N Number of rotation (rpm) Abbreviations

M Torque (N.m) VAWT Vertical axis wind turbine

P Output power (W) HAWT Horizontal axis wind turbine
Do Rotor diameter (m) CFD Computational fluid dynamic
D Buckets diameter (m) TSR Tip speed ratio

Cp Power coefficient

Cnm Torque coefficient

e Overlap size (m)

H Rotor height (m)

Greek

p Density (kg/m®)

1 Helical angle

® Angular velocity (rad/s)

1. Introduction

Rising concerns about air pollution from excessive consumption of fossil fuels storages have led
scientists to start researching about extracting clean energy from renewable sources like solar, wind,
geothermal and hydro power energy sources. Meanwhile, wind energy was recognized as one of the
cleanest renewable energy sources [1]. Wind turbines are divided into two general categories based on
their rotating axis, vertical axis wind turbines (VAWTS) and horizontal axis wind turbines (HAWTS).
Recently, VAWTSs have grabbed the attention of engineers due to their ease of installation and
independence in the wind flow direction and they are used are widely developed[2]. VAWTSs are divided

into two main categories. Rotors that work with drag force, such as Savonius VAWTS, and rotors which
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operate with lift force, like H-type Darrieus and Gorlov VAWTSs[3]. Drag base VAWTSs have less power
production capacity than lift base types, however, their independence from the initial torque and the self-
starting ability have made them preferable[4]. It is obvious that the efforts of the researchers have been
on increasing the efficiency and improving the aerodynamic performance of the VAWTS, for example,
by applying geometric changes such as the number of blades, the blade chord length and the blade airfoil
profile type on a Gorlov turbine, they have increased its power coefficient[5]. In Savonius VAWTS, the
buckets geometry and configuration has a significant impact on the aerodynamic performance of the
turbine. In a CFD study, the performance of the turbine was optimized by examining the optimal amount
of buckets overlap[6]. In another CFD study, the effect of shape factor, which is associated with changing
the buckets’ configuration, was investigated and it was found that the innovative buckets’ design led to
an effective air flow direction between the blades and, as a result, improved performance[7]. Also, the
buckets’ arc angle optimal value has created a favorable pressure in the convex side of the blade, causing
an increase in torque value and ultimately improving performance[8]. In addition to the rotor
configuration, the air flow direction and the wind speed have a significant effect on the turbine
performance and efficiency[9]. The increase in the wind speed, which has a direct effect on the increase
in the Reynolds number, has been investigated on the increase in the efficiency of the Gorlov turbine,
and it has been determined that the efficiency has increased with the raise in the wind speed and
turbulence intensity[10]. Also, the presence of the curtain in the upstream part of the turbine leads to
more effective air flow and the output power increases significantly[11]. It should be considered that the
curtain length and its walls’ position angle have a significant effect on the direction of the air flow and
rotor aerodynamic performance, therefore, the walls’ angle and their length are optimized[12]. A creative
design of the deflector, which is a simple wall and a wall consisting of an airfoil profile, has been used
to improve the air flow[13]. More complex forms of deflectors by turning the air flow and producing

vortices and creating favorable pressure in the concave and convex areas of the rotor are also useful[14].
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Placing the nozzle at an appropriate angle and distance from the rotor at the entrance of the wind tunnel

and upstream of the rotor like a curtain and deflector also increases productivity[15].

The purpose of this study is to optimize the efficiency of a Savonius VAWT by deploying nozzle system
at velocity inlet section and turbine upstream. For this purpose, different nozzle installation angles and
nozzle wall lengths are investigated by studying the flow field characteristics around turbine and
measuring turbine performance. Computational Fluid Dynamics (CFD) technique is adopted utilizing k-

o SST model, also numerical work had been carried out by employing Ansys Fluent.

2. Problem description and solution strategy
In this 2D CFD simulation a two-bladed Savonius VAWT is considered as the prototype and a simple
rectangular is considered for modeling wind tunnel or stator domain. In this simulation the rotor outer
interface is coupled with the inner interface of rectangular domain by adopting this approach the
rotation of rotor can be simulated thus, mesh motion method is nominated for this CFD modeling. It
should be noted that turbine shaft is omitted to simplify the numerical study. The schematic of
examined Savonius VAWT is shown in Figurel and the dimensions and geometrical features of rotor

and stator is presented in Tablel.
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Figure 1 Schematic of Savonius VAWT

Table 1 Dimensions and main geometric characteristics of the simulated turbine rotor and

stator.

Quantity Value
1 Number of blade 2
2 Bucket diameter 0.2(m)
3 Spacing size 0(m)
4 Overlap size 0.03(m)
5 Blade thickness 0.002(m)
6 Rotor diameter 0.37(m)
7 Height of blade 2D simulation
8 Length of stator 6(m)
9 Width of stator 2(m)

In current study an unstructured mesh method is adopted for both rotor and stator domains also for
achieving more accurate and reliable results the grid size around the inner and outer interfaces was

smaller than rotor and stator grids size also for avoiding flow separation around the buckets, not only
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mesh size is get smaller but also boundary layer mesh is chosen by nominating inflation around the

buckets, air flow velocity in this area is controlled. The mesh for this prototype is given in Figure 2.

Figure 2 a) Rotor mesh, b) Blade boundary layer mes

3. Governing equations
In this 2D CFD analysis, the Navier-Stokes equation simulates the fluid flow around the Savonius VAWT
rotor and buckets also, Reynolds averaging is used for current numerical modeling, and the velocity is
divided into two terms, & and w, which are averaged and the fluctuating velocity terms. Also, equations

3 and 4 represent the Unsteady Reynolds Average Navier Stokes (URANS)[16].

u= Ti jT u(t)dt [16] @)

u'=u-u [16] ()
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Where u is the velocity of fluid flow (m/s) in x direction, p is pressure (Pa), and p (kg/mq) is the fluid

density.

Choosing Turbulence model is very crucial due to flow separation and great pressure gradient which
have remarkable impact on CFD results. There are several common used turbulence models such as k-g,

k-, SST transition. These models use the Boussinesq assumption shown in Equation 5 for Reynolds

stresses[17].
10ou 2 ©)
=21 S, —=—%5. |-=pkd, [17
T” :u[( ij 38Xk u] 310 ij [ ]
du, (6)
Sij =l£%+_JJ [17]
2{ Ox; OX,

The k-o SST model was used because this model can reduce the computational costs. Also, this approach
is widely used for modeling the flow around turbomachines , also the k- SST equations for applications
near walls regions are suitable[18]. These models are based on transport equations for the turbulence

kinetic energy, k, and its dissipation rate &. The model uses the following transport equations:
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]

7; derived from equations 5 and 6.

The turbulent viscosity is assumed from the below equation:
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The other parameters of the above equation are obtained from Table2.
Table 2 Constants of model k-m [19]
C,u O-k O-w IB* ﬂ 7
0.9 0.5 0.5 0.09 0.072 0.52

The vy coefficient was selected in order to obtain the appropriate value for the von Karmen constant (k =

0.41), via the expression 11:

B ok’ 171 (11)

5 Jr

7/:

The tip speed ratio is defined as the ratio between the blade tip speed and the wind speed (Vw). [16].

(12)

TSR = RX@ 116]
Vv

w

Where R is the radius and @ is the angular velocity of the rotor.

The torque coefficient (Cm) and power coefficient (Cp) which is relation between product of rotor torque

and angular velocity with wind power can be written as follows:

Cp =g [20] (13)
= pARV 2
2/7 w
P 14
Cp =g [20] 14
= pAV
2,0 w
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Where p (kg/m®) wind densities, V. (m/s) is wind speeds entering the turbine, T (N.m) is turbine torque,

P (W) is the extractable power, and A (m?) is the swept area.

4. Numerical modeling and simulation

4.1. Boundary condition
For this 2D CFD modeling Ansys Fluent software was selected application benefits from finite volume
method for solving equation. The finite volume method (FVM) is a method for representing and
evaluating partial differential equations in the form of algebraic equations. In the finite volume method,
volume integrals in a partial differential equation that contain a divergence term are converted to surface
integrals, using the divergence theorem[21]. Since the unsteady physics of this modeling and the
interaction between the buckets” movement and wake flow around the rotor blades, the transient approach
was adopted. The velocity inlet boundary condition was selected for the stator inlet section which is
located in the upstream section of rotor, and the outlet zone of the stator domain in the turbine
downstream is defined as the pressure outlet condition. In mentioned 2D-CFD simulation SIMPLE
scheme was selected, and second-order upwind spatial discretization was obtained for pressure,

momentum, and turbulence equations.

4.2. Validation and Grid independence
The experimental study of a small-scale Savonius VAWT with two buckets performed by Wenehenubun
etal. [22], was nominated for this CFD investigation. Regarding the experimental outputs, the inlet
velocity of the wind tunnel was 10(m/s)[22]; thus, this amount was considered for inlet boundary
condition for current simulation. The numerical information is compared to experimental informations
at four different TSR values in order to verify the present numerical simulation. The validation results

for Cp are shown in Figure 3.
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Regarding the information of Figue3 CFD results has a same trend with the experimental data and they
have an acceptable agreement. This fact indicate that the CFD investigation is reliable and numerical
simulation is validate, however; the main root of the error between CFD and experimental data is related
to omitting shaft and arms, therefore mechanical losses cannot be calculated in this CFD modeling also,
2D approach leads to an increase in the error between CFD and Experimental data, however; as this
method is not time consuming, it can be adopted. Another essential action in order to clarify the accuracy
of CFD simulation is grid independence. To achieve this goal the model mesh should be fine and C,
values in a certain point (TSR=0.23) must be evaluated for different gird numbers. In this study three

different cases is considered. Element number for casel, case2 and case3 is about 250000, 350000 and
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450000 respectively. The results of mesh independence is presented in Table3.
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Figure 3 C, values of CFD simulation compared to the experimental study results.




Table 3 Grid independence analysis results.

Case Cp value
1 Case 1 0.049
2 Case 2 0.046
3 Case 3 0.043

Based on Table 3 information, the Cp values are not sensibly different in the three cases, it means that

the CFD simulation is not dependent on the number of grids and it again shows the accuracy of modeling.

5. Results and discussion
In this chapter, the nozzle is added to the inlet section of domain in the upstream of the rotor in order to
guiding air flow to the rotor in a more effective way. The schematic of a Savonius VAWT with

considering nozzle in shown in Figure 4.

a

“

Figure 4 Savonius VAWT in presence of nozzle
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Based on the Figure 4, nozzle which installed in the velocity inlet section has two walls which play
significant role in directing air flow in an appropriate way to the rotor suction side thus the length size
and the installation angle is really important. The nozzle installation angle, denoted by a, is the angle
between the walls of the stator and the wall of the nozzle which will be examined further. In this chapter
firstly, the effect of installation angle is numerically examined and when optimum angle is find as the

second step the effect of nozzle arms will investigate.

5.1. Effect of Nozzle installation Angle
For examining the effect of nozzle installation angle three different angle values of 35°, 45° and 55° are
considered in a constant length of 1500 (mm) and their effect on air flow direction and subsequently on
the aerodynamic performance and the efficiency of the turbine is investigated. The results of the effect

of different installation angle values on C;, is given in Figure 5.
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Figure 5 Effect of nozzle angle installation on Cp
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Regarding the information of Figure 5 adding nozzle in the upstream section of rotor and in the velocity
in let leads to a remarkable increase in C, values and as a result by installing nozzle generated power is
grew. Another reason for this increase in efficiency is the significant increase in the velocity value and
subsequently increase in Reynolds number and turbulence intensity. Also it can be seen by raising a
values the area of discharge section of nozzle decreased and it caused less air discharging form this
section but in a more appropriate direction towards the rotor and the air flow focuses on the rotor
upstream side and this situation causes free airflow stream to cover more parts of the rotor. Also,
excessively narrowing the discharge section of the nozzle not only causes the air flow exit properly, but

also preventing an unfavorable pressure gradient in the upstream zoon of the turbine rotor. For more

clarity, the pressure and velocity contours are shown in Figure 6.
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Figure 6 Velocity and pressure contour plots for different nozzle installation angle at TSR=0.5

Based on Figure 6 when nozzle installation angle is 55° air flow velocity is more than other conditions
which leads to a remarkable raise in C, values and generated power also wake flow region which is
considered as low-speed zone is more instance in the downstream section and between buckets when the
angle is smaller than 55°. This low speed zone and wake flow causes a reduction in turbine performance.
Also Regarding pressure contour when angle is equal to 55° favorable pressure behind the nozzle

discharge section and in the turbine rotor upstream side is more sensible than other angle of installation
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values also in this configuration favorable pressure gradient in the concave and convex side of buckets

which prepares drag force is more than other configurations.

As most effective angle of installation was equal to 55°, the effect of different wall length was
investigated in this condition. To achieve this aim two different length values of 1300 (mm) and 1500

(mm) is studied beside the length of 1500 (mm). The results of the effect of different wall length on C,

is given in Figure 7.

Based on the Figure 8 outputs by raising the nozzle walls length, Cp values increased significantly and
also by looking at the details in higher rotational speeds or larger TSR values the increase in Cp values
are more sensible. Also it should be noted when nozzle wall length grew and it installed closer to the
upstream rotor section free air flow stream directed properly and also Reynolds number and turbulence

intensity rose in this condition. For more clarity, the pressure and velocity contours are shown in Figure

8.
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Figure 7 Effect of nozzle wall length on Cp
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Figure 8 Velocity and pressure contour plots for different nozzle wall length at TSR=0.5

Looking at Figure 8 when nozzle wall length increased the discharge section of it came close to the
turbine rotor section the wake flow and low-speed zone declined significantly in the downstream section
of turbine and between buckets which boosted turbine performance and C, values it means flow passed

the turbine with higher speed. Also based on the pressure contour plots when wall length is equal to 1900
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(mm) favorable pressure gradient is on the concave and convex section of buckets are more than other
conditions which increase rotor overall torque and subsequently generated power. On the other hand
when wall length increased, positive pressure behind the nozzle suction is grew which prove this fact

that air flow directed to the rotor properly.

6. Conclusion

In this study, a numerical simulation based on CFD method was performed on the effect of installation a
nozzle at velocity inlet section and turbine upstream. The effect of different nozzle installation angle was
investigated in the first step and based on the Cp values in different rotational speed values and TSRs it
was found the best angle value is relate to 55° and also favorable pressure and velocity which are
important for aerodynamic performance and efficiency was increased in this condition. In the next step
in the optimum nozzle installation angle value, the effect of nozzle wall length was examined and it was
claimed that the most appropriate value is relate to 1900 (mm) which causes more favorable pressure and

concave and convex side and subsequently more generated power.
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