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Abstract

Wind energy represents a valuable renewable resource with significant
potential for electrical power generation. While conventional wind
turbines have been well-developed for electricity generation, they
suffer from reduced efficiency and limited power output in remote
areas with low wind speeds (typically below 7 m/s), where wind
energy extraction becomes economically unviable. The central research
question addressed in this study is: Can shrouded wind turbine
technology significantly improve power generation efficiency
compared to conventional open rotor designs under low wind speed
conditions? This study aimed to propose a conceptual design of a
shrouded wind turbine and analyze its performance under low wind
speed conditions ranging from 4 to 7 m/s. The proposed wind turbine's
performance was analyzed through extensive computational fluid
dynamics (CFD) simulations using ANSYS Fluent. Key performance
parameters, including power coefficient (Cp), tip speed ratio (TSR),
velocity distribution, pressure characteristics, torque generation, and
power output capabilities, were investigated. Results demonstrated
that the shrouded wind turbine achieved higher Cp values at elevated
tip speed ratios compared to conventional open rotor configurations.
Specifically, the shrouded design generated 17.1% more power at 4
m/s and 5.0% more power at 7 m/s wind speeds. The shrouded
configuration increased air velocity by 11.6% at 4 m/s and 7.5% at 7
m/s compared to the open rotor design, demonstrating enhanced wind
energy capture efficiency in low wind speed environments.

1. Introduction

Wind turbines are devices that transform the kinetic energy of moving air into electrical energy [1]. The global
adoption of wind turbines for power generation has increased dramatically as they reduce reliance on fossil fuels
and greenhouse gas emissions [2]. Wind power provides a clean and environmentally sustainable energy source,
unlike fossil fuels that release harmful substances into the atmosphere, or the radioactive wastes produced by
nuclear power [3]. Conventional wind turbines face significant performance limitations in low wind speed regions
below 7 m/s [4, 5], which constitute substantial portions of global land areas with potential wind energy resources
[6]- In these regions, conventional turbines exhibit reduced efficiency, lower power generation, and poor
economic viability. The fundamental challenge lies in developing wind turbine technologies that can effectively
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harness wind energy at low velocities while maintaining cost-effectiveness [7]. While shrouded wind turbine
technology has shown promise for enhanced performance [8], limited research has been conducted on optimizing
shroud designs specifically for low wind speed conditions. Existing studies primarily focus on moderate- to high-
wind-speed applications, leaving a knowledge gap in understanding shrouded turbine behavior under low-wind-
speed scenarios [9].

This study aimed to address these limitations by developing a conceptual design of a shrouded wind turbine
optimized for low wind speed conditions ranging from 4 to 7 m/s and conducting comprehensive computational
fluid dynamics analysis to evaluate its aerodynamic performance characteristics. The research focused on
comparing power generation efficiency between shrouded and conventional open rotor designs while
investigating the effect of shroud configuration on air velocity enhancement and pressure distribution. Through
extensive CFD simulations using ANSYS Fluent, the study examined critical performance parameters, including
power coefficient, tip speed ratio, velocity distribution, pressure characteristics, torque generation, and power
output capabilities, to determine the viability of shrouded wind turbine technology for low wind speed
applications. Shrouded wind turbines increase the mass flow rate and velocity of air passing through the rotor by
creating a venturi effect, thereby enhancing power generation [10]. Computational fluid dynamics represents the
primary method for analyzing aerodynamic fluid flow characteristics associated with wind turbines [11]. The
power coefficient indicates the efficiency of wind energy extraction from available kinetic energy through the
rotor, making it a crucial parameter for evaluating wind turbine performance under varying operational
conditions [12].

2. Methodology

This study employed a systematic methodology to design and evaluate a shrouded wind turbine optimized for low
wind speed conditions (4-7 m/s). Computer-Aided Design (CAD) tools were utilized for geometric modeling,
followed by comprehensive CFD analysis using ANSYS Fluent [13]. The methodology was structured to ensure
accurate design development and reliable simulation results, enabling a comprehensive comparison between the
shrouded wind turbine and a conventional open rotor configuration.

2.1 Geometry Modelling

The design process utilized SolidWorks 2022 to create a detailed three-dimensional model of the shrouded wind
turbine. Key components included the rotor (comprising a hub and blades), the shroud, and the integrated
assembly. The rotor diameter was set at 1.6 m, with blades extending 0.8 m from a 0.2 m diameter hub. The shroud
was designed with an inlet diameter of 1.62 m, expanding to 2.0 m at the exit, and an overall length of 1.2 m. These
dimensions were selected to optimize the Venturi effect, enhancing airflow acceleration through the rotor. Fig. 1
illustrates the complete shrouded wind turbine model in SolidWorks, highlighting the specified dimensions and
assembly configuration. The geometry was exported in IGES format for compatibility with CFD software.

Fig. 1 Shrouded wind turbine in SolidWorks (Dimensions: Shroud diameter 1.62-2.0m; Rotor diameter 1.6m, Blade
length: 0.8m, Hub diameter: 0.2m, Overall shroud length: 1.2m)

2.2 CFD Simulation Setup

The aerodynamic performance of the shrouded wind turbine was analyzed using ANSYS Fluent, employing a
robust CFD methodology based on established protocols for wind turbine analysis [15, 16]. The simulation
adopted the Multiple Reference Frame (MRF) approach to model the rotational behavior of the turbine, a method
validated for steady-state wind turbine studies [11, 17].
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2.2.1 Computational Domain and Meshing

The CFD simulation approach followed established methodologies for wind turbine analysis [15, 16]. A numerical
simulation was conducted using ANSYS Fluent to analyze the rotational behavior of the wind turbine. The
methodology adopted the Multiple Reference Frame (MRF) approach, which has been validated in previous wind
turbine studies for steady-state analysis [11, 17]. The three-dimensional wind turbine geometry was saved in IGES
format and imported into ANSYS Design Modeler. The computational domain was established following the best
practices recommended by researchers in [18], with the turbine positioned in both rotational and stationary
regions. The cylindrical domain radius exceeded the turbine dimensions by a factor of 10 to minimize boundary
effects, consistent with established CFD guidelines for wind turbine simulations [11]. Fig. 2(a) depicts the
imported shrouded wind turbine geometry in ANSYS, showing the overall setup within the computational domain.
Mesh generation followed structured multi-block meshing principles, with hexahedral elements and enhanced
refinement adjacent to blade surfaces to accurately resolve boundary layer effects (y* ~ 1), following best practices
in Zhang et al. [19]. Figure 2(b) presents the generated mesh, illustrating the refinement zones and element
distribution. The mesh independence study was conducted with grid sizes ranging from 2.5 million to 6.8 million
elements, ensuring solution convergence with less than 1% variation in key parameters.

Fig. 2 (a) Shrouded wind turbine in Ansys; (b) Meshing generation

2.2.2 Simulation Parameters and Boundary Conditions

Simulations were conducted at wind speeds of 4 m/s and 7 m/s, representing typical low wind speed conditions
prevalent in many geographical regions [20]. The turbulence model selection was based on comparative studies
[11], which demonstrated the superior performance of the k-w SST model for wind turbine applications. The
transient time, pressure-based solver, absolute velocity formulation, and overall setup were selected. In the
meantime, the turbulent model flow used in this study is the k-Omega (2 equation) (SST). The analysis setup and
boundary conditions are included in Table 1:

Table 1 Parameters and boundary conditions

Parameters Value
Wind speed 4m/s&7m/s
Density 1.225 kg/n (constant)
Viscosity 1.7894 X 1075 m? /s (constant)
Gauge pressure 101.325 kPa (constant)
Temperature 288.15 K (constant)
Velocity Formulation Absolute
Solver Pressure-based
Time Transient
Turbulence Model k- (SST) - 2eqn
Material Air
RPM 50
Slip Condition None
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3. Mathematical Formulation

The following mathematical equations were employed to calculate simulation results [21]:

Practical Power:

P,=Tw (1)

Angular Velocity:

(TSR x v)

i 2
0= 2

Power Coefficient:
C. = Tw 3
P 0.5pAv3 (3)

Power Generation:
P = 0.5pAv3C, (4)

where T is torque (N m), w is angular velocity (rad/s), TSR is the tip speed ratio, v is wind velocity (m/s), and R
is the rotor radius (m), P is power output (W), p is air density (kg/m?), and 4 is the rotor swept area (m?).

4. Results and Discussion

The simulations were conducted following the completion of the setup to generate comprehensive results. The
analysis assessed the wind turbine's power generation capabilities, structural performance, and overall reliability
under various operating conditions. In accordance with the Betz limit law, a wind turbine can extract a maximum
of 59.3% of the available wind energy [22]. The performance evaluation emphasized measurements of torque,
angular velocity, power, and power coefficient. These results were utilized to compare the shrouded wind
turbine's performance under low wind conditions against that of conventional open rotor configurations
(consisting of hub and blades only).

4.1 Velocity Distribution Analysis

Velocity contours were generated to illustrate the spatial distribution of fluid velocity within the flow domain.
These contours, obtained from CFD simulations, employed consistent color gradients to emphasize variations in
velocity [23]. Fig. 3 presents the velocity contours for both configurations: (a) the shrouded wind turbine and (b)
the conventional wind turbine. The results demonstrated a significant increase in air velocity following interaction
with the shroud walls, leading to enhanced flow acceleration. Specifically, the shrouded configuration exhibited
superior velocity enhancement, with increases of 11.6% at 4 m/s and 7.5% at 7 m/s relative to the open rotor
design. Table 2 summarizes the velocity enhancement analysis, detailing the quantitative improvements across
the tested wind speeds. This velocity augmentation was attributed to the Venturi effect induced by the shroud
geometry, which functioned as a diffuser to accelerate flow through the rotor by reducing downstream pressure
and increasing mass flux [24].

Table 2 Velocity enhancement analysis

Velocity (m/s)
: : : : Enhancement (%)
Wind Speed (m/s) Shroud Wind Turbine Without Shroud (Hub & blade only)
4 8.84 7.92 11.6
7 10.57 9.83 7.5
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() (b)

Fig. 3 Velocity contour. (a) Shrouded wind turbine; (b) Conventional wind turbine

4.2 Pressure Distribution Characteristics

Pressure contours provided useful information regarding the pressure distribution within the fluid system,
highlighting the influence of geometric configurations on pressure patterns [25]. Fig. 4 displays the pressure
contours for (a) the shrouded wind turbine and (b) the conventional wind turbine. The analysis indicated that the
shrouded wind turbine experienced lower pressure levels compared to the conventional design. Table 3 provides
a detailed comparison of pressure values on the wind turbine surfaces under the tested conditions. This pressure
reduction aligned with Bernoulli's principle, wherein the increased velocity within the shroud resulted in
decreased static pressure, thereby promoting enhanced mass flow through the rotor disk [26].

Table 3 Pressure on wind turbine

Pressure (Pa)

Wind Speed (m/s) Shrouded Wind Turbine Open Rotor (Hub & blade only)
4 23.1 25.01
7 25.24 33.82

() (b)

Fig. 4 Pressure contour. (a) Shrouded wind turbine; (b) Conventional wind turbine

4.3 Torque Generation Analysis

Shrouded wind turbine designs were developed to achieve superior performance relative to conventional open
rotor configurations [27]. Torque characteristics were influenced by design specifications and operating
conditions. Fig. 5 illustrates the relationship between torque and wind speed for both the shrouded and
conventional turbines. The shrouded configuration consistently produced higher torque values across the tested
wind speeds. Table 4 presents the torque data, showing values ranging from 1.13 N-m to 2.26 N-m for the shrouded
turbine and 0.96 N-m to 2.15 N-m for the conventional design at wind speeds of 4 m/s to 7 m/s. This enhancement

in torque was linked to the improved airflow control provided by the shroud, which optimized flow direction and
minimized negative torque effects [28].
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Table 4 Torque

Torque (N-m)

Wind Speed (m/s) Shrouded Wind Turbine Open Rotor (Hub & blade only)
4 1.1302 0.9647
7 2.256 2.1484

== Shroud Wind Turbine == Without Shroud (Hub & blade only)
25
2.0
1.5
B 40
0.5
0.0
4 7
Wind Speed(m/s)

Fig. 5 Torque vs. wind speed

4.4 Power Coefficient Performance

The power coefficient (C,) served as a critical parameter for assessing the efficiency of wind turbines in converting
kinetic energy from wind into mechanical power [29]. Various factors, including blade design, aerodynamic
efficiency, rotor properties, and wind-turbine interaction dynamics, influenced the power coefficient. Fig. 6
depicts the power coefficient as a function of tip speed ratio (TSR) for both configurations. The shrouded wind
turbine exhibited higher C,values at elevated tip speed ratios compared to the conventional open rotor design.
Table 5 details the power coefficient values, ranging from 0.139 to 0.052 for the shrouded configuration and 0.118
to 0.049 for the conventional design across TSR values from 1.1 to 1.9. Both designs operated well within the
theoretical Betz limit of 0.594 [22]. The similar performance trends for both turbines, with increasing power
coefficients, suggested that neither design achieved peak energy extraction at the tested tip speed ratios [30].

Table 5 Power coefficient, Cp

Power Coefficient (Cp)

Wind Speed (m/s) Shrouded Wind Turbine Shroud (Hub & blade only)
4 0.139 0.118
7 0.052 0.049
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Fig. 6 CPvs TSR

4.5 Power Generation Comparison

Power generation constituted the primary objective of wind turbine design [31]. Multiple factors, such as wind
speed, turbine characteristics, and system efficiency, affected power output. Power calculations were performed
using equations (3) and (4). Fig. 7 shows the power output versus wind speed for shrouded and conventional
turbines. The shrouded wind turbine demonstrated superior power extraction compared to the conventional
open rotor design. Table 6 outlines the power generation analysis, with outputs ranging from 10.94 W to 21.83 W
for the shrouded configuration and 9.34 W to 20.79 W for the conventional design across wind speeds of 4 m/s to
7 m/s. The power enhancement was more pronounced at lower wind speeds, achieving a 17.1% improvement at
4 m/s compared to 5.0% at 7 m/s. This improved performance validated the shroud's effectiveness in increasing
power generation through enhanced wind speed acceleration [32].

Table 6 Power generation analysis

Power (w) Enhancement
Wind Speed (m/s) Shrouded Wind Turbine Open Rotor (Hub & blade only) (%)
4 10.94 9.34 17.1
7 21.83 20.79 5.0

Power(w) vs Wind Speed(m/s)
== Shroud Wind Turbine == Without Shroud (Hub & blade only)
25

20

15

Power(w)

10

Wind Speed(m/s)

Fig. 7 Power vs. wind speed
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5. Conclusion

This comprehensive study successfully examined an innovative approach for more effective wind power
harnessing through shrouded wind turbine technology under low wind speed conditions. The research
methodology employed the k-omega (SST) turbulence model for computational fluid dynamics analysis, and
comprehensive results were obtained through the systematic integration of SolidWorks for design development
and ANSYS Fluent for performance simulation. The primary objective of developing and analyzing a conceptual
design for a shrouded wind turbine optimized for low wind speed conditions ranging from 4 to 7 m/s was
successfully achieved. Through extensive CFD simulations, the proposed wind turbine's aerodynamic
performance was thoroughly evaluated across multiple critical parameters, including power coefficient, tip speed
ratio, velocity distribution, pressure characteristics, torque generation, and power output capabilities. The
comparative analysis between shrouded and conventional open rotor configurations offered helpful information
about the effectiveness of shroud implementation for low wind speed applications. The investigation showed that
the shrouded configuration significantly outperformed conventional open rotor designs in terms of performance.
The shrouded wind turbine demonstrated superior power coefficient values at elevated tip speed ratios, with the
power generation showing a remarkable enhancement of 17.1% at 4 m/s windspeed and a 5.0% improvement at
7 m/s. These improvements were directly attributed to the enhanced velocity characteristics achieved through
the shroud design, which increased air velocity by 11.6% at 4 m/s and 7.5% at 7 m/s compared to the open rotor
configuration. The velocity augmentation was primarily caused by the Venturi effect created by the shroud
geometry, which effectively accelerated the wind flow through the rotor disk area. The aerodynamic analysis
further revealed that the shrouded design experienced lower static pressure compared to the conventional
configuration, consistent with Bernoulli's principle, where increased velocity results in reduced pressure. This
pressure differential facilitated enhanced mass flow through the rotor, contributing to improved energy
extraction efficiency. Additionally, the torque generation analysis demonstrated that the shrouded configuration
produced higher torque values across all tested wind speeds, ranging from 1.13 to 2.26 N-m compared to 0.96 to
2.15 N-m for the conventional design. This torque enhancement was attributed to the improved airflow control
provided by the shroud, which optimized flow direction and reduced negative torque effects. The research
findings conclusively demonstrated the significant benefits and practical viability of shrouded wind turbine
technology for low wind speed applications. The shrouded design effectively addressed the fundamental challenge
of energy extraction efficiency in low wind speed environments, making wind energy more accessible in regions
previously considered unsuitable for conventional wind turbine installations. This study contributes substantially
to the advancement of wind turbine design and optimization methodologies, providing a foundation for
developing highly efficient and economically viable wind energy systems specifically tailored for low wind speed
conditions. The results support the potential for broader implementation of shrouded wind turbine technology in
distributed energy generation systems, particularly in urban and rural areas characterized by moderate wind
resources.
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