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1. Introduction 

The need for energy in societies increases as technology advances in certain areas, so the capability to produce 

energy must keep pace with increasing demands. Due to the rapid depletion of fossil energy sources, there is a necessary 

need to seek alternative and sustainable sources of energy [1]–[10]. As such, wind energy as a renewable and 

inexhaustible source of energy is now the fastest growing energy technology worldwide. Compared to conventional 
energy sources, wind power has many advantages and benefits. Unlike fossil fuels that emit harmful gases and nuclear 

power that generates radioactive wastes, wind power is a clean and environmentally friendly energy source. As an 

inexhaustible and free energy source, it is available and plentiful in most regions of the earth. In addition, more extensive 

use of wind power would help reduce the demands for fossil fuels, which may run out sometime in this century, according 

to present levels of consumption [1],[2],[10]–[12]. As providing of electrical power from renewable sources such as wind 

is one of the factors of economic growth and industrialization for any nation [8].Wind power systems, represented by 

wind turbines have been the focus of interest of scientists and researchers in the past decades. Flowing of wind through 

the turbine rotor leads to produce mechanical energy which can be used in many applications specially to produce 
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Abstract: Wind energy technology is one of the fastest growing alternative energy technologies. However, 

conventional turbines commercially available in some countries are designed to operate at relatively high speeds to 

be appropriately efficient, limiting the use of wind turbines in areas with low wind speeds, such as urban areas. 

Therefore, a technique to enhance the possibility of wind energy use within the range of low speeds is needed. The 

techniques of augmenting wind by the concept of Diffuser Augmented Wind Turbine (DAWT) have been used to 

improve the efficiency of the wind turbines by increasing the wind speed upstream of the turbine. In this paper, a 
comprehensive review of previous studies on improving or augmentation power of horizontal axis wind turbines 

(HAWT) have been reviewed in two categories, first related with relative improvement of energy by improving the 

aerodynamic forces that affecting on HAWT in some different modifications for blades. Second, reviews different 

techniques to the augment the largest possible amount of power from HAWT focusing on DAWTs to gather 

information, helping researchers understand the research efforts undertaken so far and identify knowledge gaps in 

this area. DAWTs are studied in terms of diffuser shape design, sizing of investigation and geometry features which 

involved diffuser length, diffuser angle, and flange height. The conclusions in this work show that the use of DAWT 

achieves a quantum leap in increasing the production of wind power, especially in small turbines in urban areas if it 

properly designed. On the other hand, shrouding the wind turbine by the diffuser reduces the noise and protects the 

rotor blades from possible damage. 
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electricity. However, power produced by wind turbine is dependent on the Betz limit; an ideal type can extract only 

59.3% of incoming energy in stream-tube by turbine blades [14],[15]. 
The power from wind can be augmented by different innovative concepts have been proposed to augment wind 

turbine power output including the counter-rotation technique [16],[17]. The question arises as to which of these concepts 

is the most effective and economical. Performance of wind turbines can be improved by various ways such as 

modification of blades design, the augmentation attempts by application of tip vanes on the rotor blades, vortex type 

augmentation devices and ducted wind turbine by shrouds, concentrators or diffusers. Most of the research show that the 

Diffuser Augmented Wind Turbine (DAWT) exhibits advantages compared to other augmentation solutions [18],[19], 

where the concept of DAWT is introduced to increase the power by enclosing the turbine with a duct (shroud). Wind 

power is directly proportional to the cubic of free stream velocity of wind where increasing wind velocity through the 

rotor plane leads to increase wind turbine power. The technique of augmenting wind turbine results from two fundamental 

concentrator mechanisms [20],[21], which are the increase mass flux and wake mixing with the external flow, and can 

be considered from a vorticity point of view [22],[23]. 

This work aims to give a review of theoretical, simulation and experimental studies done on DAWTs with different 

configurations and some of the conventional techniques on HAWT. Also, to summarize the important most considered 

parameters to be easy to achieve the optimum design of DAWT that suitable for the low wind speed areas, especially 

urban areas. Collecting this information may help researchers understand research efforts by other researchers and 

identify knowledge gaps in the field. Hence, they may come up with areas of further research until wind energy 

technologies become suitable contenders of conventional energy technologies. 

 

2. Wind Turbines 

2.1 Development of Wind Turbines 

Wind energy is abundant, clean, cheap, and used by mankind for centuries in agriculture for water pumping, crop 

irrigation and grain grinding [24]. A wind turbine is a rotary machine that extracts energy from the wind. Rotor blade is 

a key element in a wind turbine generator system to convert wind energy into mechanical energy [5]. Nowadays, wind 

energy is established as a mainstream form of energy in electrical power generation and has been an increasing trend. 

According to global wind energy outlook, global cumulative installed wind capacity has increased significantly since the 

year 2001, and reached 539,581 MW in the year 2017 as shown in Fig.1[25]. 

 

 

 
Fig. 1 Global cumulative installed wind capacity from 2001 to 2017 [25]. 

 

2.2 Types of Wind Turbines 

There are various types of wind turbines currently used, they grouped into different classes based on different 

factors. Wind turbines can be classified as drag and lift types. In drag type turbines, the rotor moves slowly but with high 

force, so these types of wind turbines are used for irrigation and pumping. Lift type turbines have high rotational speeds, 

which used for electricity production [12]. Typical classifications include horizontal axis wind turbines (HAWTs) and 
vertical axis wind turbines (VAWTs),which depend on the orientation of the shaft and rotor axis of rotation ; upwind or 

downwind turbines ,which depend on rotor position in relation to oncoming wind and small or large wind turbines 

depending on wind turbine power output [2], [26], [27], [28]. The most common design of wind turbines are HAWTs 

which are generally classified according to the rotor orientation (upwind or downwind of the tower), blade articulation 

(rigid or teetering), number of blades (generally two or three blades), rotor control (pitch stall) and how they are aligned 

with wind (free yaw or active yaw). The major components of a HAWT are the rotor, consisting of blades and the 

supporting hub. The power-train includes the rotating parts of the wind turbine (exclusive of the rotor); it usually consists 

of shafts, gearbox, coupling, a mechanical brake and generator. The nacelle structure and main frame includes wind 

turbine housing and yaw system [29]. 
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2.3 Performance Parameters of HAWT 

The performance of HAWT is expressed in dimensionless forms, in terms of power coefficients, CP as a function 

the tip speed ratio, 𝜆 as shown in Fig. 2 [30]. The basic method for the aerodynamic analysis of wind turbines design 

employs the Blade Element Momentum (BEM) theory, first proposed by Glauert in 1935 [31]. This method is based on 
a combination of blade element theory and momentum theory [29],[32]. 

 

Fig. 2 Typical plot of rotor power coefficient vs. tip-speed ratio for HAWT with a fixed blade pitch angle [30]. 

 
 

2.4 Background on Performance Improvement of HAWTs 

The conventional technique for improving wind turbine is by improving rotor blade design where the blade is the 

most important part of a wind turbine. As mentioned in section one, power improvement is achieved by increasing the 

coefficient of lift or reducing the drag coefficient where lift and drag forces rely mainly on blade geometry and attack 

angle and the lift force is considered most commonly associated with wind turbines [33]. Many studies have been 

conducted to increase the efficiency of the horizontal axis wind turbine (HAWT) by improving aerodynamic forces acting 

on the blade. An example of an optimized model for wind turbine design is the 14 kW HAWT with three blades designed 

based on Schmitz law which has developed a little more detailed and sophisticated model of the flow in the rotor plane 

where it is focused on optimal pitch angle and chord length depending on blade element momentum (BEM) theory. The 
result showed an increase in coefficient of lift against reducing the coefficient of drag. Hence chord length will be reduced 

and an optimum pitch angle can be obtained, thus resulting in less forces effecting on the blade and hub [34]. 

A revised theoretical analysis for the optimal aerodynamics of HAWTs according to BEM theory has been proposed 

by de Freitas Pinto [35]. The analysis took into account a single airfoil with constant aerodynamics characteristics 

throughout the whole blade. Tip and hub losses were not considered. It was demonstrated that, in order to reach optimal 

aerodynamic performance, the ratio between the drag and lift coefficients, for each station, should be the lowest possible. 

Fig. 3 shows a developed diagram that provides the optimal operating condition and the corresponding maximum power 

coefficient for each optimum CD/CL. 
As computational fluid dynamics (CFD) programs give good predict for flow in 2-Dimensional and 3-Dimensional 

[36],[37]. A Combination of CFD and BEM methods were used to simulate the flow field around a HAWT rotor. 2D 

CFD simulation were conducted for airfoil S809 with a 1m chord length (c) and domain size (12 height, 6 upstream, 12 
downstream of c). The flow is assumed unsteady and incompressible with SST k-ω turbulence model was used. The 

analysis was done at a range of an angle of attack starting from 0° to 20° for a of wind speed 14.6 m/s. The maximum 

CL/CD ratio was achieved at 6° angle of attack. Programming in MATLAB shows that the BEM theory is very successful 

in HAWT blade design. The modification factor and model were also combined into BEM theory to predict the blade 

performance and there are good results of torque and thrust in each section between the improved BEM theory and CFD 

simulation [38]. 
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Fig. 3 Optimal values of 1/λ and Cp as function CD/CL [35]. 

 
The efficiency of small HAWT can be increased by slight modification at the tip of blades. Adding a winglet at top 

of the blade achieves a marked improvement in the performance; the existence of winglet with adequate height and having 

radius of curvature as low as possible have been found to improve power coefficient. Results of experimental analyses 

carried out for four different configurations showed maximum power coefficient for small HAWT with effective winglet 
of up to 0.43 and this will enhance power production to 6% [39]. From another side, improvement of the power by design 

of blade at optimum blade angle where the results of CFD analysis for HAWT blade with airfoil NACA 0018 at wind 

velocity of 32 m/s showed the optimum power had been obtained at a pitch angle of 10ᵒ [10]. 

Experimental tests on a fabricated scaled model of HAWT in wind tunnel has also been conducted at CSIR-SERC, 

Chennai by K. Sankaranarayanan et al [40], where the model has been designed using Computer Aided Design and 

Drafting (CADD) based on BEM theory (twisted blade from root to tip). A torque of wind turbine was measured using 

de Prony brake assembly depending on the product frictional force and radius of the rotor shaft. The rotor torque was 

measured at a different range of wind speeds 3-9 m/s for calculated tip speed ratio. The optimum tip speed-ratio 6 was 

achieved at wind speeds of 7- 8 m/s. Finally, the increase in wind speed leads to an increase of torque, which means an 

increase in power. The CFD simulation study showed a favorable feature of the swept-edge blades for smaller turbines 

where the rotor with swept-edge blade (Fig. 4-b) produced more power up to 10% more than the rotor with straight-edge 

(Fig. 4-a) blade at low wind speeds ranging 5 – 12 m/s [41]. 
 

 
Fig. 4 Models of, (a) straight-edge blade; (b) swept-edge blade [41]. 

 

CFD simulations have also been carried out on HAWT model at different sweep directions for blades. The results showed 

that downstream swept blade (which has been defined as downstream depending on wind direction) achieved higher Cp 

compared with straight blade at low and medium wind speeds but this improvement is accompanied by an increase in 

thrust [42]. 
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In experimental and numerical results for two HAWT blade models, namely slotted and tubercle designs, the results 

showed that slotted blade (Fig. 5-(a)) produced more power compared to the straight blade at low wind speeds .This is 
because slotted design introduces an internal flow within the blade, creating a separation of flow from the surface which 

reduces the fluid velocity. Reduction in flow velocity increases the pressure underneath the blade, thus generating more 

lift. As a result, tubercle model design (Fig. 5-(b)) showed a significant reduction in power at the same wind speeds. But 

on the other hand, it has good behavior in unstable conditions and high wind speeds. This is mainly due to its configuration 

of tubercle shape suppresses the turbulence wake at the trailing edge [43]. 
 

Fig. 5 HAWT blade models, (a) slotted blade section; (b) Trailing Edge Tubercle Blade [43]. 

 

Based on a numerical investigation of a modified 2D S809 airfoil to analyze the effects of location, slope angle and 

width of slots, the best configuration was determined considering K-ɛ turbulence model with standard wall function as a 

compromise between accuracy and computing time. Depending on CL/CD and lift to drag ratio as comparison parameters 

for different configurations, the result showed aerodynamic performance improved for a limited range of attack angles. 

However, the final configuration of slot leads to an increase in the drag force at low angles of attack, leading to less airfoil 

efficiency compared to the baseline configuration. On the other hand, the slot configuration showed a high performance 

compared with baseline at medium and high angles of attack in range of 10ᵒ-20ᵒ [44]. 
In the investigation of aerodynamic performance for two types of HAWT blades that have similar airfoil (SD8000), 

one of them non-tapered constant chord length (CCL) blade while the other was tapered and twisted blade with decreasing 
in chord length from root to tip (BEMT) blade. Both blades are tested experimentally in (ABRI wind tunnel). From the 
experimental test it was noted that maximum power coefficient (Cp) for (BEMT) blade increased by 56.33% than (CCL) 

blade While 3D CFD simulation showed increasing in (Cp) for (BEMT) blade by 57.66% than (CCL) blade for same 

conditions of wind speed and tip speed ratio. This increase in (Cp) is attributable to the absence of flow separation for 

(BEMT) blade at optimum tip speed ratio, while flow separation happen for both blades at low tip speed ratio. Where the 

experimental test provided to agree with CFD simulation by low Reynolds SST k–ω turbulence model at different wind 
speed and tip speed ratio [45]. 

In addition, to improve wind turbine power, selecting an airfoil with higher CL/CD for the blade section is needed. 

While best way to improve airfoil shape is optimization in MATLAB using Genetic Algorithm (GA) which produce a 

novel airfoil design that is evaluated by automatic interfacing for the highest CL/CD ratio. There are also other methods 

to enhance aerodynamic performance of a HAWT rotor by combining GA for optimize the airfoil shape and torque- 
matched method (TMASO) for optimise chord length and pitch angle. The optimization showed an increase in Cp up to 

11% with decreasing corresponding TSR by 30% and reduced tip loss effect [46]. 
 

 

Fig. 6 The baseline and modified turbine blades with sinusoidal leading-edge [46]. 
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Far from blade shape design, the blade materials are one of the factors that affected the performance of wind turbine 

blade. Where a lightweight blade is rotated within a lower wind speeds range and less load compared with a heavy blade. 
So, the static analysis of ANSYS by V. M. Kumar et al [47],showed better results for epoxy carbon material compared 

epoxy to glass with regard to total deformation, directional deformation, equivalent stresses, normal stresses and shear 

stresses . 

Most of the above techniques improve the performance of the wind turbine by a small percentage, as it has not 

reached a convincing investment of energy content stored in the wind, so it is necessary to focus on more efficient and 

less complex concepts to invest more of wind energy to augment more turbine power especially for HAWT. 

 

3. Diffuser Augmented Wind Turbine (DAWT) 

The concept of diffuser augmented wind turbine system is introduced to increase the power of wind turbine by 

enclosing the turbine by a duct (shroud). Since wind power is directly proportional to the cubic of free stream velocity of 

wind where increasing wind velocity through the rotor plane leads to increase wind turbine power. Thus if the turbine is 

shrouded by diffuser to capture wind deliver to the rotor, more power will be produced for a given turbine diameter and 
wind speed thus exceeding Betz limit [48]. In other words, performance increase of DAWT is proportional to the mass 

flow through the duct and that larger performances are possible by lowering back pressure levels at the diffuser exit 

[49],[50]. 

 
3.1 Historical Development of DAWTs 

The development of a DAWT started in the early 1950s, where the first works were published in Japan and England. 
In the first theoretical study, results showed 1.3 times higher flow velocity at the throat of the duct compared to the free 
stream [51]. Experiments on a small scale wind turbine with and without shroud have been conducted by M.Sanuki [52] 
(at 1.29 exit to inlet area ratio (Ae/Ai) and total length (L) 1.21m). It has been observed that power coefficient of the 

shrouded turbine with three blades increased by 4% as compared with same turbine without shroud. 

The theoretical results had been confirmed by experiments, which showed an increases in shrouded (Ae/Ai =1) 

turbine performance over unshrouded one by 30%. The reason for this is due to accelerating wind through the shroud and 
decreasing the tip losses caused by vortices [53]. A preliminary theoretical study by G. M. Lilley and W. J. Rainbird [54] 

based on momentum and vortex showed that a suitable design of the shroud can enhance power by 65% compared to 

power of an unshrouded wind turbine. This enhancement depends mainly on the shroud exit area ratio, external shape of 

the shroud at exit and the internal frictional losses. 

A schematic drawing of the first generation shroud (shown in Fig. 7) was by researched Kogan and Seginer in 1963; 

this shroud was composed of a bell shaped intake, a cylindrical section to house the turbine, and a diffuser with a total 

angle of 8.5 ᵒ , length (6.82 D) and exit to throat area of 3.5. Experimental tests of several types of screen meshes to 

simulate the pressure drop across an operating rotor, using a relatively small wind tunnel (test section of 60 x 90 cm), 

show that the optimum turbine load factor falls within the range of 0.18 to 0.22, and that a power augmentation factor of 

3.5 at a yaw 30 ° and 3 in case of no yaw [55]. The performance study of different concepts for wind turbines was done 

by [56] using 1-D momentum theory and actuator disc model. The study concluded that a ducted wind turbine which its 
exit area ratio exceeds 1.54 have power coefficient larger than a bare turbine in case consider the performance based on 

rotor diameter. 
 

Fig. 7 Layout of the first generation shroud [15]. 
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Igra [15] studied steady, one-dimensional flow arguments, and similarly showed an augmentation, in power output 

for a DAWT compared to that of an ideal conventional bare turbine. The second shroud model (model-A as shown in 
Fig.8) tested had the same intake and cylindrical section as the first generation model [50] but it had a shorter diffuser 

with a total angle of 12.5ᵒ. In order to increase the exit-area-ratio, and therefore augmentation, up to three ring-shaped 

flaps (same NACA 1412 cross-sections and a chord equal to 10% of the total shroud length) were placed at the diffuser 

exit. Screens with disc loading coefficients of 0.21, 0.23 and 0.43 were used, however, Igra suggested an optimal value 

was not reached as lower disc loadings were not examined. At the lowest disc loading, the peak augmentation of 2.8 was 

achieved for Model A with three flaps. This second generation of shortened shrouds, therefore, presented a significant 

improvement in the cost of energy. The overall length-to-diameter ratio of 3.64 was nearly half that of the first generation 

design whilst the augmentation was maintained as a result of increasing the exit-area-ratio by a third to approximately 10 

through the use of multiple exit flaps [15]. 
 

 

Fig. 8 Layout of the short shroud, Model-A [15]. 

 

Igra took a step change in research in moving to the third-generation design (1976) on diffuser augmented wind 

turbines with a shroud having NACA 4412 airfoil section with an additional circular flap of the same cross-section as 

shown in Fig. 9. The turbine was again modelled with mesh screens and the shroud had an 88 mm diameter throat and a 

total length to diameter ratio of 3.07. He used a larger wind tunnel with a 3.6 m by 2.6 m test section to avoid the 11% 

blockage he had in his previous experiments. In addition to base model (Model B), three further models (C(i), C(ii) and 

C(iii)) were examined and resulted in a maximum augmentation factor of 2.26 with the turbine having an exit to throat 

area ratio of 8.33. The maximum augmentation factor was 1.69 for the shroud without the circular flap having a length 

to diameter ratio of 2.27 and an exit area ratio of 4.37. Having reduced the blockage and wall effects, the performance of 

the shrouded turbine – unlike for Kogan and Seginer (1963) – decreased in yaw operations. The performance reduction 

was slow for yaw angles up to 10° but became rapid for larger angles. After performing experiments with gauze screens 
to simulate turbine rotors [15]. 

 

Fig. 9 The annular wing shrouds of models B, C(i), C(ii), and C(iii) [15]. 
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By applying momentum theory to wind energy concentrator systems (shrouds, tip vanes, and tornado systems) were 

made a general conclusion that only a shroud can make a considerable improvement to the performance of a wind turbine 
[20]. Also, the theoretical expression for power coefficient by axial momentum theory with compared as an actuator disk 

model in a CFD proved that the output power for shrouded turbine more as compared to a bare turbine [57]. This increase 

in power can be explained through field test that had been conducted for a ducted wind turbine with 3m of rotor diameter, 

2.67 length to diameter and 4 of exit area ratio. Power coefficient based on the rotor diameter was 1.40 at a wind speed 

of 5m/s. These increase in performance was due to reducing the flow separation that occurred in wind tunnel [58]. 

A simple analytical ducted wind or water turbine model based on classical fluid dynamic theories without empirical 

elements by Werle and Presz [59]. This model concluded theoretically that the turbine with duct (based on predict 

performance of flow in empty duct) have more power than the bare turbine. Fig. 10 shows the resulting influence of the 

duct force coefficient CS on the maximum-power coefficient at the attendant area and velocity ratios. 
 
 

Fig. 10 Wind turbine at maximum power [59]. 

 

In the economic investigation to develop a compact diffuser for HAWT using axial momentum theory, the ratio of 

diffuser exit area to inlet area has been assumed at 2.75 for the baseline point design. The results showed that the ratios 

less of baseline design ratios, expected to decrease augmentation factor with lower cost relatively. While larger ratios 
increasing the augmentation factor with more cost. All these works concluded that DWT is an economic concept for 

small wind turbine if the diffuser fabricates by a light fibreglass [60]. 

At thermo-economic analysis of shrouded HAWT by F. A. Al-Sulaiman and B. S. Yilbas [61] with three different 

area ratios (outlet to throat area) of the shroud which were 1.5, 1.3 and 1.1. The result showed that increasing the shroud 

area ratio to a certain extent (without flow separation) leads to improving turbine performance and decreasing the cost of 

power produced. Also the study reveals that the produce power cost decrease as high wind speeds presents. In the same 

context, after two years F. A. Al-Suleiman conducted exergoeconomic analysis of an ejector-augmented shrouded HAWT 

depending on ejector inlet area ratio rs (ratio of the area at ejector inlet side to the area at the exit of primary shroud). The 

big part of study was focused on effect of rs with three different values on the rate of power producing and cost of its 

producing.The result has been shown an increase in power produced and decreases the cost of power produced by 

increasing the ejector inlet area ratio[62]. 
Moreover , A discussion by A. Kumar [63] on the use of duct for increases wind velocity in wind turbine conclude 

that the ducted turbine rotor can accomplish high value of power coefficient which has crossed Bet’z limit .However, the 

design of duct should be optimized as per different flow condition locally and globally. It has been observed that the 

augmentation not only improve the performance of the turbine, but also it overcomes the problem of attacking debris. As 

an application of diffuser shroud results in a significant reduction of wind turbine noise (blade-tip noise) and improves 

safety against broken blades [64]. 

Consequently, in recent years, several studies have focused on the development of DAWT concept Fig.11[28], 

particularly the optimal design of wind turbine shroud and the best way to increase the power. 
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Fig. 11 Schematic of a ducted wind turbine (DAWT concept) [28]. 

 
The performance enhancement of a Diffuser Augmented Wind Turbine depends on several factors including the 

diffuser shape and geometries, blade airfoils, and wind condition at the mounting site. The Geometric features are the 
main parameters controlling the aerodynamic performances of this wind-energy device. The geometry of DAWT are 

denoted by dimensions of diameter of inlet diffuser which is related by rotor diameter (D), diffuser length (L), diffuser 

angle (α) and brim height (flange height) (H) as shown in Fig. 12 [65]. Each one of these geometrical parameters has a 

direct or indirect effect on DAWT performance. 

 

(a) (b) 

Fig. 12 Typical shroud designs for wind turbine: (a) nozzle-diffuser; (b) diffuser-brim shroud [65]. 

 

3.2 Shape Design and Mechanisms Investigation of DAWT 

3.2.1 Shape design 

Different configurations of DAWT were presented by the researchers to increase the power, where some of them 

focused on the study the effect of diffuser shape design, turbine position, number, and shape of turbine blades. 

In Fig. 13 shows a horizontal axis wind turbine with a rotor diameter of 453 mm and 4-blades connected to hub 
with a diameter of 109 mm. The turbine has been shrouded by a diffuser with different configurations for experimental 
evaluation of the power augmentation ratio, where the configurations were (shrouded turbine (shrouded rotor), CAWT 
(shrouded rotor with collector), DAWT (shrouded rotor with diffuser) at (Ae/Ai=1.67 and L=0.289m), CDAWT 

(shrouded rotor with collector and diffuser) at (Ae/Ai=1.19 and L=0.408m) and bare turbine. The comparison among all 

configurations has been conducted by observed the augmentation ratio of wind speed and also from evaluating power 
delivered using an electrodynamometer. The result has been showed DAWT produce high power but not more than 
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CDAWT where the latter increase the augmentation ratio by 56% over that of the DAWT, these increasing due to presence 

of collector where it accelerates the flow and increase the capturing area wind [49]. 
 

 
Fig. 13 The small experimental unit, showing the collector, the diffuser and the turbine [49]. 

 
In experimental study of shrouded micro-wind turbine, observed increasing of power coefficient (CP) for a micro 

horizontal axis wind turbine (bare turbine) up to 60% by putting a simple diffuser at (Ae/Ai=1.61 and L=0.12m) around 

it as shown in Fig. 14-(a), while reach up to 63% by putting a nozzle-diffuser shroud around it (Fig. 14-(b)) [65]. 

 
 

(a) (b) 

Fig. 14 Wind Turbine set-up in wind tunnel (a) diffuser augmented turbine; (b) nozzle-diffuser augmented wind turbine 

[65]. 
 

Converged - diverged diffuser for augmented a small-scale wind portable turbine has been numerically investigated 

, Where maximum wind speed at the turbine is 5 m/s .The results of CFD revealed that the diverging section parameter 

is more effected on diffuser performance [66]. Also, CFD Analysis of Venturi (convergent-divergent) Ducted Horizontal 

Axis Wind Turbine by C. D. Chaudhari et al [67] at (Ae/Ai=1.5 and L=2.3m) were carried out to investigate the effect of 

venturi on behavior of velocity and pressure, where a pressure difference occurs as a result of difference of the cross- 

section areas. At venturi section, the average and maximum velocity were found to increase to1.75 times, 2.5 times of 

free stream velocity respectively. Hence, the power of turbine increases by 5 times. 

HAWT has been designed at 7.4 m of rotor diameter and shrouded by a balloon in shape of a convergent-divergent 

nozzle (Fig. 15). The ratio of inlet to throat area and exit to the throat are 1.31 and 1.15 respectively with 0.8 ratio of 

length to throat diameter. The simulation results by CFD has been showed increasing of wind speed ratio at throat area 
up to 1.33 at upstream wind speed 12 m/s while speed ratio up to 1.66 at 10 m/s upstream wind speed [12]. 

In addition to that, there are many experimental and simulation studies that have taken into account presence of the 

shroud at entrance (inlet shroud) of diffuser [64], which may have caused a significant change in flow behavior to obtain 

best results to increase power of DAWT [68]–[76]. 
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Fig. 15 Model of HAWT with shroud [12]. 

 

Simulation analysis in CFD by A. Nasution and Purwanto [77] has been implemented to investigate the different 

internal surface diffuser geometries, original plain surface, arbitrary curved surface and optimized airfoil geometry. The 

result has been showed that the use of a curvature may provide local velocity augmentation in the diffuser. This 
augmentation is contributed to the formation of turbulence behind the diffuser, which is indicated by excessive higher 

turbulence intensities. Optimized airfoil geometry, which is similar to NACA 5807 airfoil at (Ae/Ai=1.01 and L=0.2m), 

is the one that proposed to be used as DAWT interior surface. Using this geometry, a local velocity augmentation can 

achieve 65.5 % in comparison to diffuser with plan surface. 

In a 3-Dimensional numerical simulation, a high-lift airfoil S1223 shape was considered for shroud geometry of 

wind turbine. RANS model has been used to verify of computations, and improved accuracy of results by using transition 

model. The shrouded geometry with high-lift Selig S1223 airfoil enhances mass flow which leads to improved power 

up to 1.93 times, which is greater than shrouded geometry within baseline NACA 0006 airfoil compared with bare turbine 

[78]. 

Multi-element DAWT with three layers cross-sectial (Fig. 16) was designed at high lift airfoil . power 

augmentation exceed 50%, in addition to power enhancement , the multi-layer diffuser provides extra benefits especially 
for a small wind turbine in all areas, like decreasing the noise of rotor especially if the turbine designed at low tip speed 

ratio.but on other hand design of this type of diffuser is costly [79]. 

 
 

 
Fig. 16 Schematic section view of multi-element DAWT [79]. 

 

A primary model of a tubular divergent-truncated cone with (Ae/Ai=2.4 and L=0.171m) in different modified shapes 

for (ϴ) ranged of 0 – 45 (Table 1). An investigation for all models has been performed by CFD to identify the optimal 

shape to improve the energy efficiency. The numerical result was compared with wind tunnel experimental data for the 

primary model (model T) . The simulation result showed that maximum increases of upstream wind velocity was obtained 

by model T which was about 60%. Thus the possibility of using model T in energy production system to bring with it 

an advantage of the increase in wind speed [80]. Depending upon the analytical study included an optimized configuration 

of a Ducted Wind Turbine with ejector type assist for the exhaust (Fig.17), may getting Power Coefficients up to 0.6. 

This corresponds to the output of nearly 15 conventional unducted wind Turbines (with a typical CP=0.4) where numerical 

simulation in two dimensional by CFD used to investigate that [81]. 
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Table 1 Primary and modified models of tubular divergent-truncated cone [80]. 
 

 
 

Fig. 17 The ejector assisted diffuser geometry [76]. 

 

CFD simulation was performed on Diffuser Augmented Wind Turbine by investigating effect of wind speed to 
develop the suitable diffuser for wind turbine at different concepts (Fig.18) of flanged diffusers as flanged diffuser with 

inlet shroud (a), diffuser with small inner diffuser splitter (b), cone shape splitter inside diffuser (c) and Double Diffuser 

with cone shape splitter (d). The redeveloped design of diffuser with small inner diffuser splitter concept showed 

increases in wind speed by 61.25% at diffuser opening angle of 16° with 0.5 m and 4° length and opening angle 

respectively for the splitter that coupled within the main diffuser [82]. 
 

 

Fig. 18 Different concepts of diffusers for DAWT, (a) flanged diffuser with inlet shroud, (b) diffuser with small inner 
diffuser splitter, (c) cone shape splitter inside diffuser, (d) Double Diffuser with cone shape splitter [82]. 
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A developed untypical multi-blade wind turbine manufacured from a composit material by using winding 

technology is shown in (Fig. 19-(a)). This turbine was placed in a diffuser (Fig. 19-(b)) and was simulated in CFD . The 
analysis results showed that enclosing this turbine in a duct increases power 2-3 times of unducted turbine [83]. 

 

Fig. 19 Model of (a) Multi-blade bare turbine and (b) ducted Multi-blade turbine [83]. 

 

The effect of a simple step inside wind turbine duct (at Ae/Ai=1.2 and L=0.755m) with three different positions as in 

Fig. 20 at (inlet, middle, and outlet) of the duct were numerically investigated using CFD and the result were validated 
with a simple duct that was manufactured and tested in a wind tunnel. The numerical result showed that locating the step 

at the outlet of duct increased wind velocity more than other positions. In stepped duct, the pressure decreased at 
downstream of rotor more compare with simple duct, that leads to increase rotor torque and power generation. The 
maximum power was obtained when the turbine placed at inlet of stepped duct, where CP achieved from stepped duct 

wind turbine was 16% more than simple duct wind turbine [84]. 
 

 
Fig. 20 Different arrangement of the rotor in the stepped duct (the flow from right to left) [84]. 

 
A ducted wind turbine with Ae/Ai=1.33 and L=1m) has been studied using CFD. The study was focused on the 

effect of turbine blades on DAWT. It has been shown that increasing the blades number led to high torque at the start, 
reduce the cut-in speed and enough area to transform the energy. But on the other hand an increase of the blade count 

could cause high blockage in flow, hence will lead to a reduction of the coefficient of power. Thus, to get optimum 
performance for DAWT, the number and design of the blades should be chosen appropriately [85]. 

Three types of rotors with (2, 3 and 4) blades with different kinds of the blades were designed, which are wide 

bottom (WB), constant width (CW) and Wide top (WP) as shown in Fig. 21. An experimental investigation for all types 

of rotors were done within and without duct in wind tunnel where the duct was (Ae/Ai=1.2 and L=2.4m). The results 

showed that rotational velocity increased by increasing attack angle from 0 to 75, where maximum rotational velocity at 

an angle of attack 75 and it was zero at 0 and 90 angles. The rotational velocity decreased by 10% - 12.5% for each blade 

added with the increase in torques, where the blockage is the cause behind this reduction which is larger in ducted turbine 

compared to bar turbine. The rotors with (WP) blades were lower rotational speeds, turns out that blades number and its 

design are interrelated, so both parameters should be considered to obtain appropriate rotor. The duct increases rotational 

velocities of rotors reasonably in terms of blade design and blade numbers. Moreover, this type of turbine can be used in 
areas with low velocities [86]. 

A two and three brimmed DAWTs were introduced and experimented in a multi-rotor system (MRS) by Göltenbott 

et al [50], they were spaced side-by-side (Fig. 22) in close vicinity in the same plane normal to a uniform flow where the 

length of each one was 0.07m. Power was noted increased up to 5% at gap ratio between neighboring brims (s/D) =0.5 
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and 9% at(s/D = 0.15) for the two and three rotor configurations are respectively in comparison to a single rotor system 

DAWT (SRS). 
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Fig. 21 Three bladed rotors at the throat of duct (a) WB; (b) CW; (c) WP [86]. 

. 
 

 

Fig. 22 Schematics of two brimmed DAWTs placed side-by-side (top view) [50]. 

 
 

3.2.2 Mechanisms investigation of DAWT 

The mechanism and conditions of investigation DAWT are considered of the important factors to satisfy power 

augmentation, through which data for the flow mechanism is obtained and the approximate forecast of improvement in 

DAWT performance, whether the investigation was analytically or practically. 

In a wind tunnel experimental in the Institute of Turbo machinery, Lodz University of Technology which carried 
out tests on DAWT (Ae/Ai=1.07 and L=0.54m) by using pneumatic measurement and Particle image velocimetry (PIV) 

cameras and observed that an increase in CP of up to 70- 75 % compared with a bare rotor [75]. 

A CFD simulation for DAWT to investigate of determination of model size influence on flow blockage effects by 

Kulak et al [87] for a different range of model sizes. The examined model sizes included: D_5, D_10, D_20, D_30, D_80, 

and D_real, where the number represent the blockage coefficient (ratio of the frontal projection area of the diffuser with 
flange/area of the wind tunnel outlet). The numerical study was involved comparison of obtained results with available 

experimental data by Olasek et al [75] for D_5, D_30, and D_80 models. The results as shown in Fig.23 have been 

showed that D_80 has drag force value falling out of the general trend while D_30 size near to similar the diffuser D_5 

and D_real, separately, where the relative difference in a range of 2% - 3%. A 1% to 3.5% was the ratio of contribution 

of viscous forces in total drag on investigated diffuser sizes D_5, however, may not allow manufacturing the rotor blades 

with acceptable quality. The drag of the D_30 diffuser is sensitive in an insignificant degree to change of velocity, 

therefore, the effect of scale does not influence the results in appreciable extent, it is then confirmed that D_30 model 

size, with minor corrections, can be represented in regards to up-scaling the measured loads to 1:1 size. 

Four small HAWTs (Ampair 300) were located in each opening with a 3m × 3m cross-section area. A compact 
diffuser was also integrated with the turbines for further flow enhancement. It was shown by CFD analysis that a ducted 
area prevents flow from bypassing the turbine and increases the flow rate passing through its rotor which results in power 
generation augmentation. Performance of HAWT was increased by 30% when operating in the opening and a further 

30% when the diffuser was integrated. The CP of the diffuser integrated HAWT operating in the opening exceeded 0.5 

while the CP of the bare HAWT in free stream is around 0.25. Power [88]. 
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Fig. 23 Total drag force, as computed via CFD, for diffuser models in a function of Reynolds number [87]. 

 
ANSYS fluent have been applied to simulation study of DAWT at (Ae/Ai=2 and L=0.12m) where the result showed 

increasing in mass flow and augmented in wind velocity up to 125.666% which lead to increase in power produced about 

1.6 – 1.7 times where k-ѡ model was giving best result compare with k-ɛ model at same simulation boundary conditions 

[89]. Also, CFD simulation approaches were an attempt to predict of DAWT performance by two of rotor models, 

Actuator Disk Model ADM (The turbine is modelled in 3D as a disk or in 2D as the disk’s section (rectangle)) and 3D 

fully resolved Rotor Model (FRM). A good correlation was shown between ADM and experiments in wind turbine power 

determination. Where the rotor power in experiment and FRM was defined by (torque * rotational velocity) while in 

ADM, it was calculated (P= stream flow velocity* pressure gradient * rotor volume). ADM simulation required less time 

about 50 times than FRM, where a coarser mesh can be applicable, and boundary condition not need to resolve it, with 

consideration FRM approach is greater fidelity means that ADM cannot be used straight-away for flow analysis [90]. 

To increase the prediction accuracy at the lowest cost for simulation, ALM (Actuator Line Model) as a modified 

model was proposed alongside the existing models (FRM, 2D ADM, and 3D ADM). The results of ANSYS CFX were 
compared with FRM by L. Michal et al [90] as a reference which has been compared with the experimental results, as in 

Fig. 24, ALM shows the best agreement where it predicts velocity and pressure fields at almost the same values as FRM 

and better than 2D ADM and 3D ADM. However, 2D ADM very good choice for fast calculation but with low accuracy, 

while 3D ADM is better from the latter but it is expensive computational time [91]. Also using 3D ADM to simulate the 

rotating blades of wind Lens turbine and observed that ADM is very good to investigate of flow around that type of 

turbines [73]. 
 

Fig. 24 Variation of U/U∞ at TSR=4.5, dotted lines denote the entry and exit of the diffuser [91]. 
 

CFD investigation of Gurney Flaps (GF) on DAWT performance by V. V. Dighe et al [92] has been done at 2D 

approach with RANS equation for computing the flow, The actuator disc (AD) method is used to simulating the turbine, 

both numerically and experimentally, where it is allowed to mimic the desired pressure drop across the disc without 

modelling geometry of rotor. 
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The aerodynamic performance for the modified design of wind-lens turbine (which made according to the quasi- 

three-dimensional method for aerodynamic design of turbine rotor and Genetic Algorithm (GA) for optimizing 
aerodynamic of rotor blade loading distribution and the wind-lens shape) and its conventional design has been 

investigated with verified in a wind tunnel and numerically with 3D-RANS. The results showed, optimum design was 

very effective in extracting the wind power, where it is achieved high power coefficient of 0.604 which was higher than 

in congenital design. However, it is possible to exceed Betz limit for wind lens turbine by applying the present design 

method [93]. 

CFD simulation was done for flow fields around flanged diffusers by K. Mansour and P. Meskinkhoda [94] to study 

small-type wind turbines. In this calculations, Esparto Allmaras and k–ε RNG models were used for solving 

corresponding Reynolds Average Equations. Comparison of the computed results was done with the corresponding 

experimental data agrees. Hence, it has been concluded that the used models have the capability of providing reasonable 

predictions for the complex turbulent flows. Although there are some differences between the numerical calculations 

and the experiment, which may be mostly due to the assumption of flow to be axisymmetric. 

The effect of turbulence intensity on bare and diffuser augmented micro wind turbine (DAMWT) (Fig. 25) has 

been investigated experimentally at a wind tunnel by placing them downstream of a grid (at different spacing size) for 

range of distances (0.1 – 0.3 m) which generate turbulence in range from 2% to 29% as shown in Fig. 26 and results were 

compared with CFD simulation. Turbulence was found to decrease the performance of both MWT and DAMWT at high 

tip speed ratio or mostly at pre-stall regime where peak Cp of DAMWT 0.22 while Cp was 0.11 for MWT. This decreases 

may be attributed to the earlier transition from laminar to turbulence boundary layer and thickening of the boundary layer 

hence increase the drag which is not seen at lower tip speed ratio cases, where turbulence has little effect on the wind 

turbine performance. Finally, it can be concluded that diffuser augmented is also useful even in the case of a highly 

turbulent flow stream [95]. 

 

Fig. 25 A micro wind turbine, (a) Bare wind turbine; (b) shrouded turbine [95]. 

 
 

Fig. 26 CFD computational domain with turbulence grid [95]. 

a b 
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3.3 Important Geometrical Parameters for Augmentation by DAWT 
 

As mentioned earlier that the enclose the turbine inside a diffuser lead to increased wind speed and thus increased 
power, as the increase wind in speed depends on several parameters, including the length of the diffuser and the diffuser 
open angle, both of which affect the proportion the area of outlet to inlet ratio of diffuser (Ae / Ai). Also, the flange at the 

exit of diffuser from the important factors which effect on augmentation of DAWT. 

 

3.3.1 The Effect of Diffuser Length and Angle of Diffuser on Power Augmentation. 

The length of the diffuser is usually expressed as the ratio of diffuser length (L) to the diameter as L/Dr, L/D or L/Dt 

where Dr, D, and Dt are rotor diameter, inlet diffuser diameter, and throat diameter respectively. In an experimental study 

on micro DAWT, the tests were carried out in wind tunnel for different values L/Dr in range of 0.63 to 1.47. The result 

showed that increasing L/Dr with the same diffuser open angle (12ᵒ) causes an increase of (Ae / Ai). This increase led to 

a decrease in cut-in speed. In Fig.27, it was observed that the increase L/Dr do not increase Cp but only lead to increasing 

the tip speed ratio. Thus, as wind velocity at rotor plane increased, this indicates that the rotor should be rotate faster to 
enable capturing of wind energy [65]. 

 

Fig. 27 The effect of L/Dr on the performance comparison of diffuser shrouded micro DAWT [65]. 

 
CFD simulation on C-D diffuser (as shown in Fig. 28) by R. A. Kishore et al [66] showed the optimum design at 

diverging half cone angle (open angle) (ϴ2) of 10ᵒ and length section (L2) equal to throat diameter (D), while open angle 

(ϴ1) and length section (L1) were 15ᵒ and 0.125 D for converging section, respectively. Where the ranges of L2 which 

were tested (0.5–1.5 Dt), L1 range of (0.125–0.5 Dt) and ϴ1, ϴ2 in range of (0-16ᵒ). The results showed an augmented in 

wind velocity up to 1.2 times of upstream wind velocity, also observe that small-scale wind energy portable turbine with 

a diffuser at length equal to rotor diameter produces power of 1.4 – 1 times compared with the same turbine without 
diffuser. As well as changing angle of incident wind on a collector- and diffuser-augmented wind turbine (CDAWT) 
shows that it is possible to capture energy in the wind up to high angles [49]. 

 

Fig. 28 An initial design of diffuser modelled using CFD [66]. 

 

Further experimental and numerical investigations have been conducted on a diffuser and DAWT with flange by 

Kardous et al [76] to get more details on the effect of the geometrical features on vortices site and increase in wind 
velocity at its inlet section. It turns out that wind velocity increase and the locations of these vortices are directly linked 

to the values of geometrical parameter of the diffuser (flange height (H), diffuser’s length (L) in range of (0.25 to 3.25) 

Da (Da , throat diameter) and open angle (ϴ) in range of (0ᵒ to 30ᵒ)) whose best values were suggested for them as in Fig. 
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29 show effect of (ϴ) on velocity increasing (U/U∞) at optimum (H) and Fig. 30 show effect of (L) on (U/U∞) at optimum 

values for (H) and (L), where the optimum (L) was 1.5 Da and optimum (ϴ) for diffuser and DAWT were 10ᵒ and 12ᵒ 
respectively, beyond the optimal value of this parameter, the wind velocity decreases. 

 

 
Fig. 29 Wind velocity ratio at the diffuser's throat (U/U∞) vs. Diffuser's open angle (ϴ) [76]. 

 
 

 
Fig. 30 Wind velocity ratio at the diffuser's throat (U/U∞) vs. the ratio Diffuser's length to inlet section Diameter (L/Da) 

[76]. 

 
A small wind turbine with a simple frustum diffuser has been simulated by CFD at different sizes of diffuser length 

(L/D) in range of (0.1-0.4) and area ratio (H/D). The results showed that increase of H/D with constant L lead to the 

expansion of flow through diffuser causes decreasing of downstream pressure and the suction side of rotor blades, which 
create lift force on the blades, hence increase the rotor power. Increase L/D also lead to increase power. Fig.31 showed 
the effect of L/D and H/D on maximum Cp where modification of H/D is not effective beyond (0.05-0.15). In other hand, 

the extensive increase of L/D lowers Cp,max .Hence there is an optimum length factor for a frustum diffuser [96],[97]. 

 
 

Fig. 31 Maximum CP of DAMWT model shrouded by diffuser with different L/D and H/D [96]. 
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Four different concepts of diffusers designs have been modelled in CFD by T. S. Kannan et al [82] (as was 
mentioned in Fig.18) to investigate the velocity augmentation at different geometrical parameters as diffuser opening 

angle (ϴ) and splitter angle (ϴs) in range of 4ᵒ - 16ᵒ . The highest augmented percent in concept (a) was 67.12% at 

(ϴ=12ᵒ). In concept (b) and (c) highest augmentation recorded at (ϴ=8ᵒ and ϴs=8ᵒ) were 35.25% and 23.25% 

respectively, while in concept (d) best augmentation of 54.5% was recorded at (ϴ=16ᵒ and ϴs=16ᵒ). In redeveloped 

concept, the augmented percent was 61.25 at (ϴ=16ᵒ and ϴs=4ᵒ). To get a better understanding of effect of the open angle 

on wind velocity increase at inlet section of an empty flanged diffuser and diffuser with turbine (DAWT), numerical 
simulations and wind tunnel experiments have been carried out by R. Chaker et al [70] on seventeen open angle ranged 

from 0° to 35°. Results showed that wind velocity increases as open angle increase. The optimum angle was 10° for the 
empty diffuser and 12° for the DAWT with velocity increase of 1.76 times and 1.45 times respectively. The wind speed 
decreases before becoming nearly constant beyond these angles. Values of the optimum angles and therefore wind 

velocity at inlet section of the diffuser are strongly linked to the dynamics of two contra rotating vortices generated in 
the region located behind the diffuser. Indeed, whenever the open angle becomes larger than the optimum value, the 
vortex located nearer exit area, partially covers the diffuser outlet section. It causes the air flow to become disturbed and 

a recirculation zone emerges at diffuser inner wall (boundary layer separation). This phenomenon happens simultaneously 
with wind speed slowing down at diffuser inlet section. 

Two different cases of diffuser have been simulated in a range of 0.15 – 0.4 diffuser length to the rotor diameter of 
wind turbine (L/Dr) by H. M. Elbak [72] to reference the effect of diffuser length as in [82]. In one of the cases proposed 

a diffuser within splitter at (ϴS > ϴ). While in the second case proposed the flanged diffuser with inlet shroud involved 

a splitter at (ϴS < ϴ). The result of comparing of the two cases with same geometrical diffuser in each case but without 

splitter has been showed that the mass flow of wind enhances with an increase of diffuser length. 

Numerical 2D symmetry model was used by M. Lipian et al [98] to study the sensitivity of angle and brim height 

of diffuser on the DAWT design in a different range of 2ϴ from 0-30ᵒ and brim to diffuser diameter was in a range of 

(0.1, 0.3, 0.5) .Augmenting these two geometric parameters results generally in the creation of two vortices – one, nearer 
to the stream exiting the diffuser, directed counter-clockwise, and another one – above, turning clockwise. The CFD 

analysis result showed the best increase in wind speed was 1.6 at an angle (2ϴ=6ᵒ) (Fig. 32). Where the diffuser with 

small angles, prefer a high brim. At angles of 18-26 increased the speed acceptable. Although large angles cause 

separation in the flow, which may amplify the vibrations in the flow channel and the turbine, so the small brim is preferred 

in these cases. The sensitivity study was not identical in terms of the imposition of a constant pressure drop through the 

virtual rotor which is not true since at the time of the CFD study there was no experimental test of the model. 
 

Fig. 32 Variation U/U∞ with diffuser angle at the rotor inlet for all examined geometries [98]. 
 

3.3.2 Effect of Brim (Flange) on Power Augmentation 

The diffuser with a flange at the exit at the proper height can increase wind velocity when augmented by the power 

of DAWT. The presence of flange creates pressure drop at diffuser outlet due to vortex formation caused draws more 

wind to diffuser as shown in Fig. 33 so, flange height is considered one of the important geometric features that contribute 

effectively to improve the diffuser aerodynamic performances [64], [65],[68], [72], [74],[99].Also, the presence of 

flanged diffuser on the performance of wind turbine rotor demonstrated that significant performance benefits can be 

accomplished overcoming Betz limit [69], [89]. Where power augmentation of wind turbine within flange diffuser up to 

4-5 times of bare turbine at the same diameter. In other hand, because of the presence of flange at the outlet of diffuser 

helps DAWT always to face the direction of approaching wind [64], [99]. The effect of the flange at the outlet of a 

diffuser is usually expressed as flange height to rotor diameter ratio (H/D) or (h/D). So, in study flange effect on 

performance of DAWT by B. Kosasih and A. Tondelli [60] with different H/D values as 0 (no flange), 0.15 and 0.2 in 
DAWT with (L/Dr= 0.63, ϴ=12ᵒ). They have been observed that increasing of H/D lead to an increase in CP. The power 
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increase is further dependent on the brim height of the diffuser, the highest power increase was observed for multi-rotor 

system with an H/D of 0.1 introduced by U. Göltenbott et al [50]. 
 

 

Fig. 33 Schematic view of flow mechanism around a flanged diffuser [50]. 
 

A different flange highs (h/D) in range of (0 (no flange), 0.075, 0.125, 0.25, 0.375, 0.5 and 0.625) have been 

examined in wind tunnel by Y. Ohya et al [64] to obtain a higher wind speed at diffuser inlet which has a diameter (D=20 

cm), L/D=1.5 and Ae/Ai=1.44. the effective h/D =0.25 was for accelerated of wind where the higher of this, as in Fig. 

34, provide smoothly flowing for wind due to the big rise of upstream pressure in front of the diffuser. 

Numerical simulations and PIV visualizations which have been done by A. Tourlidakis et al[64] on flanged diffuser 

(L/D= 1.76, ϴ=12) showed that when added a flange at the diffuser outlet in range of flange height to inlet section diffuser 

diameter (H/D) (0 – 0.6), two contra-turning vortices were made at this area and they move far from each other in the 

direction of flow with the flange height increment and they appear to lengthen in the direction of stream wise course and 

to stretch out in the two directions when the height of flange become taller. 

Additionally, the diffuser without flange increase wind velocity about 58% while the increase in wind velocity 

ranged 64 -81% for diffuser within flange with a critical ratio (H/D= 0.1) [68],[70]. In other words, a strong recirculation 

region behind the diffuser produced due to the flange where this region with high flange and causes reduction in pressure 

leads to more mass wind flow hence increase turbine output power. 

 

 

 
 

 

 

 
 

 

 
 

 

 

Fig. 34 Wind velocity distributions on the central axis of a circular-diffuser model with and without a flange [64]. 

Three different values of h/D (0.1, 0.2 and 0.3) have been investigated at different diffuser angles in a range of (0- 
30ᵒ) by M. Lipian et al as shown in Fig. 32 [98], observed that optimum U/U∞ at high h/D within relatively small diffuser 

angles. The typical features of the considered flow as in Fig.35 which show velocity contour plot of flow through DAWT 
at h/D=0.3 and 2ϴ = 8°. 
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Fig. 35 Velocity contour plot of flow through DAWT [98]. 

 
Experimental and numerical results of tests which have been carried out by R. Chaker et al [69] revealed that wind 

speed increases at diffuser inlet with increasing of flange height. The diffuser was in L/D= 1.69 and ϴ=6.8 where the 
tests have been carried out in a different range of H/D (5- 49%). However, there is a value called an optimum for flange 
height expressed by the ratio of flange height to inlet diffuser diameter (H/D), optimum (H/D) of 0.15 beyond that, the 
effect of flange height less on the velocity increase. This behavior can be explained by both locations of two contra- 

rotating vortices which generated downstream of the diffuser and the pressure coefficient at their centers. Indeed, it was 
found that, as the flange height increases, the two vortices move away from each other in the flow direction and since the 
flange height exceeds (Hopt/D), they became too distant from each other and from the flange (Fig. 36). While the pressure 

coefficients at the vortices’ centers increase with (H/D), attain a maximum when (Hopt/D) is reached, and then decreases. 

In other hand, the value of pressure coefficient depends on vortices locations which are in turn controlled by flange 
height. Where maximum pressure coefficient satisfy at suggested optimal ratio (H/Dt) (about 15 to 20%) for diffuser with 

inlet shroud at same (L/Dt =1.75, ϴ=12ᵒ) was investigated experimentally in range H/Dt (0-0.5) by M. Kardous et al [76]. 

The separation behind the brim causes high wind concentration, which increases with a higher brim. On the other hand, 
separation inside diffuser leads to decrease turbine power, where diffuser -separation affected by the distribution of span- 

wise blade loading [93]. 

 

 
 

Fig. 36 Streamlines for some flange height (PIV measurement), (a) H/D= 0.05 and (b) H/D= 0.2 [74]. 

 

Two arrangements with Gurney Flaps (GF) statutes equivalent to 2% and 4% of the diffuser chord length (cl) were 

considered by V. V. Dighe et al [92], results demonstrate that partition actuated by GF makes a low-pressure area at the 

exit of the diffuser where the different pressure without GF, with (GF at 2% cl) and with (GF at 4% cl) were 0.44, 0.49 

and 0.51 respectively. These values of pressure difference augments the mass flow through the diffuser and the power 

coefficient of the DAWT where CP without GF was 0.639 while, with (GF at 2% cl) and with (GF at 4% cl) have been 

increased by 9.7 % and 16% respectively. The wind tunnel of experimental results that conducted on HAWT with and 

without flange diffuser by T. Y. Chen et al [100] showed, that an increase of wind turbine power depending on wind 
speed and rotor solidity, where if higher solidity and wind speed are, be a smaller effect of the flanged diffuser. The 

simulation that performed by K. Mansour and P. Meskinkhoda [94] for wind turbine equipped with flanged and inlet 

diffuser shroud with diffuser open angle 4 ̊ and L/D of 1.5 at different (H/D) range (0, 0.125, 0.25, 0.5) .They have 

observed increase in wind speed of 1.6–2.1 times of the approaching wind, therefore the power augmentation for the 

given turbine about four compared to bare wind turbine. 
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A 3 kw downwind-type wind turbine with a rotor diameter of 2.5 m generated 2.5 times more power with a compact 

Wind-Lens (brimmed diffuser) than the same turbine without a Wind-Lens in the field experiment, as shown in Fig. 37 
[71]. For the same turbine, the rotational speed of the rotor blade of wind turbine with a flanged diffuser was about 1.35 

times compared without the flanged diffuser [101]. 
 

Fig. 37 Compact Wind-Lens turbine [71]. 

 
In addition of the mention above , the wind lens ( flanged diffuser) significant of a reduction in wind turbine noise 

and improved safety where wind turbine, rotating at a high speed, is shrouded by a structure and is also safe against 

damage from broken blades. Also flanged diffuser useful for Birds, where stand on the flange edge for rest. As for 
demerits, wind load to a wind turbine and structural weight are increased compared to the conventional turbines with the 

same rotor diameter [99], [101],[102]. The mechanism of the Wind Lens can be applied in the water also. Development 

of shrouded water turbine is ongoing at Kyushu University. A water channel experiment with small Water lens turbine 

demonstrated maximum power coefficient of the shrouded turbine reaches 2.5 times that of the bare turbine. Using the 

same diffuser design used in the Wind lens turbine [103]. To maintain the flanged diffuser from high load due to high 

wind speeds, a self-adaptive flange has been proposed by J. F. Hu and W. X. Wang [102] where the numerical results 

showed a reducing in wind load on diffuser by about 35% compared with the same diffuser at same wind conditions. 

 

4. Discussion 

In this paper, an extensive review of previous studies has been presented by researchers in the field of wind energy. 

In which the literature on aerodynamic power augmentation of the horizontal axis wind turbine was reviewed. The 

contributions published in improving turbine power were reviewed in two groups, the first was relating to the 

improvement of energy by improving the aerodynamic forces affecting on HAWT in different modifications for blades. 

While the second one reviewed different techniques to augment largest possible amount of power from HAWT focusing 

on augmentation duct concept DAWT. Therefore, review on different designs of diffuser augmented wind turbine from 

previous studies included numerical and experimental procedures. In addition, it has been presented an exhaustive review 

of these contributions in terms of shape design and mechanisms investigation of as summarized in Table 2. The effects 

of important parameters which included diffuser length and open angle of diffuser are shown in table 3, while, Table 4 

summarizes the effect of brim (flange) height as on DAWT performance. From this study, it is concluded that there is a 

consensus among scientists in recent researches of that the Diffuser Augmented Wind Turbine exhibits the best 
advantages compared to other augmentation solutions in the production of power at high performance exceeding the Betz 

limit. This increase in energy was explained through augmenting the upstream wind velocity by placing the turbine at the 

inlet of the diffuser with small clearance distance between diffuser wall and blade tips. The Diffuser Augmented Wind 

Turbine concept can be used for micro and small wind turbine at the wide and urban areas for producing the electricity.  

Where it is not required a high elevation, so DAWT is very effective if it designed with a suitable shape model of diffuser 

at optimum values for ratio of exit to inlet area and open angle. Additionally, the flange diffuser gives higher performance 

compared with un-flanged diffuser due to production of vortices behind the flange which causes an increase of pressure 

difference at downstream hence more mass flow pass through the rotor plane. The benefits of placing the flange at the 

outlet of the diffuser not only improves the wind mass flow rate but, it is useful in tracking the flow direction if the turbine 

is equipped with the yaw system. 

Table 2 Literature Review Summary for the shape design and Mechanisms investigation of DAWT 
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Author Year Research 

method 

Technique/features Ae/Ai Total-L Comments/ Results 

(m) (At wind speed range test (m/s)) 

M.Sanuki 1950 E Ventilator tube (C-D) 1.29 1.21 (+) Cp by 4% , (-) 

M.Iwasaki 1953 T,E Circular ring 1 - (+) power up to 30% , (-) 

G.M.Lilly 1956 T Simple shroud 3.5 - (+) power up to 65% , (-) 

A.Kogan 1963 E Bell shape shroud (C- 3.5 6.82D (+) power 3- 3.5 , (-) 
   D)   

O.Igra 1976 E Annular wing shroud 4.37 2.27D (+) power factor 1.69 , (-) 

O.Igra 1976 E Annular wing shroud 8.33 3.07D (+) power factor 2.26 , (-) 
   with exit flap   

K.Foreman 1981 T Compact diffuser 2.75 - (+) (P) with area ratio , (Vavarge=7.14 
     m/s range of (2.67-17.78) m/s 

O. Igra 1984 E Simple diffuser 4 2.67D (+) CP to 1.4 , (-) 

AlSulaimn 2015 T Simple Duct 1.1, - (+) area ratio (+) power , (V range of 
    1.3, (6-13)m/s 
    and  

    1.5.  

AlSulaimn 2017 T Ejector rs - (+) area ratio (+) power, (V range of (5- 
    (0.8, 15)m/s 
    1, and  

    1.2)  

M.J. Werle 2008 T Simple duct 1, 1.3 - (+) area ratio and L (+) CP (-) 

R.F.Ghajar 2012 E Diffuser 1.67 0.289 CDAWT (+) power by 56% over 
   Collector-Diffuser 1.19 0.408 DAWT and reach 4 times over bare 
     turbine power, (V of (12.3 and 
     16.6)m/s 

B. Kosasih 2012 E a. Primed Diffuser 1.61 0.12 a. Enhance (CP ) up to 60%. 
   b. Nozzle-Diffuser  b. Enhance (CP ) up to 63%. 
     (V of (5-10)m/s , (λ of 0.5-3.5) 

S.H. Wang 2008 S (+)blades no.( 2, 4, 6 

and 8) to C-D Nozzle 

1.33 1 (-) CP , (V=12 m/s), (λ of 0-10) 

H. Ahmadi 2017 E Changing design 1.2 2.4 (-) (ω) by 10% - 12.5% for each blade 
   (WB), (CW) and  added with increase in torques. (WP) 
   (WP).and blades  blades have lower (ω) Max. (ω) at 75 
   number (2,3 and 4)  attack angle within duct,(V= 3.18 m/s) 

K. Olasek 2016 E 3 models of different 1.07 0.54 D30 very good (best) for investigation, 
   sizes of DAWT   (+) (CP) by 70-75 with using D30, (V 

of 6, 8, 10, 12, 16 m/s) 

U.Göltenbott 2017 E Brimmed Multi-rotor - 0.07 (+) 5% for 2 rotor at s/D=0.5, (+) 9% 

 

 
T.S.Kannan 

 

 
2013 

systems (MRS) of 

DAWT 

S a. flanged diffuser 

with inlet shroud 

b. Small-Inner 

Diffuser Splitter 

c. Cone-Shape 

Splitter 

d. Double Diffuser 

with Cone Shape 

e.Re-developed 

Design (inlet shroud, 

 

 
1 (d) 

- 0.5(id 

for 3 rotor at s/D=0.15, brim height of 

10% Dthroat , (V= 7 m/s), (λ of 3-5). 
 

ϴ : diffuser opining angle , ϴ1 : con or 

splitter opining angle 

 
a. upstream wind velocity (U∞) (+) 
67.12% at ϴ of 12° 
b. (U∞)  (+) 35.25% at ϴ=8°, ϴ1=8° 
c. (U∞)(+) 23.25% at ϴ =8°, ϴ1=8° 

d.(U∞) (+) 6.18 at ϴ =16° ,ϴ1=16° 

e. (U∞) (+) 61.25% at ϴ= 16, ϴ1=4° 
(Vave = 4m/s) 
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C. Chaudhari 

K.Mansour 

 

 
2013 

 

2014 

 

 
S Venturi Duct 

 

S flanged and inlet 

 

 
1.5 

 

1.2 

 

 
2.3 

 

0.2 

 
(λ of 3.2-7.7) 

(+) (U∞) by 1.75 times (60%) 

(+) (P) 5 times , (Vave=10m/s) 

(+) (U∞) 1.6–2.1 times 
  diffuser shroud (Vave=5m/s) 

 

 

 
NOTE: (E) experimental, (T) theoretical, (S) simulation, (+) mean increase, (-) decrease, (P): Power, (CP): Power 

Coefficient, (U∞): upstream wind speed, (Δp): pressure difference, (ω): Rotational speed, (Vave): average wind velocity 

used in test. 

Author Year Research 

method 
Technique/features Ae/Ai Total- Comments/ Results 

L (m) (At wind speed range test (m/s) ) 
S. Hjort 2014 S Muli-element diffuser - - (+) (P) up to 50% (-) 

M.A. 2016  balloon as shape of C-D 0.88 0.8Dt (+) (U∞) up to 1.33-1.66 , (V of (6 

Arabbeiki   Nozzle and 12)m/s. 

B. Ahmed 2016 S flanged diffuser 2 0.12 (+) (U∞) up to 125.666% , (Vave= 
    4m/s) (+) Power 1.6 – 1.7 times 

S. Z. Roshan 2015 S Stepped duct 1.2 0.755 (+)(CP) by 16% when locate the step 
    at outlet of duct, (V= 5 m/s), (λ of 0- 
    3.5) 

A. Lotfi 2012 S tubular divergent- 

truncated cone 

2.4 0.171 (+) (U∞) by 60% for primary model 
(T) (range of Re 4.7*104-1.88*107) 

A.C.Aranake 2015 S diffuser with High-lift - - (+) (P) up to 1.93 times , (V of (3 - 
   airfoil section 25)m/s 

D.P.Georgiou 2012 S ejector assisted diffuser - - (+) (CP) up to 0.6 ,(Vave= 12m/s) 

J. Wang 2013 S ducted multi-blade - - (+) (P) by 2–3 times of bare turbine 
   composite wind turbine , (V of (3 -15)m/s 

N. Oka 2016 S Optimum wind-lens - - (+) (CP) up to 0.604,(Vave=10m/s) 

H.M.Elbakry 2016 S (diffuser splitter with - - (+) (mass flow) ,(+) (CP) at ϴs < ϴ 

   (ϴs) in flanged diffuser 
with (ϴ) 

(V rang of 5-15 m/s, Vave=10m/s) 
(λ of 1-9) 

A. Nasution 2011 S diffuser NACA 5807 1.01 0.2 (+) (U∞) by 65.5% of bare turbine 
   airfoil section (-) 

A.Tourlidakis 2013 S Diffuser without, 1.65 4.8 (+)(CP) up to 2 – 5 times of bare 
   within flange    turbine, Vave=5m/s) 
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Table 3 Literature Review Summary for the effect of diffuser length and angle of diffuser on power augmentation of 

DAWT 

Author Year 
 

Research 

method 
Range of L , ϴ Comments/ Results 

(At wind speed range test (m/s)) 

B.Kosasih 2012 E L (0.36-1.47) Dr at same (+) L/Dr led to (+)TSR , (-) cut-in-speed, (V of (5-10)m/s 

   ϴ , (λ of 0.5-3.5) 

R.Kishore 2013 S L2 (0.5-1.5) Dt 
L1 (0.125-0.5) Dt 

(+) U/U∞ up to 1.2 and (+) power (1.4-1.6) times, at L2=Dt, 
ϴ2=10,L1=0.125Dt, ϴ1=15 ,(V of (1.8-5)m/s, (λ of 0-5) 

   ϴ1, ϴ2 in (0-16ᵒ)  

M.Kardous 2016 E,S L (0.25-3.25) Dr (+) U/U∞ up to 1.68 at L=1.5 Dr, ϴ=10ᵒ for diffuser. (+) 
   ϴ (0-30ᵒ) U/U∞ up to 1.47 Dr, ϴ=12ᵒ (DAWT),(Vave=5m/s) 

S.A. Jafari 2014 S L(0.1-0.4)D, (+) L/D led to (+) power at optimum Do(1.1-1.3) 
   Do(1.051.7)D (Vave=6m/s), (λ of 0-5) 

T.S.Kannan 2013 S ϴ , ϴs (4-16) for a.(+) (U∞) by 67.12% at ϴ=12, (Vave = 4m/s) 
   concepts (a,b,c,d and 

redeveloped-(e)) 
b.(+) (U∞) by 35.25% at ϴ=8, ϴs=8 
c.(+) (U∞) by 23.25% at ϴ=8, ϴs=8 

   (fig.2.14) d.(+) (U∞) by 54.5 % at ϴ=16,ϴs=16 
    e.(+) (U∞) by 61.25% at ϴ=16, ϴs=4, 

R. Chaker 2013 S ϴ (0-35) (+) ϴ led to (+) U/U∞ , (Vave=5m/s) 
    U/U∞=1.76 at ϴoptimum=10(diffuser) 
    U/U∞=1.45 at ϴoptimum=12 (DAWT) 

H.Elbakry 2016 S 1.Splitter with (ϴs) 1.(-) diffuser effect, (-) mass flow, 
   inside diffuser with (ϴ). (-) CP (at ϴs > ϴ). 
   2. Splitter with (ϴs) 2.(+) diffuser effect, (+) mass flow,(+) Cp (at ϴs < ϴ). 
   inside flange diffuser (V rang of 5-15 m/s, Vave=10m/s) (λ of 1-9) 
   with (ϴ). L(0.15-0.4) Dr  

M. Lipian 2015 S 2 ϴ (0-30) 
  H (0.1, 0.3, 0.5) D  

Accepted (+) U/U∞ at 2ϴ range (18-26), max. U/U∞ =1.6 at 

2ϴ=6. (Vave=6m/s) 
 

Table 4 Literature Review Summary for the effect of brim (flange) on power augmentation of DAWT 
 

Author Year Research Range of Brim Height 
method (H) ( 

   Comments/ Results 
At wind speed range test (m/s)) 

B. Kosasih 2012 E H (0,0.15,0.2) Dr at same (+) H/Dr l 
(L/Dr= 0.63 ,  ϴ=12ᵒ) (DAWT),( 

   ed to (+) TSR, (+) CP, (-) cut-in-speed. 
Vof (5-10)m/s , (λ of 0.5-3.5) 

Y. Ohya 2008 E H(0,0.075,0.125,0.25, (+) H/D le 
0.375,0.5,0.625)  D, L/D 0.25, (Vave= 
=1.5 , aria ratio Ar= 1.44 

   d to (+) U/U∞ , Optimum U/U∞ at H/D = 

5m/s),(λ of 2-7.8) 

M.Kardous 2013 S, E No  flange  (H/D)  = 0 and (U∞) (+) by 
H  (0.1  –  0.6)  D, at same (U∞) (+) (64 

(L/D= 1.76 ,ϴ=12) (Vave=5m/s) 

   58% (no flange H/D=0) 

– 81%), critical H/D=0.1 

M.Lipian 2015 S H (0.1,0.3,0.5) D Max (+) U/ 

ϴ (0-30) Small H mu 

   
U∞ at H/D =0.3 
st be at high (ϴ), (Vave=6m/s) 

R. Chaker 2016 E H (5- 49%) D at same (+)  U/U∞ u 
(L/D= 1.69 ,ϴ=6.8) trivial effec 

   p to optimum (H/D = 0.15) beyond that 
t. (Vave=5m/s) 

M.Kardous 2016 E,S H (0 – 0.5) Dt at same Max pressur 
(L/Dt =1.75 ,  ϴ=12) max U/U∞ 

   e coefficient at H/Dt in range (0.15 – 0.2). 
, (Vave=5m/s) 

V.V.Dighe 2017 S 2  Gurney Flab  (GF) H (no (Δp) = 0.44 
GF,   2%,   4%)   of   chord (Δp) = 0.49 

length. (Δp) = 0.51 
DAWT, (Actuator Disk) and 10 m/s) 

   , CP=0.639 ( No (GF)) 
,(+) CP  by 9.7% (GF 2%) 
,(+) CP by 16% (GF 2%), (V range of 5,7 

K.Mansour 2014 S H (0 , 0.125,0.25, 0.5) D (+) (U∞) up 
at same (L/D=1.5 ,  ϴ=4) (+) power ( 

  DAWT (Actuator Disk)  

   to 1.6 - 2.1, 
4-5) times , (Vave=5m/s) 
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5. Conclusion 

For continue to seek concepts of developing utilization of wind energy especially at low wind speeds areas, this 

work give guideline to provide useful knowledge for power augmentation of HAWT by DAWT technology for 

researchers in their future studies. 

The conclusions drawn from the present reviews indicate that the use of DAWT achieves a quantum leap in 
increasing the production of wind power compared with conventional wind turbines especially for small turbines in urban 
areas. As proven that enclosing HAWT in a diffuser will increase the performance significantly in terms of U/U∞, hence 

CP value. However, an optimum design is necessary to ensure that. From the present review, the prominent points are 

summarized below: 

a. The configurations of the shroud of DAWT included the simple diffuser, diffuser with an inlet shroud, converged - 

diverged diffuser, curved diffuser, flanged diffuser, and multilayer diffuser. 

b. The limited increase of the diffuser area ratio lead to increase wind flow inside the diffuser to a certain extent, and 

as the area ratio is related to the length of the diffuser to satisfy the optimum shape design, so diffuser length will be 

an indicator for diffuser shape. 

c. Increasing the area ratio beyond optimum design causes flow separation, chocking, and back pressure increment, 

hence reduction in wind flow speed at rotor plane. Moreover, Low area ratios can be used for moderate high wind 

speed in order to overcome flow separation, vice versa. 

d. The material used for diffuser should be suitable for both, weight and mechanical forces criteria since the diffuser 
work as a container and holder for the turbine .from another hand, light and strong material must be used for blades 

as fiberglass reinforced plastics which can be used for the diffuser. 

e. DAWT with an appropriate flange height at the outlet of the diffuser is more efficient than a DAWT without a flange, 

especially if it is supported by an inlet shroud. Also, the flange provides work as a free mechanism for tracking the 

wind direction. 

f. Also DAWT is an economically viable concept to produce power from wind sources as compared with other wind 

machine concepts. Furthermore, the DAWT concept reduces turbine noise and protects the turbine blades against the 

broken. 

g. optimum design for shroud will generally increase power obtain from any turbine used, but in order to reach optimum 

power getting from this turbine, a combination with a developed design for turbine blade is necessary. 
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