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Abstract 

This study examined the aerodynamic performance and flow characteristics of an innovative 

shrouded omnidirectional wind turbine system at low Reynold numbers to tackle the SDG 7 of 

the UN. Four turbulence models, notably the Shear Stress Transport (SST Menter) k−ω, the 

Reynolds Stress Transport (RST), the Improved Delay Detached Eddies Simulation (IDDES) SST 

k−ω, and the Large Eddy Simulation (LES WALE), were tested to find the best model(s) for this 

new omni-flow wind turbine. Compared with experimental results, the LES WALE  and the IDDES 

SST k−ω models best predicted turbulent and uniform flow regions inside and outside the shroud, 

including CFD parameters, with one being more accurate on specific parameters such as Cd and 

another on other parameters. The IDDES SST k−ω excelled in predicting velocity ratios, lift 

coefficient (Cl) and provided the best balance of accuracy and computational efficiency of this 

innovative omni-direction wind turbine shroud. 

The novel shroud design, with its unique ability to self-start and harness omnidirectional wind at 

any free stream velocity for electricity generation, was a key focus of this study. The airflow inside 

and around the innovative shroud system was meticulously characterised for potential 

optimisation. Findings demonstrated that the shroud effectively redirected airflow as low as 1.5 

m/s into the turbine housing and with 1.5 maximum speed ratio the airflow flew towards the 

outlet and generated power, leading to superior self-starting capabilities. The power output 

increased non-linearly with the rotational speed, achieving optimal efficiency beyond 1000 rpm. 

It is evident that this new system has the potential for enhanced energy capture under varying 

wind conditions in urban areas. 
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Nomenclature 
 

   

D Drag [N] λ tip speed ratio [−] 
L Lift  [N] ν kinematic viscosity 

[m2/s] 
ω Rotational speed [RPM] ρ air density [kg/m3] 
e° Flow Entrance angle [°] τij tensor of stress [Pa] 
N Blades Number [−] Ωij Vorticity [1/s] 
P Power [W] θ  Wind direction 

angle[°] 
Cpower Coefficient of power [−] Abbreviations 

 
 

R Rotor Blade radius [m] 3D Three-dimensional 
c chord length [m] CFD Computational Fluid 

Dynamics 
Cp Pressure coefficient [−]  DDES Delayed Detached 

Eddy Simulation 
Dr Rotor diameter [m] DES Detached Eddy 

Simulation 
H Shroud case height [m] HAWT Horizontal Axis Wind 

Turbine 
k Turbulent kinetic 

energy [m2/s2] 
VAWT Vertical Axis Wind 

Turbine 
LIDDES IDDES length scale [m] IDDES Improved Delayed 

Detached Eddy 
Simulation 

LLES LES length scale [m] LES Large Eddy 
Simulation 

LRANS RANS length scale [m] N-S Navier-Stokes 
Sij mean strain rate[1/s] RANS Reynolds-averaged 

Navier-Stokes 
t Time [s] SST Shear Stress 

Transport 
uj Velocity components 

[m/s] 
TSR Tip Speed Ratio 

U∞ Free stream wind 
speed [m/s] 

TKE Turbulent Kinetic 
Energy 

xj Coordinate variables 
[m]  

WALE wall-adapting local 
eddy-viscosity 

y+ Dimensionless wall 
distance [-] 

Cyl  Cylinder  

Greek 
symbols 

 UN SDG United Nations 
Sustainable 
Development Goals  

α Wing base angle of 
attack [°] 

avg Average 

β Rotor blade pitch[°] max Maximum 
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1 Introduction 

Global warming and the concern for sustainable energy resources for a better world have led 

many countries and organisations to launch ambitious wind power development programs to 

exploit this renewable energy [1]. The Sustainable Development Goal 7 (SDG 7) of the United 

Nations (UN) is to provide affordable and clean energy for all by 2030, which highlights the slow 

pace of renewable energy development and the low access to clean energy technology in least-

developed countries [2]. Most of the programs focus on onshore and offshore horizontal-axis 

wind power projects [3].  However, large-scale horizontal-axis wind turbine farms with rotor 

diameters greater than 5 m [4], produce great noise and have been shown to contribute to the 

rise of global temperature; thus, global warming [5, 6]. Small-scale vertical-axis wind turbines 

have been the focus since they can be employed precisely in urban areas and on buildings without 

the issues of large-scale ones [7, 8]. Similarly, the implementation of wind turbines in built 

environments presents specific challenges mainly due to the highly non-uniform, fluctuating, and 

turbulent wind [9, 10]. 

Small vertical-axis wind turbines have become increasingly popular for their excellent 

adaptability [11] with their low manufacturing/installation costs, low noise pollution, no yaw 

mechanism due to their omnidirectional nature and performance in turbulent conditions [12]. 

However, small wind turbines currently in use may exhibit reduced efficiency under complex 

environmental conditions, with transient loads and vibrations potentially compromising their 

durability [9, 13]. Very little research has involved the unpredictable wind conditions in urban 

areas, making it challenging to generate a steady and reliable energy source [14]. In particular, 

flow over shrouded wind turbines at low Reynolds number or low wind speed [15] is 

characterised by complex phenomena such as flow separation, transition to turbulence and small 

and large turbulent eddies, thus making it more difficult or less viable to harness energy [16, 17]. 

An accurate prediction of these phenomena is crucial for this novel shroud wind turbine to 

harness wind energy efficiently in such an environment. Similarly, very little research has been 

reported on the characterisation of the wind flow behaviour at such speed and in very turbulent 

environments in and around precisely vertical wind turbine shrouds [18]. Most available studies 

have not implemented the aesthetic and practicality of their vertical axis wind turbine designs in 

built environments, which requires good starting capabilities. [19]to help to tackle the vast 

consumption of grid energy by buildings [20]. 

The SAVONIUS and DARRIEUS wind turbines represent two primary concepts in vertical axis 

wind turbine (VAWT) design, each addressing different operational challenges. The SAVONIUS 

rotor, functioning on differential drag between its buckets, is a promising solution for low wind 

speed conditions but suffers from inherently low efficiency, limiting its broader applicability. In 
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contrast, DARRIEUS turbines, which operate on lift-based principles, offer improved power 

performance over SAVONIUS rotors but have poor self-starting capability and continue to exhibit 

suboptimal overall efficiencies due to their complex and often unpredictable aerodynamic 

behaviour [21, 22, 23].  Shrouded turbines bypass the theoretical limit for power production by 

concentrating air onto the turbines, thus artificially raising the efficiency [24]. A compact 

brimmed diffuser (wind-lens structure) was developed, resulting in a significant increase in 

output power by approximately 2 to 5 times compared to conventional bare wind turbines due 

to the concentration of wind energy. This enhancement is attributed to a low-pressure region 

formed by a strong vortex behind the broad brim, which draws increased mass flow to the wind 

turbine inside the diffuser [25]. Shrouded turbines were reported to have substantial potential 

for retrofitting existing buildings and clear benefits in situations where visual impact and safety 

were critical concerns [26]. A Rooftop flanged diffuser shroud design was presented. The 

mechanism effectively redirected and accelerated rooftop airflow toward the wind turbine within 

the diffuser casing, enhancing wind power generation over buildings in complex urban settings. 

However, it just captured the wind in one direction [18].  

A new concept power augmentation wind shrouded system such as the INVELOX was 

investigated due to their excellent performance [27] . Many optimised concepts of this system 

have been investigated and showed a considerable power increase: the net mass flow rate of air 

entering the INVELOX increased by 64.7%, and wind power at the Venturi's throat rose by 

279.9%. The wind speed ratio improved from 1.6 to 2.4 when comparing the primary and optimal 

INVELOX designs [28]. A similar concept with a morphing omnidirectional panel mechanism was 

looked at, and it improved the flow speed at the Venturi section by at least 6% when the outside 

wind speed was low [29]. However, these concepts are for large-scale applications and require 

many complex parts and materials, which are not ideal for urban environments where size and 

implementation are crucial. Furthermore, a sole vertical shroud at a low Reynolds number had 

been investigated, and its effective omnidirectional property and the potential to drive a turbine 

have been reported [30].  

Most shrouded wind turbines are horizontal axis turbines (HAWTs) [31] and most of the current 

designs face some more limitations. Typically, they have all struggled to deal with the versatile 

nature of wind in urban areas which is constantly changing speeds and directions. Although 

current shrouded systems increase the performance of the turbine, they are usually 

unidirectional. Horizontal shrouded design still produces high amount of disturbed air in their 

wakes, thus limiting their ability to be placed in a closer cluster arrangement which is an aspect 

of urban areas where buildings are closely arranged, hence reducing their scalability in this 

environment. HAWTs demand constant maintenance due to the amount of moving parts, thus 
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reducing their life span. Regarding noise pollution and aesthetic of HAWTs, they are a huge 

concern in cities. Shrouded HAWTs still project most of their wakes in the horizontal direction 

and their noise is still relatively high. Finally, they are also source of potential arm to the wildlife 

such as birds who can be caught in the super high-speed tip of a blade. 

Thus, to tackle SDG 7 of the UN and addresses the limitations of existing shrouded configurations,  

this study presents a groundbreaking vertical omni-flow shrouded wind turbine system which 

uses a circular wing base structure to capture the wind in low-speed conditions, such as in urban 

areas and the characterisation of the flow inside the shroud to enhance the wind turbine 

efficiency. The performance of the shroud has been analysed using both CFD and experimental 

approaches at low Reynolds number flows (Re ≈ 105), and the accuracy of various turbulence 

models is evaluated. Four turbulence models were employed to identify the best model for this 

novel system, which were the Shear Stress Transport (SST Menter) k−ω, the Reynolds Stress 

Transport model (RST), the Improved Delay Detached Eddies Simulation model (IDDES) SST k−ω, 

and Large Eddy Simulation (LES). A thorough comparison and discussion of the CFD turbulent 

models and experimental results, including power performance, were carried out, and the best 

suitable model for this vertical omni-flow shrouded wind turbine system has been identified. 

2 Methodology and numerical analysis  

2.1 Omni-flow wind turbine shroud systems 

The urban wind nature of low wind speed, changeable speed directions and turbulence was 

considered in designing the Omni-flow wind turbine. As shown in Figure 1 (a - b), the Omni-flow 

wind turbine consists of a fixed shroud and a rotor. The shroud was 3-D printed using ABS plastic, 

the surface of which was polished, as the near-wall phenomenon was significant in the shroud 

structure. It has a circular inverted wing base ring and a cylindrical shroud case. The dimensions 

of this system are given in Table 1 and Figure 1 (c). One of the application fields of this turbine is 

in urban environments as shown in Figure 1 (e). It could be used to provide some of the clean 

energy to industrial buildings as well as residential houses in a cluster arrangement. Because of 

its portable features, it could be employed as streetlights (road, highways and park pathway) 

where internet and phone signal booster could be implemented. It could also power a smart IT 

pole with integrated systems such as security camera, digital screen for advertisement, city 

information and map, as well as point of charging city EV bike and smart phone or tablet.  
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Figure 1: (a) Schematic of the wind turbine shroud system; (b) Isometric view of the shrouded 

wind turbine system; (c) Overall dimensions of a scaled-down wind turbine shroud system; (d) 

Profile of the inverted Aerofoil FX 63-137 [32]; (e) Applications of the turbine system in urban 

areas. 
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This Omni-flow shroud system is made of a wing base, shroud case and rotor blade. The wing 

base used the low Reynold number Wortmann FX 63-137 aerofoil in the inverted configuration 

and this aerofoil was also employed for the rotor blades with a Maximum thickness of 13.7% at 

30.9% chord, a Maximum camber of 5.8% at 56.5% chord as shown in Figure 1(d). This aerofoil 

was selected due to its ability to keep the flow well attached. Its smooth pressure coefficient 

distribution leading to low stall characteristics and excellent constant lift coefficient, reaching 

about 1.6, which is not found in many aerofoils, has low drag, a high lift-to-drag ratio (L/D), and  

superior aerodynamics at low Reynolds number and low speeds [32] [33] . All these attributes 

have made this aerofoil suitable for this study. The solidity of the rotor blade was calculated using 

the formula σ = NCr/Dr where N is the number of blades, Cr the rotor blade chord length and Dr 

the rotor blade diameter [34].  

Table 1: Dimensions of a wind turbine shroud system.  

Turbine shroud Turbine Rotor blade 
Parameter Value Parameter Value 

Wing base Aerofoil  FX 63-137 Rotor blade aerofoil FX 63-137 
Wing base outer diameter 𝐃𝐰 

[m] 
0.35 (2Dr) Rotor diameter Dr [m] 0.175 

Wing base chord 𝐂𝐰 [m] 0.0875 (0.5Dr) Number of blades N 6 
Shroud case inner diameter 

𝐃𝐢𝐜 [m] 
0.18 (1.03Dr) Rotor blade pitch β [°] 75 

Shroud case height H [m] 0.0875 (0.5Dr) hub diameter Dhub [m] 0.03(0.17Dr) 
Shroud case wall thickness [m] 0.003 hub Heigh Hhub [m] 0.03(0.17Dr) 

Shroud case capacity C [m3] 0.0023 Rotor blade chord 𝐂𝐫 [m] 0.03 (0.17Dr) 
Wing base angle of attack 𝛂 [°] 0 Solidity ratio 1.03 

Clearance 𝐜 [m] 
0.0025 

(0.014Dr) 
  

 

Table 1 presents key information about the turbine shroud and the turbine rotor blade design 

specification. The turbine system design was chosen to represent a scaled down turbine of rotor 

diameter 1.05 m due to the size restriction of the wind tunnel. Furthermore, small scale vertical 

axis wind turbines [35], such as this system, which are designed for residential or urban 

environment applications, have typically a rotor diameter of about 2 m. Hence the scale factor 

was chosen to be 1/6 of the benchmark typical turbine. A high rotor blade solidity was chosen 

due to the low-speed condition of this study and this blade property was found to have better 

starting performance. The clearance between the rotor blade and the shroud case inner diameter 

was chosen to be 1.4% Dr as the smaller the clearance number, the less effect it has on the 

efficiency and performance of the turbine. The wing base dimensions were also chosen after 

extensive initial tests and iterations in the wind tunnel and in the CFD simulations. Furthermore, 
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the attention was also brought on the aesthetics, scalability and practicality of the turbine, 

specially that it would be used in urban settings where the public appeal is of significance. 

 

2.2 Numerical simulation: turbulence models 

Numerical approaches and experimental tests are commonly used to determine the performance 

of innovative VAWTs. The following four turbulence models were employed and evaluated: 

2.2.1  SST k−ω model turbulent model 

Menter has proposed the SST k−ω turbulence model as a hybrid approach integrating 

the k−ω and 𝑘−𝜀 models. Specifically, the k−ω model is applied in the near-wall region, while the 

𝑘−𝜀 model is utilised in areas further from the wall. Although the k−ω model requires fine 

meshing for accurate near-wall flow analysis, making it more computationally expensive than the 

𝑘−𝜀 model, it yields more reliable results. [36]. In addition, this turbulent shear stress 

transportation is essential to predict severe adverse pressure gradient flows.  Consequently, 

researchers widely employ the SST k−ω turbulence model in numerous CFD simulations to 

investigate flow characteristics around VAWTs such as the Darrieus wind turbine and its variants 

[21]. Though, the model may overpredict turbulence levels in separated flows and can struggle 

with unsteady or highly anisotropic turbulence. Therefore, the SST k−ω model has been selected 

for this turbulence modelling investigation. [37]. Its governing equations with low-Re correction 

can be found in [36]. 

2.2.2  The Reynolds stress model RST 

The Reynolds Stress Transport (RST) model, also known as the Reynolds Stress Model (RSM), 

provides higher-fidelity turbulence modelling by solving transport equations for Reynolds 

stresses, enabling better capture of turbulence anisotropy and complex flows compared to 

simpler models like k−ε and k−ω. Despite its increased accuracy in predicting secondary motions, 

separation, and reattachment, the RST model requires higher computational resources, finer grid 

resolution, and higher quality meshes due to its complexity and additional transport equations 

and may suffer from stability issues in complex geometries [38]. 

2.2.3 Detached eddy simulation: DES (IDDES SST k−ω turbulence model) 

The DES-SST method is a unified LES/RANS hybrid that separates the near-wall region, solved 

with RANS equations, from the rest, solved with LES equations, based on the grid's properties, 

with DES originally proposed using the Spalart–Allmaras model but extendable to other 

turbulence models like SST. It has gained popularity in the research environment due to its well 
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balance accuracy to computational power merits [39]. The IDDES (Improved Delay Detached 

Eddy Simulation) model combines DES and wall-modelled LES. LES is employed for the external 

flow and separation regions. This method overcomes the excessive computational demands of 

LES and has better accuracy than the RANS and providing accurate unsteady flow predictions for 

separated flows and wakes though dependence on grid resolution in the LES region and 

challenges in modelling transition zones can affect prediction reliability in complex flows [39]. 

The hybrid RANS-LES turbulence model was employed in vertical axis wind turbine applications 

of the Darrieus wind turbines [40]. The DES modification in the SST model is applied to the 

dissipation term in the turbulent kinetic energy (k) equation. In the SST RANS model, it reads as 

shown in Equation (1) [41]:  

∂(ρk)

∂t
+

∂(ρujk)

∂xj
=

∂

∂xj
[(μ +

1

σk
μt) 

∂k

∂xj
] + τijSij −

ρk1.5

LIDDES
    (1)  

where ρ, k, t, uj, μ, μt, τij, Sij are the density, turbulent kinetic energy, time, velocity, molecular 

viscosity, turbulent viscosity, tensor of stress and mean strain rate, respectively. 

The IDDES length scale LIDDES is expressed in Equation (2) [42]: 

LIDDES =  fd̅(1 + fe)LRANS + (1 − fd̅)LLES   (2)  

where the length scales of RANS and LES are defined in Equation (3) [43]: 

LRANS =  
k0.5

β∗ω
LLES =  CDES∆    (3)  

2.2.4 Large eddy simulation (LES WALE) 

The study utilises the Large-Eddy Simulation (LES) with the Wall-Adapting Local Eddy-viscosity 

(WALE) model, which excels in unsteady problems and performs better near walls than other 

sub-grid scale (SGS) models like the Smagorinsky model, without needing additional damping 

functions [44]. The LES method resolves large turbulent scales while filtering smaller scales 

based on mesh resolution, requiring significant computational resources, and the WALE model is 

particularly effective for simulating transitional flow by providing zero eddy viscosity in laminar 

flow conditions. It is well-suited for capturing transient and high-fidelity flow structures. 

However, extremely high computational cost and sensitivity to grid quality make LES with WALE 

impractical for large-scale industrial flows. The filtered continuity and momentum equations are 

given in in Equations (4-6) [45].  

∂ui̅

∂xi
= 0 (4)  
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∂ρui̅

∂t
+

∂ρ(ui̅uj̅)

∂xj
= −

1

ρ

∂p̅

∂xi
+

∂

∂xj
[ν (

∂ui̅

∂xj
+

∂uj̅

∂xi
) − τij] + fi (5)  

where ui̅ is the filtered velocity, p̅ is the filtered pressure, fi (N/m3)represents the Eulerian 

dynamic force vector, ν (m2/s) is the kinematic viscosity and 𝜏𝑖𝑗  is the sub-grid scale (SGS) stress 

tensor:  

τij =  νt (
∂ui̅

∂xj
+

∂uj̅

∂xi
) (6)  

The WALE model provides an expression for the sub-grid scale eddy viscosity 𝜈𝑡  which is used 

to model the SGS stresses is given in equation (7), 𝜏𝑖𝑗  is the sub-grid scale (SGS) stress tensor 

[46]: 

νt =  (Cω∆)2
(Sij

dSij
d)

1.5

(Sij
d̅̅ ̅̅ ̅ Sij

d̅̅ ̅̅ ̅)
2.5

+ (Sij
dSij

d)
2.5

 (7)  

The WALE constant Cω is approximately 0.325. The detailed information can be found in [46]. 

2.3 Experimental setup 

A multi-tube manometer connected to pressure taps on the shroud was used to measure local 

pressures, as shown in Figure 2 (a). The experiment was conducted in a closed return wind tunnel 

with adjustable wind speeds up to 25 m/s at the University of Hertfordshire, as shown in Figure 

2 (b). The tunnel has a test section of 1145 mm x 840 mm (width, height) with a flow uniformity 

of 98% and turbulence intensity of less than 1%. The model blockage was 2.08%. As the turbine 

was tested in a closed return wind tunnel, the blockage effect, as suggested by Barlow et al [47], 

was considered and applied on U, Cd and Cl. A pitot tube and a high-speed camera were employed 

to measure the actual free stream speed and the rotor's RPM after calibration. Finally, an 

undersized AC motor with a resistance box and an oscilloscope were also used to measure the 

power produced by the turbine, as shown in Figure 2 (c, d, e, f, g, h).  
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                                   (a)                                                                                       (b) 

   

                                   (c)                                                    (d)                                                    (e) 

    

                     (f)                                                       (g)                                                             (h) 

Figure 2. Wind tunnel testing apparatus: (a) fitted pressure taps; (b) wind tunnel test section; (c) 

Oscilloscope; (d) Small AC generation; (e) Data acquisition and resistance box; (f) Rotor turbine 

blade; (g) Rotating turbine in the Shroud; (h) High-Speed Camera and light projector. 

2.4 Computational domain and mesh setting 

The aerodynamic characteristics of this innovative wind turbine were investigated with the CFD 

package of Star-CCM+, which is a finite volume method (FVM) CFD solver based on Navier Stokes 

equations which solves the integral form of conservation equations over control volumes thus, 

conserves mass, momentum, and energy and works well on unstructured grids. The 

computational domain had dimensions 6Dw x 20H X 16Dw, as shown in Figure 3 (a) and the 

blockage ratio achieved was 1% [36]. The shroud case internal region was divided into five planes 

from the inlet plane (Inlet Cyl) to the outlet plane (Outlet Cyl) through ¼ Cyl, ½ Cyl and ¾ Cyl 

planes, as shown in Figure 3 (b) & (c). 

Pressure taps 
Inclined multi-tube 
manometer 

Pitot 

tube 
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Figure 3: (a) Computational domain and boundary conditions; (b) Shroud case planes, Inlet Cyl 

(y=0),  ¼Cyl H, ½Cyl H, ¾Cyl H, Outlet Cyl; (c) radial lines probe from which data was collected 

1.4 (y=0), 2.4 (y=¼H), 3.4 (y=½H), 4.4(y=¾H), 5.4 (y=H). 

The mesh approach was a region-based meshing with the polyhedral and prism layer meshes. 

Thus, a 3-dimensional unstructured polyhedral cell mesh was generated, with refined regions 

around the shroud to capture boundary layers and flow separation accurately, as shown in Figure 

4 (a). A structured polyhedral cell refinement cylindrical volume was set in the shroud case, as 

shown in Figure 4 (b) better accuracy. IDDES and LES models require a high-quality mesh, and 

careful consideration was made when choosing low wall treatment to achieve a y+ (=ρuτy/µ) < 1 

as near wall phenomenon was crucial to these simulations [48] [49]. This would guarantee that 

the boundary layer could be fully solved. Where, uτ is the friction velocity and y the distance from 

the first cell centre to the nearest wall [50]. To achieve this y+ value, the number of prism layers 

was set to 20 inflation layers, the prism layer stretching was set to 1.3, its thickness was set to 

2.2%Dr, and the minimum mesh element size was 0.07%Dr, as shown in Figure 4 (c, d, e, f, g, h). 

This created a mesh of ~13,4 million cells. 

20H 

Velocity Inlet 

Slip Walls 

Pressure Outlet 
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H 

(a) 

(b) (c) z = 0 
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                                                      (a)                                                                                       (b) 

   
                          (c)                                                              (d)                                                         (e) 

   
                        (f)                                                        (g)                                                            (h) 

Figure 4. Mesh generation around the shroud: (a) mesh structure within the domain; (b) 

structured mesh within the shroud; (c) prism layers distribution near the shroud; (d) mesh in the 

bottom view of the shroud; (e) surface mesh on the shroud bottom view; (f) surface mesh on the 

shroud isometric view; (g) 3D polyhedral mesh elements around shroud; (h) 3D polyhedral mesh 

elements inside the shroud. 

2.4.1 Solver setting 

The inlet was set as a uniform velocity inlet profile of 6 m/s, the turbulent intensity was set to 1% 

to match the wind tunnel. The outlet was set as a pressure outlet with zero-gauge pressure with 

the reference operation pressure of 101325 Pa.  The Reynolds number Re (Re = 1.45 x 105) based 

on the wing base diameter is defined as  ReDw
=  U∞Dw/ν  where, U∞ is the velocity of 

approaching flow and ν is the fluid's kinematic viscosity [51]. Walls were set in No-slip condition 

as symmetry planes. For RANS, the implicit unsteady segregated flow method using the SIMPLE 

algorithm for the pressure-velocity coupling was employed to solve the discretised continuity and 

momentum equations second-order discretization scheme for time. The PISO Unsteady utilising  

the PISO algorithm for the pressure-velocity coupling with also the second-order discretization 

scheme for time; for the IDDES AND LES. The convergence of the solutions was established when 

the residuals reached a threshold of 10-4 or lower. The simulation was conducted using nine CPU 

cores operating in parallel.  
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2.4.2 Grid and time step independency study 

An optimal mesh size balances accuracy and computational efficiency [52]. Thus, as done by 

Rezaeiha et al, [53] the grid convergence analysis was performed to confirm the independence of 

the results on the grid resolution and several grid sizes were tested. Figures 5 (a) and (b) show 

the drag, lift and inlet mass flow rate from five different numbers of elements at an air-free stream 

velocity of 6m/s (Re = 1.45 x 105). It could be observed that the lift and drag, including the mass 

flow rate, reached the lowest deviation when the cell number was 10634271. However, by 

increasing the cell number to 13392030, the predicted lift and mass flow rate changed by less 

than 0.1%. Thus, to ensure that the adequate maximum y+ of 0.9 was reached, the grid mesh index 

of 13392030 elements was adopted as the standard for the subsequent simulations. 

  

Figure 5. (a) Convergence of drag and lift with the mesh size, (b) Convergence of shroud internal 
mass flow rate. 

In this simulation, the time step was set to 0.01 seconds [48]. The time step size was evaluated by 

adopting four time step sizes which were 0.015 s, 0.0125 s, 0.01 s, 0.0075 s. From the analysis, it 

was found that 0.01 s provided a time-independent solution. There was no significant difference 

between 0.01 and 0.0075 with discretization error of 0.12 %. Subsequently, 0.01 s was used in 

the presented numerical simulations. 

The following aerodynamic parameters were investigated in this study due to their high 

importance in understanding the behaviour of the fluid around the shroud and the performance 

of the turbine to highlight future areas of optimisation. The first was the pressures coefficient 

which can help to understand the pressure distribution and its impact on flow characteristics and 

performance and is defined in Equation (8):  

Cp =  
Pi−P∞
1

2
ρU∞

2
 

(8)  
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where Pi − P∞ is the gauge pressure, Pi is the measured surface pressure at the i-th pressure tap, 

𝑃∞ is the reference static pressure [54]. 

 

The second parameter was the skin friction coefficient which can be expressed in Equation (9) 

Cf  =  
τw

1
2

ρU∞
2

 (9)  

where 𝜏𝑤  is the wall shear stress at the wing, 𝜌 is the density and U∞ is the free stream speed 

[55]. 

The third one was the derived ratio of wind turbine power to shroud case diameter 
Pw

Dic
2  (the 

power ratio output) which is expressed by Equation (10): 

Pw

Dic
2  =  

1

8
ρπCpowerU∞

3  (10)  

where U∞ is the air velocity; ρ is the air density, Dic is the shroud case internal diameter and 

Cpower is the coefficient of power [56].  

The tip speed ratio (λ) was the fourth one which was a critical parameter in wind turbine design 

and performance analysis. Understanding and optimising 𝜆 is essential for maximising a wind 

turbine's efficiency and power output. 𝜆  can be expressed in Equation (11): 

λ =  
ωR

U∞
 (11)  

where ω is the an ular velocity o  the rotor, R is the rotor radius, and U∞  is the wind-free stream 

speed [57]. A higher 𝜆  indicates that the blades are moving faster than the wind speed. 

3 Results and discussion 

3.1   Flow field analysis 

3.1.1 Velocity contours and distribution 

As shown in Figure 6, The SST k−ω model predicted a 16%  low acceleration  rom inlet to outlet, 

while the RST model showed a 13% acceleration with more fluctuating velocities, maintaining 

uniform flow over only 15% of the plane area after the inlet. Figure 6 (i) shows the SST k-ω model 

has predicted a maximum speed of 7 m/s within the shroud, with two distinct flow regions 

evolving towards the outlet plane (e). Initially, 70% of the inlet surface at Figure 6 (i)(a) 

experienced uniform acceleration, which dropped to 20% uniform flow on  plane (b) ¼H. By plane 

(d), 15% of the area exhibited uniform accelerated flow. In Figure 6 (ii), the RST model predicted 

a maximum speed of 6.8 m/s, with 65% uniform acceleration at the inlet, reducing to 15% on the 
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plane (b), and reaching a maximum speed over 12% of the outlet plane's surface area, with a fully 

developed recirculation flow.  The IDDES SST k−ω model shown in Figure 6 (iii) predicted a 

maximum speed of 7.2 m/s, with 75% of the inlet area experiencing uniform acceleration and has 

indicated a 20% acceleration and partial turbulence. Figure 6 (iv) shows that the LES WALE 

model predicted a 25% speed increase with a 12% uniform area, indicating dominance by 

velocity fluctuations within the shroud. 

 
 

(a) Inlet (b) ¼H (c) ½H (d) ¾H Outlet (e) 

 

(i) SST k−ω internal velocity scalar 

 

(ii) RST 

 

(iii) IDDES SST k−ω 
 

 

(iv) LES WALE 

Figure 6: Internal velocity contour for different turbulent models (i), (ii), (iii), (iv) on planes: (a) 

inlet ; (b) ¼H; (c) ½H ; (d) ¾H; (e) outlet. 
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As shown in Figure 7, the shroud aims to divert external flow into the case and accelerate it 

towards the outlet, with maximum speed reached at the outlet. Most models show two distinct 

areas of turbulent small-scale eddies and uniform accelerated flow from the plane (c) to the outlet 

plane (e). The IDDES SST k−ω and LES  ALE models accurately capture velocity  luctuations and 

recirculation. The RST model predicts more significant turbulence and low velocity at the inlet 

with sharper changes. 

 

(a)                                           (b)                                         (c)                                         (d) 

Figure 7. Velocity scalar contour across different planes within the shroud for all turbulent 

models (a) SST k−ω; (b) RST model; (c) IDDES SST k−ω; (d) LES WALE. 

3.2 Validation of the modelling results 

Cd represents the amount of drag force on an object relative to its cross-sectional area and the 

density of the fluid. Cl represents the lift force an aerodynamic object generates based on the fluid 

flow's dynamic pressure and the surface's reference area. The detailed information can be found 

in [56]. 

  

Figure 8. Experimental and numerical distribution of Cd (a) and Cl (b) concerning the wing base 

Re number (x105). 
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Figure 8 (a) the LES WALE model accurately predicts the drag coefficient (Cd) for Reynolds 

numbers over 1.5x105, with a relative error of 0.932% at Re = 1.45 x 105 (6 m/s). The IDDES SST 

k−ω model shows a similar accuracy with a 1.34% error. In contrast, the SST k−ω and RST models 

are less accurate, with 3.4% and 12.03% errors, respectively. Figure 8 (b) shows the coefficient 

of lift (Cl); all models predict a similar negative trend, with experimental data showing a sharp 

decrease in Cl up to Re = 0.98 x 105, then a slower decline. The IDDES SST k−ω and LES  ALE 

models closely match experimental results, with relative errors of 9.14% and 3.402%, 

respectively. Meanwhile, the SST k−ω and RST models overpredicted  l, with errors o  12.1% and 

17.4%. The drag and lift coefficients were found as 1.004 and -0.792 respectively, with the drag 

coefficient  relatively consistent with the literature [58, 59]. Both LES  ALE and IDDES SST k−ω 

models provided the most accurate predictions for Cd and Cl and were used in further analysis.  

3.3  Aerodynamics characteristics and performance of the new shrouded system 

3.3.1 Velocity contours and distribution 

Figure 9 (i) shows in the DDES SST k−ω model that the flow accelerates at a higher entrance angle 

(e°), forming two distinct regions. On the left side, the flow is chaotic with recirculating bubbles, 

while the right side exhibits a more uniform flow with 112% free stream velocity over 75% of the 

case height. The wake is highly non-uniform, with separation occurring at the diameter and larger 

wake dimensions observed at higher planes, accompanied by more pronounced wing base 

vorticities. 

Similarly, the LES WALE model (ii) depicts accelerated but less uniform flow. It shows two distinct 

regions: a turbulent left side and a more uniform right side over 50% of the case height. 

Detachment and reattachment occur at 75% of the wing base chord length. The LES WALE model 

better captures wing base vorticities, although both models exhibit complex turbulence and large 

wake formations, with flow exiting at 15% of the case height on the bottom right side. 

It appears that only the LES WALE model clearly showed vorticities on the wing base side, more 

chaotic turbulence, and an early flow detachment on the suction side of the wing base, showing 

the relevance of using this model to characterise the flow.  
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(i) IDDES SST k−ω 

   

    

(ii) LES WALE 

Figure 9. Vector convolution inside and around the shroud on section planes (a) z=0, (b) inlet, (c) 

¼H, (d) ½H, (e) ¾H, (f) outlet, for turbulent models: (i) IDDES SST k−ω; (ii) LES WALE. 

Figure 10 (a) shows the velocity pro ile  rom the IDDES SST k−ω model, where the  low enters 

the shroud at slightly above free stream velocity, decreasing at 90% of the shroud diameter. 

Velocity fluctuates between 10% and 20% in the first half, rising to 100% free stream speed 

before dropping on the right side. Middle planes reach 110% free stream velocity, stabilising the 

outlet at 120%. The LES WALE model as shown in Figure 10 (b) predicted an initial acceleration 

of 115%, followed by fluctuations between 10% and 50% within 50% of the case diameter, with 

higher inlet than outlet speeds. Figure 10 (c) visualises velocity ratios, showing flow evolution at 

various heights within the shroud. The difference between both models indicated that each model 
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had its own limits in modelling this system and both models are needed to captch the true 

charachateristic of this system. 

 

 

 

Figure 10. Normalised Internal velocity distribution diagram on radial lines probe 1.4, 2.4, 3.4, 

4.4, 5.5: (a) IDDES SST k−ω; (b) LES WALE; (c) visualisation of velocity ratio in the shroud. 

Figure 11 (a) This shows that the maximum velocity ratio is its highest at the outlet, at 1.22, 

whereas the average velocity ratio is half at the outlet. The former decreases gradually to ¼ H, 

then slightly to ½ H and slightly rise to ¾ H before increasing sharply to the outlet. On the other 

hand, the average velocity ratio decreases sharply from the inlet to ¼ H before increasing 

progressively from ½ H to the outlet. The IDDES SST k−ω model had a  etter prediction with an 

average error of 0.5%, whereas the LES WALE had 1.3%. This then led to the evaluation of the 

mass flow rate, considering the geometric characteristics of the model and the non-uniform flow. 

[60]. The mass flow rate was calculated computationally to be 0.0298 kg/s.   

Figure 11 (b) shows a sensitivity analysis of the variation of the speed ratio and mass flow rate 

under a changing wind direction angle relative to the horizontal flow direction, in a typical urban 
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area. It can be observed that the maximum speed ratio about 1.5 was achieved when a wind flow 

arrived at the turbine system at an angle of 30 degrees. This ratio increased and decreased rapidly 

between the angles of 20 and 40 degrees although it increased steadily with the wind direction 

angle. In addition, the average speed ratio rose strongly across the range of angles investigated. 

It also can be seen that the mass flow rate rises sharply with the direction of the wind.  

 

Figure 11. (a) The average and maximum velocity ratio along the shroud case height for IDDES 

SST k−ω and LES  ALE models compared with the experiment; (b) The average, maximum 

velocity ratio and mass flow rate (mfr) at the outlet plane with changing wind direction. 

Both IDDES SST k−ω and LES WALE have shown the turbulent region velocity scale at the planes' 

entrance, where airspeed fluctuates wildly up to ¾ of the case diameter. The IDDES SST k−ω 

showed that flow reached its maximum velocity at the casing outlet. The literature also supports 

this flow profile at a bend, where the turbulent flow in a 90-degree water pipe elbow at Re = 104 

was investigated using LES and  PIV (Particle imagery velocimetry) [61, 62]. In addition, the 

velocity ratios are at their highest at the inlet and the outlet with the maximum velocity at the 

outlet. Hence, the inlet and outlet would be significant positions for the turbine rotor blade. 

The observed superior performance of the IDDES SST k-ω model over LES  ALE in this scenario 

where uniform and non-uniform flows interact very closely and gives complex flow transition 

areas of high pressure gradient may be due to their different approaches. By associating RANS 

and LES methodologies, IDDES SST k-ω can achieve both computational efficiency and high 

accuracy in transitional flows. This is because the IDDES dynamically switches between RANS 

near walls, ensuring stable and efficient predictions of boundary layer behavior, and LES in 

regions of separation or unsteadiness, capturing large-scale turbulent structures in handling flow 

transitions [63]. This adaptive mechanism of combining RANS for uniform flow regions and LES 
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for non-uniform turbulent regions allows accurate modeling of complex transitions in velocity 

and flow type, such as the flow inside the omni-low shroud. Whereas, LES WALE relies entirely 

on resolving turbulence, requiring fine grids everywhere [64]. An insufficient resolution can lead 

to errors in capturing flow physics in transitional regions, particularly at low Reynolds numbers. 

Similarly, the k-ω SST component in IDDES models near-wall turbulence without needing to 

resolve all turbulent scales, crucial in low Reynolds number flows where boundary layers 

frequently separate and reattach [65]. LES WALE, however, demands very high resolution near 

walls. Insufficient grid refinement can degrade its accuracy, leading to errors in predicting 

separation and reattachment [66]. 

Figure 12 shows the velocity contours at the outlet under different wind direction angles. It can 

be observed that the higher angle of the wind direction is, the more uniform the flow is inside of 

the shroud case. The maximum speed was found to be 8.84 m/s at 30 degrees. The area covered 

by the uniform flow at 60 degrees is about 70% of the shroud cross sesctional area compare to 

12% at 0 degree. Overall, this shows the impact of the wind drection on the shroud turbine 

perfomance and the effectiveness of of such system in urban areas. The system manages to attain 

1.5 maximum speed ratio under specific conditions which contribute to further enhance the 

turbine efficiency. 

 

 

Figure 12: velocity contour at the outlet of the shroud at different wind direction:  (a) 
θ=0°; (b) θ=10° ; (c) θ=20°; (d) θ=30°; (e) θ=40°; (f) θ= 0°; (g) θ=60°. 
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3.3.2 Pressure coefficient distribution on the shroud. 

Figure 13 shows the distribution of the pressure coefficient. The IDDES SST k−ω model recorded 

Cp values up to 1 at the front and internal bottom, with a low of -1.3356 on the external sides. The 

LES WALE model has also predicted high internal Cp values up to 1 and a low of -2.2901.  Both 

models have predicted the highest Cp values at the front and bottom right of the shroud, with 

IDDES SST k−ω and LES WALE reaching approximately 1. The LES WALE model provided the 

lowest external Cp values, while significant low and negative Cp values were about 80% of the 

internal shroud volume. Both models demonstrated a more gradual pressure gradient. 

 Plan View (a) Bottom view (b) 
Fluid region inside the 
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Figure 13. Pressure coefficient around the shroud (a, b) and in the fluid region inside the shroud 

Case (c). 
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Figure 14. Internal pressure coefficient distribution on radial line probes 1.4, 2.4, 3.4, 4.4, 5.5 

along the y-axis:(a) IDDES SST k−ω; (b) LES WALE. 

The IDDES SST k−ω model, as shown in Figure 14 (a), exhibited low negative Cp values over 

approximately 50% of the case volume and a maximum Cp of 0.9 on line probe 2.4 on the right 

side, with fluctuations in the centre region and decreased Cp with height. Figure 14 (b), the LES 

WALE model predicted slightly fluctuating Cp values decreasing over about 40% of the shroud 

volume before increasing steadily, with the highest Cp also on line probe 2.4 on the right side; the 

outlet plane features the lowest negative Cp of about -0.65 at the centre, rising sharply before a 

sudden drop. 

The shroud shows consistent pressure coefficient (Cp) trends, with low Cp values on the left and 

high positive Cp values on the right. The most significant Cp differences occur between line probe 

2.4 and outlet line probe 5.3, indicating flow acceleration on the right and turbulence on the left. 

3.3.3 Cp comparison with experimental data 

Figure 15 (a) shows the coefficient of pressure (Cp) distribution relative to the wing base chord 

length (X/C). Cp decreases sharply on the suction side up to 30% of the chord, reaching a 

minimum of -0.91, and then increases smoothly toward the trailing edge. Both models show a 

similar Cp trend up to 66% of the chord, though LES WALE shows fluctuations at the trailing edge, 

indicating turbulence near the wing base-shroud joint. IDDES SST k−ω showed a lower relative 

error of 4.5%, compared to 4.9% for LES WALE. Figure 15 (b) illustrates Cp distribution within 

the shroud case at ¾ of its height. Both models, supported by experimental data, predict two 
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distinct regions, with Cp decreasing toward the middle of the shroud and increasing nearly 25% 

of the case diameter on the right. The turbulence on the left side matches both model predictions. 

The IDDES SST k−ω model  est matches experimental  p along the wing base chord. In contrast, 

LES WALE best predicts Cp alon  the shroud’s inner diameter, emphasising the importance of 

using both models in this study. 

  
Figure 15. Experimental and numerical distribution of Cp at 6m/s (Re = 145000): (a) across the 

bottom-suction side of the wing base against the chord length; (b) Cp across the shroud case 

diameter; velocity ratio along the radial line probe at different height case positions. 

3.3.4 Skin friction coefficient 

This analysis is crucial for understanding the viscous forces exerted by the fluid on the surface of 

the shroud, thus allowing better optimisation of the aerodynamic design and improving the 

shroud's flow-converting performance. 

 

(i) IDDES SST k−ω (ii) LES WALE 

    

(a) Top (b) Bottom (d) Top (e) Bottom 

Figure 16. Skin friction coefficient distribution on the shroud surface. 
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Figure 16 shows that both models have relatively predicted similar general representations of 

the skin friction on the top surface of the shroud and very distinct features of the bottom side of 

the shroud (suction) side. The LES WALE model did the lowest high Cf of 0.2493, indicating 

attached flow along the bottom side of the wing base for the first 25% of its chord length. It 

appeared that Cf  gradually decreased towards the entrance of the shroud. The LES WALE model 

revealed a subtle increase in Cf just before flow entry, indicating reattachment or acceleration, 

with Cf being relatively high on the right internal side of the case but dropping sharply to near 

zero at 25% of the case height and across the left internal sides, covering just over 60% of the 

cylindrical internal surface area. 

As shown in Figure 16, the flow stays attached to the bottom side of the wing (suction side) as the 

skin friction coefficient decreases gradually on the area. However, the LES WALE has shown that 

the flow accelerated and attached near the entrance of the case, predicting a small region at about 

80% of the wing chord length of flow with slight separation and reattachment. Internally, the 

sharp difference in Cf on the surface of the case further reinforced the presence of two distinct 

regions of flow: a high-speed and uniform flow on the right side (about 30%) of the case and a 

more prominent region of flow turbulence on the left side (about 70%).  

3.3.5 Flow visualisation in the wind tunnel   

Figure 17 (a) The illustration in the dashed red line shows an approximate S shape curve. The 

angle of the line of diversions in the lower part of the S characteristic profile was 14 degrees. 

Subsequently, the flow progressed into an elbow on the left side of the uniform flow. The smoke 

region represented the region of relatively uniform flow, and the clearer region on the left side 

was the flow dominated by small-scale turbulences. The flow progressed into an almost vertical 

stream of uniform flow on 30% of the case height, then exited the case. 

Small strings were attached to tiny parallel lines in the direction of the diameter. Figure 17 (b) 

shows tufts pointing down on the left side and pointing up on the right side, as illustrated by the 

blue and red arrows, respectively. This behaviour of the tufts also revealed high turbulence with 

small-scale vortices in the region, as indicated by vibrating tufts Smoke and tuft analyses in 

Figures 15(a)-(b) at six m/s corroborate with the S-shaped flow profile depicted in the IDDES SST 

k−ω models in Figure 9, highlighting uniform regions and turbulence characteristics. 
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                                           (a)                                                                                         (b) 

  

                                          (c)                                                                                         (d) 

Figure 17. Flow visualisation at 6m/s of the shroud using transparent acrylic case: (a) smoke front 

view, (b) Tuft front view, (c) the bottom-suction side of the shroud, (d) the top of the shroud. 

The flow on the wing base remains attached over most of the area, with localised detachment 

observed near the entrance of the case at approximately 80% of the wing base chord length, as 

indicated by vibrating tufts. Figure 17 (c). Flow detachment is also evident from the sides of the 

case, with turbulence developing at the rear of the wing base on the right side. On the top view of 

the shroud Figure 17 (d) . Three distinct flow regions are observed: detachment and reattachment 

at about 25% of the wing base chord length, full detachment and turbulence behind the shroud 

just after the vertical diameter, and small-amplitude rotation of tip vortices at the wing base end. 

A comparison with the wind tunnel results has showed that the LES WALE model most accurately 

depicted flow detachment and reattachment at approximately 80% of the chord length. Thus, the 

LES WALE model provided better predictions for skin friction coefficient and wing base side 

vortices, as shown in Figure 17. 
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3.4 Performance of wind turbine 

The investigation of the ideal position of the turbine rotor blade between the inlet and the outlet 

during the experiment showed the turbine starts at lower free stream air speed when placed at 

the outlet. In addition, the flow does not have enough impulse at lower speed to start the rotor at 

the inlet position than at the outlet position. The rotor hub was found to have a significant impact 

on the starts of the rotor at the inlet. Thus, the outlet position of the rotor blade was employed 

for the rest of the investigation. 

Further wind tunnel performance investigations were performed, due to the presence of a 

stagnation point on the lower right side of the shroud as shown in Figure 9, leading to a localized 

flow exiting the system, resulting in a minor energy loss. It was found that this reverse flow did 

not significantly affect the turbine's rotational performance hence its stability as they were almost 

no detectable change in the rotational speed of the rotor blade. The shroud’s aerodynamic design 

ensured effective redirection of a great potential of the incoming flow toward the turbine blades, 

maintaining optimal energy transfer. Furthermore, the tur ine’s demonstrated sel -starting 

capability and operational efficiency at low wind speeds further validated the system’s a ility to 

mitigate localized losses, preserving its overall performance. 

Figure 18 (a) shows the relationship between the wind speed and the rotating speed of the 

turbine blade which identifies the linear relationship between the wind speed and the RPM. 

Figure 18 (b) shows that power was generated by the turbine fitted in the shroud. At 6 m/s, the 

turbine blade rotated at the angular speed of 840 RPM, which produced a power ratio of  about 

23 W/m2. The turbine started rotating and producing power at a free stream air speed of 2.1 m/s 

though the shroud could channel air into the shroud case at free stream as low as 1.5m/s. The 

power ratio increased rapidly as the blade rotated faster in this range of free stream speed. The 

power output of this novel wind turbine exhibited an initial gradual increase with RPM, followed 

by a sharp rise as RPM surpasses approximately 800. This behaviour indicates a non-linear 

relationship between RPM and power, which becomes increasingly pronounced at higher RPM 

values. 

Figure 18 (c) shows the relationship between power ratio output (W/m2) and the tip-speed ratio 

𝜆  for a wind turbine. The power ratio increases steadily for 𝜆 values up to 2. When  𝜆 > 2 , the 

turbine output increases sharply, indicating a more than proportional increase in power with 

increasing 𝜆. This sharp rise in power output suggests that the wind turbine becomes significantly 

more efficient as the blade tip speed increases relative to the wind speed. The curve reaches its 

highest point when 𝜆 approaches 2.5, with the maximum power ratio value just above 60 W/m2. 
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Figure 18 (d) illustrates the distribution for the power coefficient with respect to the tip speed 

ratio (TSR) which shows a sharp initial increase up to TSR 0.5, then progresses into a steady rise 

before soaring from TSR 2.2. This reflected the efficiency of the turbine and the self-starting 

capability. Figure 18 (d) also shows that the novel shrouded system reaches Cpower value higher 

than the Betz’s limit of 0.59 demonstrating it superior efficiency. It also shows that the turbine is 

performing better at low tips speed compared to many current shrouded wind turbines [31]. 

  

 
  
Figure 18. Wind turbine performance Characteristics: (a)Turbine rotational speed across free 

stream range, (a) Ratio of wind power to shroud case diameter squared across turbine rotation 

speed vs 𝜆, (c) Ratio of wind power to shroud case diameter squared across tip speed ratio; (d) 

Coefficient of power to the tip speed ratio.   

The optimal efficiency was achieved at higher RPMs, particularly beyond 1000 RPM, where the 

power ratio output exceeded 28 W/m2 and approached 61 W/m2 sharply. It is evident that this 

novel wind turbine design has a significant efficiency improvement at higher rotational speeds, 
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highlighting its potential for enhanced energy capture under varying wind conditions and 

converting efficiently wind energy to electrical power at higher speeds. 

The power ratio output demonstrated a marked increase with the tip-speed ratio 𝜆, particularly 

within the range of 2 to 2.5, indicating that the wind turbine start attains high efficiency at these 

𝜆  values. Notably, at approximately 2.1 m/s, 𝜆 = 0.25 and at 6 m/s 𝜆 equals about 2. This 

pronounced rise in power ratio output at higher 𝜆  values implies that the turbine operates with 

maximum efficiency within a specific 𝜆  range. Therefore, the investigation showed that this initial 

optimal 𝜆  range demonstrates the turbine-fitted shroud relevance at low airspeed and indicates 

the crucial area for maximising power output and overall efficiency.     

4 Conclusions 

The aerodynamic characteristics and performance of the flow around a new shrouded vertical 

axis wind turbine have been investigated with turbulence models and a wind tunnel for more 

efficient wind energy capture systems. Based on the above results and discussion, the follow 

conclusions can be drawn: 

i) The innovative shrouded vertical axis wind turbine effectively worked in typical low 

Reynolds number air flow in the urban area and all models effectively predicted the 

suction and acceleration of external flow into the shroud including high velocity, the point 

of flow separation. It also works better at hight wind direction angle reaching maximum 

speed of 1.5.  

ii) Both IDDES SST k-ω and LES  ALE models demonstrated a stron  a reement with 

experimental data, accurately predicting velocity fluctuations and mass flow rate. While 

LES WALE exhibited slightly superior performance in characterising flow detachment, 

skin friction coefficient (Cf), and pressure coefficient (Cp) in the complex shroud region, 

IDDES SST k-ω excelled in predictin  velocity ratio, li t coe  icient ( l), and a favourable 

balance of accuracy and computational efficiency. It models boundary layers and regions 

of uniform flow using RANS, reducing computational demand. It resolves large-scale 

turbulence separated regions using LES, ensuring accurate predictions of flow mixing and 

velocity ratios. Its adaptive nature minimizes the errors introduced in regions of complex 

transition. 

iii) The shroud effectively diverted free-stream airflow at speeds as low as 1.5 m/s for energy 

harvesting. The resulting accelerated flow within the shroud exhibited a characteristic S-

shaped profile, culminating in a stagnation point that caused a portion of the flow to exit 

the shroud at the inlet. 
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iv) This innovative shrouded turbine demonstrated exceptional self-starting capabilities, 

initiating operation at a low cut-in speed of 2.1 m/s with power output ranging from 1.14 

W/m² to 60 W/m² and increasing nonlinearly with increasing wind speed. The optimal 

efficiency was achieved within a tip-speed ratio range of 2 to 2.5. The turbine ensures high 

efficiency in omnidirectional wind conditions, overcoming the directional limitations of 

conventional shrouded. 

v) The findings underscore the strategic placement of the turbine rotor blade at the outlet 

and the potential for substantial efficiency gains and enhanced energy harvesting through 

this novel vertical-shrouded turbine design, contributing significantly to SDG 7: 

Affordable and Clean Energy. The proposed solution offers improved performance, 

reduced maintenance, and a visually integrated design suitable for urban and rural 

applications. 

Although, the attributes of this shrouded turbine system have been established, the present study 

has some limitations. Firstly, as the turbine system was numerical simulated for one wind speed 

regime, further investigation should be done to determine the performance and characteristic 

under varying wing speed. Secondly, more study could be done utilizing other high performance 

low Reynold number aerofoil. Finally, further wind tunnel experiments should be done in a higher 

speed to draw the complete power coefficient to tip speed ratio of this novel shrouded vertical 

axis wind turbine.  
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