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Abstract: Parametric design analysis for Eccentric Rotated Ellipsoid (ERE) shroud profile is 
conducted whereas the design model is validated experimentally. A relation between shroud inlet, 
length and exit diameter is established, different ratios related to the wind turbine diameter are 
introduced, and solution for different ERE family curves that passes on the inlet, throat, and exit 
points is studied. The performance of the ERE shroud is studied under different wind velocities 
ranging from 5–10 m/s. 

The method used in creating the shroud profile is by solving the ERE curve equations to 
generate large family of solutions. The system is modeled as axisymmetric system utilizing 
commercial software package.  The effect of the parameters; shroud length, exit diameter, inlet 
diameter, turbine position with respect to the shroud throat, and wind velocity are studied. An 
optimum case for each shroud length, exit diameter and location of the shroud with respect to the 
wind turbine throat axis are achieved.  

The simulation results show an increase in the average wind velocity by 1.63 times of the inlet 
velocity. This leads to a great improvement in the wind turbine output power by 4.3 times of bare 
turbine. One of the achieved optimum solutions for the shroud curves has been prototyped for 
experimental validation. The prototype has been manufactured using 3D printing technology which 
provides high accuracy in building the exact shape of shroud design curve. The results show very 
good agreement with the experimental results. 
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1. Introduction 

Increasing the power harvested by wind turbines attracted the attention of many researchers 
worldwide. Some turbines are augmented by diffusers whereas others are augmented by shrouds. 
Through investigations for equipping wind turbines with diffusers can be found in references [1–7]. 
Diffuser equipped with a flange is known as shroud. Compact shrouds are called wind lens i.e., the 
width of the shroud is small compared to its diameter. In small size wind turbine, the addition of 
shroud to a bare wind turbine increases the power output in significant amount. The reason for this 
increment is the behavior of the flow inside and outside existence the shroud that leads to an increase 
in the air velocity inside the shroud, furthermore this increases the power output of the wind turbine. 
The most dominant behavior of the flow around the shroud is the formation of the vortices that 
contributes to the behavior of the flow inside and outside the shroud. The shape of the shroud plays 
the main role in sizing vortices formed behind the shroud exit. 

Shroud design still needs more development and research, because no optimum shape for the 
inlet, body and exit of the shroud is found. Also, no optimum geometrical shape was developed 
linking these three parts together into one blended part. The shroud design based on airflow and 
vortices formation needs to be investigated.  

The shroud body (diffuser shape) has an outlet size larger than its inlet (shroud throat). The 
wind velocity in the diffuser part accelerates instead of known phenomena of deceleration in 
diffusers due to vortices generation behind the body exit. The vortices generation occurs due to low-
pressure regions formed due to turbulent flow. This turbulence formed when separation at shroud 
inner and outer surfaces take place.  

The shroud exit is equipped in many previous studies by means of a flange with different shapes 
and tilting angles. Such flange acts as an amplifier for the vortices generation. It increases the length 
of the flow separation that occurs at the shroud inner and outer surfaces, and changes the flow 
direction just before the exit at the shroud outer surface. 

Recently Ohya et al. studied shrouded axial wind turbine. Their results showed that the 
shrouded wind turbine equipped with a flanged diffuser demonstrated power augmentation by a 
factor of about 4–5 times compared to a standard bare wind turbine. In addition, a field experiment 
using a prototype wind turbine with a flanged diffuser shroud was conducted. The output 
performance was as expected and was in agreement with that of the wind tunnel experiment [8]. 

Ohya and Karasudani (2010) developed a wind turbine with a compact diffuser shroud. 
Different profiles with different section shapes were compared. The compact shroud (wind lens) 
turbine demonstrated power augmentation by a factor of up to 2.5 times compared with a bare wind 
turbine of 5 kW power output. They used a length to diameter ratio of 0.221–0.225 with different 
profile shapes, and the rotor diameter (D) of the wind turbine was 2.5 meters with a flange height 
of 0.1 D [9]. 

Srikanth et al. (2007) analyzed 2D axisymmetric model and studied the velocity development 
inside the shroud. Their results showed increase in wind stream velocity twice as maximum and 1.5 
as average near the rotor [10]. Takahashi et al. (2012) conducted 3D numerical simulation and found 
that the flow around turbine is complex and unsteady. The formation of vortices behind the 
shroud exit clearly appeared [11]. Kosasih and Tondelli (2012) carried out CFD simulation for 
AMPAIR 300 wind turbine and achieved 41% increase in power output. Maximum Cp achieved for 
bare wind turbine was 0.257, and for shrouded wind turbine was 0.31 [12]. Toshimitsu et al. (2012) 
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investigated the effect of actual sinusoidal oscillating and fluctuating flow of wind. Their results 
showed that the shrouded wind turbine had higher efficiency than bare wind turbine for both steady 
and unsteady wind [13]. Govindharajan et al. (2013) investigate different shroud profiles and 
obtained 23–35% increase in air mass flowrate inside the shroud [14]. Jafari and Kosasih (2014) 
carried out CFD analysis for different shapes of shroud, they found that the back pressure behind the 
shroud is the most influential factor in power increment [15]. Kosasih and Jafari (2014) carried out 
CFD simulation for AMPAIR 300 wind turbine and achieved 41% increase in power output. 
Maximum Cp achieved for bare wind turbine was 0.257, and for shrouded wind turbine was 0.31 [16]. 
Maia (2014) performed numerical and experimental analysis for shrouded wind turbine, the 
experimental results show increase of 90% in the output power [17]. Sangoor (2015) performed 
numerical and experimental analysis for shrouded wind turbine and achieved increase of 1.7–2.3 
times in the power output [18]. Liu et al. (2016) use axisymmetric analysis in CFD. Their results 
showed increase of 50% in velocity and decrease of 49% in drag force inside the shroud [19]. 
Jenkins et al. (2016) presented a numerical flow simulation for large scale shrouded wind turbine. 
Their model was impractical due to difficulties in design [20]. Oka et al. (2016) developed shrouded 
wind turbine based on quasi 3D aerodynamic design method. Their results showed that Betz limit 
can be exceeded in shrouded wind turbines [21]. El-Zahaby et al. (2017) analyzed flanged shroud 
using 2D axisymmetric CFD model. They obtained numerical increase in power output of 1.7 
time the bare wind turbine. They studied the flange tilt angle and found that 5% increase is 
achieved at +15° compared to right angle flange [22]. Ohya et al. (2017) developed 10 kW 
hexagonal shrouded wind turbine consisting of multi shrouded wind turbine of size 3 kW [23]. 

From previous studies on wind lens turbine shrouds, it can be concluded that the shroud design 
starts with a combined shape comprising an inlet, shroud body, and exit. In some cases, flange was 
added at the shroud end to increase the power of the wind turbine.  

In most of the previous studies the shroud inlet, body, and exit were studied as separate parts 
and then combining them into one complete geometry. Some cases try to solve the shroud geometry 
in terms of polynomial equation, to combine the geometry parts of the shroud in analytical equation. 
This type of development on the shroud geometry shows that the shroud geometry can be developed 
analytically as well as experimentally. 

1.1. Objective of present research 

This study aims to design and analyze Eccentric Rotated Ellipsoid (ERE) shroud as one blended 
geometry. This unique profile connects the inlet, body, and exit of the shroud in one profile. A set of 
elliptical profiles is going to be generated. Comparison among these profiles will be carried out to 
find the best performance profile. The shroud will be modeled as axisymmetric system utilizing an 
in-house ANSYS Software package. Different design parameters will be investigated to reach the 
optimum ones such as inlet diameter, throat diameter, exit diameter, body length, and inlet length. 

Experimental validation is conducted to validate simulation results. The experimental model is 
implemented utilizing 3D printing technology. 
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1.2. Problem statement 

Shroud option for small wind turbines makes it an attractive choice for urban use, where a 
couple of shroud wind turbines can cover ordinary home power demand. It can also be used in a 
hybrid system incorporating solar systems. This is a good option for users in Jordan as well as 
worldwide of similar climate. 

2. Physical, mathematical and simulation models 

The following subsections present the details of the physical, mathematical and simulation 
models. 

2.1. Physical model 

The general shape of the shroud based on some previous studies was assumed to consist of three 
main parts; the inlet, the shroud body, and the exit. The inlet section which lies in front of the turbine 
blades axis is called the mouth. It has an inlet size larger than its outlet at the shroud throat. It acts as 
a nozzle to accelerate the wind stream entering the turbine blades section. The shroud body is chosen 
to be ERE that forms blended geometry which includes all the three parts together in one profile, i.e., 
the parts are linked together by one mathematical equation. The assumptions of the shroud 
geometrical parameters are: 
1. The Shroud Inlet Diameter, ܦ௜. 
2. The Shroud Exit Diameter, ܦ௘. 
3. The Mouth Length which is the distance between the shroud inlet and the throat at which the 

wind turbine blades are located, ܮ௜. 
4. The Shroud Body Length ܮ௕. 
5. The Wind Turbine Diameter ܦ௪௧. 
6. The Clearance c which is the distance between the wind turbine blades tip and the shroud inner 

surface at the throat. The clearance should be as minimum as possible to utilize the wind stream 
acceleration near the shroud at the throat. 

7. To link the shroud geometry variables with respect to the wind turbine diameter, the concept of 
Total Throat Diameter ܦ௧௛ will be defined. The total diameter at throat ܦ௧௛ is: 

௧௛ܦ                 = ௪௧ܦ	 + 	2ܿ                                                                          (1) 

From the above assumptions made for the shape of the designed shroud curve, the general shape 
of the shroud is shown  in Figure 1. 
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Figure 1. Shroud parts and design parameters. 

In order to generalize the study, the parameters are introduced in dimensionless format by 
relating them to the throat diameter as the following:  

1. Ratio ܣଵ is the Shroud Inlet Diameter and Total Throat Diameter ܣଵ = ஽೔஽೟೓ 

2. Ratio ܣଶ is the Shroud Exit Diameter and Total Throat Diameter ܣଶ = ஽೐஽೟೓ 

3. Ratio ܣଷ is the Mouth Length and Total Throat Diameter ܣଷ = ௅೔஽೟೓ 

4. Ratio ܣସ is the Body Length and Total Throat Diameter ܣସ = ௅್஽೟೓ 

2.1.1. Shroud geometrical equations 

In order to develop mathematical relation for 2D geometry, the locations of inlet, throat, and 
exit are assumed as points on 2D plane. The origin point of the elliptical shroud is assumed to be the 
intersection between the turbine shaft axis and the turbine blades axis (throat axis). Three points 
lying on the designed shroud curve are obtained namely, the inlet, throat, and exit points. These three 
points establish a reference for the design analysis; where the shroud curve equations must satisfy 
these three points as shown in Figure 2. 
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Figure 2. Simple shroud curve diagram. 

2.1.2. Initial assumptions for design variables 

The shroud exit diameter and shroud body length of initial assumption for geometry in this 
research, has been chosen close to the profiles studied by Ohya et al. [9]. But in their analysis of 
compact wind lens profile, they used flanged diffuser which is quite different from the profiles 
design developed in this research. In the current study, different shroud body length, shroud exit 
diameter, and various shroud elliptical curve profiles have been studied. The initial dimensionless 
values of the following parameters with respect to the throat diameter A1, A2, A3 and A4 are 1.05, 
1.3, 0.025 and 0.2 respectively. 

2.1.3. Shroud geometry equation 

The cases studied in this research were axisymmetric about wind turbine axis. Thus, the 
designed shroud curve will be 2D of revolution and must pass through the three design points: inlet, 
throat, and exit points (i.e., the function must have solution at these three points). The obtained 
design curve is revolved around the wind turbine axis. The investigated design curves of the shroud 
profiles are elliptical curves as shown in Figure 2. 

2.2. Mathematical model 

In this case, the shroud curve is studied to satisfy the inlet, throat, and exit points, and represent 
them by general ERE curve equation: 

 ((௫ି௖భ)∗௖௢௦ఈି(௬ି௖మ)∗௦௜௡ఈ)మ஺మ + ((௫ି௖భ)∗௦௜௡ఈା(௬ି௖మ)∗௖௢௦ఈ)మ஻మ = 1	                                     (2) 
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where: ܿଵ: The x-value for the shifting in the ellipsoid center. ܿଶ: The y-value for the shifting in the ellipsoid center. 
A: The diameter of the ellipsoid on the x-axis. 
B: The diameter of the ellipsoid on the y-axis. ߙ: The rotation angle of the ellipsoid with respect to x-axis. 

In order to find the five unknown constants for initial design profile, we should have five 
specific equations. The coordinates of the inlet point, throat point and exit point are substituted in the 
general ERE equation. These three points gives only three specific equations i.e., they are not enough 
to define the general ERE equation. So from the assumption that the minimum value for the shroud 
curve is located at its intersection with the throat axis line, the derivative of the general ERE equation 
will be zero.  

Now, a set of four equations and five unknowns need to be solved. The rotation angle ߙ is 
utilized to generate a family of ellipse profiles.  Large family of solution is expected at each rotation 
angle ߙ . The smooth ERE curve which passes through the three points, and match the design 
constraints is selected. The geometrical design constraint that is imposed on profiles is that their 
tangent angle at the exit point should be equal or lower than 90 degrees i.e., the profile does not flip 
back into the flow direction. 

2.3. Simulation model 

Shear Stress Transport (SST) modeling is chosen. The reason for the selection of SST model is 
that it represents an improved model from both standard ݇ − ߱ model and the transformed ݇ − ߳ 
model. This SST model is used in most previous studies and shows very good results that are 
compatible with experimental results with least error. 

In compressible fluids, the flow pattern formation of vortices, and the presence of low pressure 
regions, have great effect on the performance of shrouded wind turbines. Because all the increment 
in air mass flow inside the shroud come as a result of vortices formation and low pressure regions 
presence. So, the flow pattern and flow analysis should be selected correctly in order to obtain results 
that simulate the real life. 

2.3.1. ANSYS meshing 

The system is modeled as axisymmetric geometry as shown in Figure 3. The face of the 
envelope obtained is divided into quadrilateral elements, whereas the inner edge of the target 
geometry has very fine element compared to far field elements. The mesh is halved in size many 
times till the variation in the results between successive refinements is less than 0.01%. Figure 4 
illustrates the mesh of the system. 
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Figure 3. Axisymmetric section of the ANSYS solver. 

 

Figure 4. ERE meshing using ANSYS. 

2.3.2. Solution setup of ANSYS fluent 

The solver is set to pressure-based solver. The velocity formulation is absolute hence the 
analysis is based on reference value of wind stream velocity. The time selected is steady in order to 
obtain results of steady state properties of wind flow. The 2D space used is axisymmetric around axis 
of wind turbine.  

The envelope material is chosen to be air with density of 1.225 kg/m³ and viscosity 
of 1.7894*10−5 kg/m.s. The inlet velocity is varied in steps 5, 6, 7, 8, 9 and 10 m/s. 
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For comparison among shroud profiles. The axial wind velocity contours are selected. In order 
to study the hot (critical) regions around the shroud, and to find the average wind velocity between 
the axis and shroud for circular section area, the case analysis is set to axisymmetric. 

The results show increase of velocity in highest rate near the inner edge of the shroud. The 
amount of increase in the velocity varies depending on the location with respect to shroud. The size 
and shape of axial velocity contours varies depending on the shape of the shroud. 

Sample of resulting axial velocity contours of ERE profiles at wind velocity 5 m/s is shown in 
Figure 5. 

                      

Figure 5. Axial velocity contours for ERE profile at 5 m/s for sample case of angle 
0.15π, length ratio 0.10 and diameter ratio 1.3. 

2.3.3. Modeling for optimum shroud profile 

The shroud profiles are analyzed as an axisymmetric system. The turbine axis has been set as 
the axis of revolution for the shroud curve. The average wind velocity along the throat section (i.e., 
turbine blade axis) is considered as the objective of the parametric optimization of the shroud. The 
search optimization technique is utilized in this research [24]. 

2.3.4. Solution of ERE profile using different geometry ratios 

After solving profiles using the above procedure, the solution of ERE profile for different angle 
α is performed. To reach the optimum cases the following parameters are varied; body length to 
throat diameter ratio is varied from 0.1 through 0.3 ratios, exit diameter to throat diameter ratio 
varied from 1.2 through 1.4 ratios. Noting that the initial ERE is of 0.2 body length ratio, and 1.3 exit 
diameter ratio i.e., these initial values are the optimum conditions reached by Ohya et al. [9].  
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The average axial velocity at vertical circular section is compared at shroud throat axis and at 
different distances from shroud throat axis of 0.1, 0.2, 0.3, 0.4, and 0.5 ratios with respect to 
diameter. Summary of the optimum profiles for different best angle results at different inlet speeds is 
presented in Table 1. 

Table 1. Summary of optimum shroud profiles.  

# Shape Description 5 m/s 6 m/s 7 m/s 8 m/s 9 m/s 10 m/s Average ratio
1 0.15 Pi 0.10 Length 1.3 Dia. 1.427 1.435 1.437 1.440 1.441 1.443 1.437
2 0.26 Pi 0.15 Length 1.3 Dia. 1.522 1.525 1.527 1.529 1.531 1.532 1.528
3 0.33 Pi 0.20 Length 1.3 Dia. 1.546 1.548 1.549 1.550 1.550 1.551 1.549
4 0.30 Pi 0.25 Length 1.3 Dia. 1.542 1.544 1.545 1.546 1.546 1.547 1.545
5 0.36 Pi 0.30 Length 1.3 Dia. 1.546 1.548 1.549 1.551 1.551 1.552 1.549
6 0.28 Pi 0.2 length 1.20 Dia. 1.428 1.429 1.429 1.430 1.430 1.430 1.429
7 0.31 Pi 0.2 length 1.25 Dia. 1.486 1.488 1.489 1.490 1.491 1.413 1.476
8 0.23 Pi 0.2 length 1.35 Dia. 1.575 1.577 1.578 1.579 1.580 1.580 1.578
9 0.28 Pi 0.2 length 1.35 Dia. 1.581 1.585 1.586 1.587 1.588 1.588 1.586
10 0.25 Pi 0.2 length 1.40 Dia. 1.611 1.614 1.616 1.618 1.619 1.620 1.616
11 0.26 Pi 0.2 length 1.40 Dia. 1.616 1.620 1.621 1.622 1.623 1.624 1.621

3. Experimental modeling for shroud profile 

3.1. Selection of experimental model 

The initial ERE profile of 0.2 body length, 1.3 exit diameter ratio and 0.33π (59.4°) rotation 
angle is one of the best profiles solved among all ratios. This geometrical profile has intermediate 
variables among all the best profiles; it is the profile selected for experimental validation. 

A wind turbine of 500 W was used for the experiment as it is one of the available wind turbines 
on the market. The turbine rotor diameter is 1030 mm.  

3.2. Shroud fabrication 

3D printing is utilized in fabricating wind turbine shroud prototype to assure high accuracy 
profile. Twelve pieces are printed and joined into one complete part. Finishing and coating processes 
are performed to obtain the final shape of the shroud. Figure 6 shows a photo of the printed shroud. 
Experimental prototype of the shroud is made of Polylactic Acid material which is a polymer plastic 
that is used by the 3D printer. The shroud material infill is 15%, where infill is the amount of material 
that occupies the internal part of the piece. The total mass of the shroud is approximately 2.5 kg. 
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Figure 6. Shroud assembling process. 

3.3. Experimental setup 

In the following subsections, the details of the equipment and measurement tools used in 
conducting the experiments are presented. 

3.3.1. Wind generator 

The wind generator available in The University of Jordan /Mechanical Engineering Department 
Laboratory is a low wind speed generator with an open surrounding type. The maximum wind 
velocity that could be generated using this wind generator is 20 km/hour (about 5 m/s). The 
dimension of the wind generator output is 1.8 m * 1.8 m. The wind generator used in the experiment 
is shown in Figure 7a. 

3.3.2. Measurement tools and devices used in the experiment: 

The main three variables that need to be measured through the experiment are: 
1. Distances: the distance between the rotor plane of rotation and the shroud throat axis, the 

distance between shroud and wind generator exit, … etc. all these distances are measured using 
traditional meter tape and calipers. 

2. Wind velocity: a wireless anemometer device is used to measure the wind velocity in the 
experiment. 

3. Power output: Wattmeter and power analyzer device is used to measure the output of the wind 
turbine. 
The wind generator of the experiment is setup in an open channel field in order to simulate the 

wind in nature. 
The shroud holder is designed to perform the experiment on different distances between the 

shroud throat plane and wind turbine rotor plane. An external ring is added around the turbine behind 
the blade axis as illustrated in Figure 7b. The ring is of thin metal bars, to avoid any awkward effect 
on wind flow around blades.  
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a b

Figure 7. Wind turbine experiment setup. 
4. Simulation results 

4.1. Shroud curve parameters 

The shroud model solved in this work is depending on the equation linking the design parameter 
is assumed in the initial design of the shroud. The main equation used in the solution is ERE general 
form.  

The comparison between the results is based on the average axial wind velocity developed at 
the shroud throat axis, and at different distances between the shroud throat axis and the suggested 
place for the rotor blades plane. These are the main variables affecting the power output of the wind 
turbine. 

All rotation angles that have the solution at the real part of the equation are investigated. The 
cases solved are for different exit diameter ratios from 1.2 through 1.4, and for cases on body length 
ratios from 0.1 through 0.3. All cases are solved for the location of the wind turbine from the shroud 
throat axis. 

4.2. Effect of body length ratio 

In general, it is found that as the body length increases the average velocity increases to 
some limit of body length, and then starts decreasing. This effect of body length is related to the 
vortices formation after shroud body. Also, as the body length increases the vortices formation is 
increased to some extent. If the body length is increased too much, it will reduce the effect of 
exit diameter in generating vortices as the streamlines become more parallel to the body. This 
proves that the body length should be optimized. Sample of the effect of increasing body length 
ratio, for the case of angle 0.27π, exit diameter at 1.3, and the location is at throat axis, is shown in 
Figure 8. 



1159 

 

Volume 9, Issue 6, 1147–1169. AIMS Energy 

 

Figure 8. Effect of body length ratio on average wind velocity inside shroud at shroud throat plane. 

4.3. Effect of increasing the exit diameter ratio 

It is noted that as the exit diameter increases the average velocity and the power output increase. 
This occurs due to greater changes resulted in streamlines which increase the formation of the 
vortices behind the shroud. The effect of the exit diameter ratio can be shown in Figure 9. This 
sample result is shown for the case of body length ratio 0.2, angle 0.33ߨ and diameter ratio 1.2. 

 

Figure 9. Effect of exit diameter ratio on average wind velocity inside shroud at shroud throat plane. 
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4.4. Effect of rotation angle 

It can be seen from Figure 10 that as the rotation angle increase the average velocity increase, so 
the power output will increase. The differences at some angles appear due to the shape of the ERE 
curves. In these curves, the part of ERE curve is smaller and near to straight at certain sections. 

The reason of average velocity increase, in most cases when rotation angle increase, is that the 
shape of the shroud takes a larger segment of the ellipse curve. The effect of rotation angle shown in 
Figure 10 is a sample result for the case of body length ratio 0.2, exit diameter ratio 1.3 and location 
at throat axis. 

 

Figure 10. Effect of rotation angle on average wind velocity inside shroud at shroud throat plane. 

4.5. Effect of location from shroud throat plane 

The location of the wind turbine rotor plane with respect to the shroud throat plane also has 
main effect on the average wind velocity. As the wind turbine blades axis becomes far from the 
throat axis, the average wind velocity becomes less. This occurs because the blades become farther 
from the hot regions (high wind velocity regions) due to the shroud effect. The effect of the location 
of wind turbine axis with respect to throat axis shown in Figure 11 is sample result for the case of 
body length ratio of 0.2, exit diameter ratio of 1.3, and rotation angle of 0.33π. 
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Figure 11. Effect of wind turbine location from shroud throat plane on average wind 
velocity inside shroud. 

4.6. Effect of wind stream velocity 

 

Figure 12. Effect of increasing wind stream velocity on wind velocity ratio inside shroud. 
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The wind velocity is investigated for velocity ranging from 5 to 10 m/s which is the wind 
velocity range in Jordan. So the possibility of utilizing obtained shroud in the Jordanian market and 
on places where the annual wind velocity is close to this average worldwide is explored. 

It is noted that as the wind stream velocity increase the ratio of average wind velocity (average 
wind velocity/wind stream velocity) at the throat axis increase. This occurs due to the increasing 
effect of the shroud on the vortices formation behind the shroud, i.e., vortices become stronger as 
velocity increases. The effect of increasing wind stream velocity on wind velocity ratio is shown 
in Figure 12 for sample case of body length ratio is 0.2, exit diameter ratio 1.3, and the rotation 
angle 0.33π. 

4.7. Results summary of shroud profiles 

The results obtained for most cases of shroud profiles show development on average wind 
velocity ratio (wind stream velocity/average wind velocity) ranging from 1.37 to 1.61 ratio. The 
proportionality between output power and velocity is to cubic power, i.e., possibility of developing 
power output in a ratio that exceeds 4 times the power output of the bare wind turbine. 

Regarding the maximum wind velocity obtained, most of the cases are near the shroud wall at 
the throat. It crosses 14 m/s for the wind stream velocity of 5 m/s. The highest value of 16.2 m/s at 
the throat area is observed for the case of 0.2 body length, 1.4 exit diameter ratio and 0.26π rotation 
angle as illustrated in Table 1. 

 

Figure 13. Highest wind velocity obtained at 5 m/s wind stream velocity. 
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The reason that the maximum wind velocity is recorded near the shroud inner wall at the throat 
is that the effect of the shroud is maximum on the streamlines at that location. The shroud mouth 
collects more streamlines and the vortices behind the shroud suck more wind inside the shroud. This 
forces more streamlines to pass inside the shroud. These streamlines squeezed at the throat area and 
make the region near the shroud inner wall at the throat have the greatest wind velocity values. The 
maximum wind velocity is recorded on the throat axis of 0.2 body length ratio, 1.4 exit diameter 
ratio, and 0.26π rotation angle can be seen in Figure 13. The streamlines for the maximum wind 
velocity recorded are shown in Figure 14. 

         

Figure 14. Velocity vectors at wind stream velocity 5 m/s for best shroud profile. 

5. Experimental results 

An experiment is conducted in order to validate the simulation results obtained from adding 
shroud to the wind turbine and study the effect of shroud on wind velocity and wind turbine power 
output, experiments have been performed on bare wind turbine initially, and then on the shrouded 
wind turbine. The location of the wind turbine is varied with respect to the shroud throat. One of the 
optimum cases is selected for validating the simulation results.  

The model studied in the experiment is 0.2 body length ratio, 1.3 exit diameter ratio, and 0.33π 
rotation angle of the ellipsoid. The results obtained show a significant increment in wind turbine 
output power. The effect of the location of the wind turbine blade plane with respect to the shroud 
throat plane is studied in four tests. The experiment is designed to apply multi-location limits. Due to 
some limitations in the experiment setup distance ratios 0.0 and 0.1 are not conducted. The 
experimental results obtained are discussed in the following sections. 

5.1. Bare wind turbine results 

The experiment has been carried out on a bare wind turbine to study the power output and 
power factor of the wind turbine under the same boundary conditions of the shrouded wind turbine 
experiment. The wind stream velocity range for the power generator is limited to 5 m/s. The cut-in 
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speed of the bare wind turbine is recorded at 3.6 m/s. The relation between wind velocity and output 
power of bare wind turbine resulted in the experiment can be seen in Figure 15. 

In order to compare the experimental results obtained in this study with the results obtained in 
the simulation part, the power coefficient ܥ௣ for the wind turbine used in the experiment has to be 
calculated. The power coefficient ܥ௣ is defined in equation 3 as the ratio between the experimental 
wind turbine power output obtained to the available power in the wind at the same boundary 
conditions. 

 

Figure 15. Experimental bare wind turbine power output. 

The rotor power coefficient ܥ௣ defined as: 

௣ܥ                           = 	 ை௨௧௣௨௧	௉௢௪௘௥௉௢௪௘௥	௜௡	௧௛௘	௪௜௡ௗ = 	 ௉೚ೠ೟భమ	ఘ	஺	௎య                                                            (3) 

where: ௢ܲ௨௧: Power output recorded at specific boundary conditions. ߩ: Air density, at it is equal to 1.225 kg/m3 

A: Swept Area of the wind turbine. 
U: Wind Velocity. 

The diameter of wind turbine (D) used in the experiment is 1.03 meter. The swept area of wind 
turbine can be calculated as follow: ܣ = ଶ4ܦ	ߨ	  

The swept area calculated for our experiment is 0.834 m2. The wind turbine power coefficient is 
going to be calculated for different wind velocities carried out in the experiment. The output power 
for both bare and shrouded wind turbines at wind velocity 5.0 m/s for different turbine locations is 
summarized in Table 2. 

The average power coefficient ܥ௣ calculated at 5.0 m/s wind velocity for the wind turbine is 0.335 
and this is close to the power factor obtained in Ohya et al. test results of 0.37 [9]. 
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5.2. Shrouded wind turbine results 

The model of specification 1.3 length, 0.2 exit diameter, and 0.33π rotation angle of shroud 
ERE has been tested at 5.0 m/s wind velocity on the following cases: 0.5x, 0.4x, 0.3x, 0.2x meter 
distance between the blade axis and throat axis where x is the total diameter ܦ௧௛. 

The bare wind turbine has been tested at the same wind velocity to compare the test results 
obtained on shroud cases at the same lab test conditions. The test results obtained are recording the 
wind stream velocity and the output of the wind turbine (i.e., output Voltage and Ampere) in order to 
find the output power of the wind turbine in Watts. The tests results obtained for the above four cases 
and bare wind turbine are shown in Table 2 whereas a comparison between simulation results and 
experimental results are presented in Table 3. The power output curves obtained for the bare wind 
turbine, 0.2x, 0.3x, 0.4x, and 0.5x are shown in Figure 16. Also, power coefficient for bare wind 
turbine and the case of 0.2x are illustrated in Figure 17. The improvement in the power coefficient is 
very obvious i.e., the rise in the power coefficient is 0.25.  

Table 2. Comparison of power output for the bare wind turbine and the shrouded wind 
turbine at different locations from throat. 

# Wind Velocity Ampere (Amp) Volt (V) Power (W)
bar 5.07 1.68 13.10 22.01 
0.2x 5.05 2.87 13.52 38.8 
0.3x 5.05 2.36 13.47 31.79 
0.4x 5.05 1.77 13.13 23.24 
0.5x 5.03 1.52 13.04 19.82 

*Note: x is the total diameter Dth. 

Table 3. Comparison between the simulation and experimental results.  

# Wind Velocity 
Average Power 
Coefficient Cp 

Average wind velocity 
inside the shroud 
(Simulation)

Average wind velocity 
inside the shroud 
(Experimental)

difference % 

bar 5.0 0.335 - -  

0.2x 5.0 0.6 7.05 6.07  13.9 
0.3x 5.0 0.415 6.70 5.63 15.9 
0.4x 5.0 0.362 6.35 5.13 19.2 
0.5x 5.0 0.272 5.99 4.66 22.1 
*Note: x is the total diameter Dth. 

The shrouded wind turbine experiment has been performed for four locations of the wind 
turbine with respect to the throat axis. For each case, the power coefficient is calculated and 
compared to that obtained for the bare wind turbine. The power coefficient ܥ௣ for the bare wind 
turbine is used to calculate the average wind velocity obtained from adding shroud to the wind 
turbine. This result is compared with the simulation wind velocity developed from adding the shroud. 

The boundary conditions for the shrouded wind turbine are the same as that in bare wind turbine 
experiment; the air density is 1.225 kg/m3, the swept area is calculated to be 0.834 m2. The power 
coefficient ܥ௣ for the shrouded wind turbine at four locations of the wind turbine blade axis to the 
throat axis has been calculated. The results obtained in those four cases are summarized in Table 3. 
The experimental column in Table 3 is calculated based on the data obtained from the experiment.  
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Figure 16. Power output curves. 

 

Figure 17. Power coefficient for bare turbine and shrouded at location of 0.2X. 

The average power coefficient calculated is 0.6 which slightly exceed Betz limit of 0.59 and this 
proofs that Betz limit is only valid for bare wind turbine where the effect of vortices formulation is 
absent. This improvement in power coefficient for the wind turbine from 0.335 for the bare wind 
turbine to 0.6 for the shrouded wind turbine is a considerable achievement. 

The experiment is performed in open tunnel conditions whereas in the simulation it is assumed 
as a large close tunnel. It can be noted from Table 3 that as the wind turbine blade axis is located 
farther from the throat axis, the difference between the simulation results and experimental results 
increase. This is due to the increase of vortices formation at the shroud entrance where wind speed is 
measured. 
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5.3. Shrouded wind turbine best profile 

The best profile obtained in the simulation is of 0.2 body length ratio, 1.4 exit diameter ratio, 
and 0.26π rotation angle and location at the throat axis. The average equivalent wind velocity 
increase ratio is calculated for wind stream velocity of 5 m/s. This profile shows a development in 
wind speed of 1.621 times the wind stream velocity, i.e., the average wind velocity inside the shroud 
is calculated to be 8.08 m/s. Using the bare wind turbine which has power coefficient ܥ௣ of 0.335 in 
the experiment, when shrouded the wind turbine supposed to generate 90.24 W compared to 21.39 W 
for the bare wind turbine case. This leads to a power improvement of 4.22 times compared to the 
bare wind turbine on ideal conditions. 

The best profile is not used because the shroud size couldn’t be fabricated using the available 3D 
printer. The profile fabricated is of 0.2 body length ratio, 1.3 exit diameter ratio and 0.33π rotation 
angle. The calculated average wind velocity inside the shroud is 7.73 m/s for wind stream 5 m/s for 
the turbine location at the throat. The wind turbine utilized in the experiment has power coefficient ܥ௣ of 0.335. When it is shrouded the wind turbine should generate 79.10 W compared to 21.39 W for 
the bare wind turbine case. This means that the improvement in the output power is 3.7 times of the 
bare wind turbine. 

5.4. Shroud approximate cost calculation 

Simple approximate cost calculation for the shroud made of reinforced composite material. The 
material selected is fiber glass composite material since it is cheap and available. Table 4 shows cost 
calculations that is carried for 100 shrouds. The shroud cost is 64$, which very good compared to the 
power improvement.  

Table 4. Approximate cost calculation for shroud Fabrication from fiber glass reinforced material 

Item  Cost $/unit Cost 100 pieces ($)
Total area of needed of fiber glass per piece: 1.8 m3 10 $/m 1800 
Wood Mold 1000 $/Mold 1000  
Labor cost for 2 hours of work per piece 10 $/hour 2000 
Utilities per piece 8 $/Piece 800 
miscellaneous 8 $/Piece 800 
Total Cost for 100 piece (shrouds) 6400 
Approximate Cost of one shroud 64 

6. Conclusions 

The mathematical analysis of different elliptical shroud profiles is carried out. Open tunnel 
experiment for one of the best shroud profiles is performed. The mathematical, simulation and 
experimental analysis are carried out to present the effect of the shroud profile parameters on wind 
velocity inside the shroud. The profiles analyzed mathematically are those that have real solutions 
for the elliptical equation and their tangent angle at the exit point is equal or lower than 90 degrees 
i.e., the profile does not flip back into the flow direction. All profiles that pass the design criterion 
achieve an average axial velocity increase in the range of 1.37 to 1.62 times the wind stream 
velocity. The results demonstrates that the geometrical parameters affect the average axial wind 
velocity at different levels. The exit diameter of the shroud is the most effective parameter in 
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improving the wind turbine performance, whereas the shroud body length increases the wind velocity 
inside the shroud to a certain extent. 

The experimental results show very good agreement with the simulation results. The experiment 
has proved that the shrouded wind turbine exceeds the Betz limit i.e., the Betz limit is only valid for 
bare wind turbines.  
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