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Summary: 

             The thesis objective is to evaluate numerically the performance of partial cascades at the 

blade tip of horizontal axis wind turbines. The numerical investigations of the flow fields around 

the wind turbine are done using the ANSYS FLUENT commercial package. A parametric study 

is performed taking in to consideration the effect of the cascade spacing, cascade length and 

cascade configuration on the turbine performance. The Blade Element Theory model is used to 

design a suitable wind turbine. The turbine is then simulated numerically and the results are 

compared with those obtained by the blade element method. The results show good agreement. 

The turbine geometry is modified by adding the partial cascades at the blade tip. A simple two 

dimensional cascading airfoils analysis is achieved by changing the axial and tangential spacing 

and the results are applied to the three dimensional HAWT project. The new configuration has a 

large impact on turbine power over a wide range of operating conditions. 
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ABSTRACT 

In order to reduce wind energy cost, the output power of wind turbines should be 

augmented. A new concept to enhance the performance of horizontal axis wind turbine is 

suggested in the current study by adding partial cascades at the blade tip. The effect of fitting 

partial cascading tip arrangement on the performance of horizontal axis wind rotors is 

investigated numerically using finite volume CFD ANSYS FLUENT code. The numerical study 

demonstrates the resulting flow pattern of this new configuration and its effect on the turbine 

performance. Subsequently, several design parameters are studied -over a wide range of angle of 

attack- to select the optimum design of the new turbine configuration. These parameters include 

the axial and tangential space to chord ratios and the length of the partial cascaded tip to blade tip 

radius.  

A simple two dimensional study on the cascaded airfoils is performed and the results of this 

study are applied to three dimensional horizontal axis wind turbines. Two HAWT cases are 

considered before and after fitting the partial cascading tip arrangement. These cases are NREL 

phase II wind turbine which is designed with an untapered untwisted blade and a highly tapered 

and highly twisted 7kW Cairo University HAWT project.  

The two dimensional results indicate that the tangential force is increased as a result of the 

separation delay. Thus the cascade compound can be used at high angles of attack. The optimum 

cascade spacing for angles of attack below 17
o
 is different from the optimum spacing for angles 

of attack above 17
o
 because the suction side of turbine blade is affected by the pressure side of 

the front cascade while the pressure side of the blade  is affected by the suction side of the back 

cascade.  

The cascades are added to the horizontal axis wind turbine of NREL phase II. The results 

indicate that adding a cascade on the front side of the blade increases the power by 26.5%, and 

adding a cascade on the back side of the blade increases the power by 26.8%. Using both 

cascades, the power can be increased by 75% at wind speed of 13 m/s. 

  



XI 
 

Using this new configuration on the Cairo University 7kW HAWT indicates that there is a 

suitable partial cascade configuration for each wind turbine operating regime; generally, in cases 

of high tip angles of attack (low rotational speed RPM or high wind speed Vo) the effect of 

cascade is significant and the extracted power of the cascaded WT increased drastically.  

Using combined front and back cascades will extract more power than the only back cascade for 

regions that have TSR less than 8, e.g. at TSR=5.7 the combined both cascades extracts 28% 

while only back cascade extracts 20% over the original uncascaded WT. At TSR greater than 10 

the combined front and back cascade extracts less power than the original uncascaded WT but 

the only back cascade will extract power 5% over the original uncascaded WT.  
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Introduction 

1-1 Motivation of the Thesis 

Wind turbine is a rotating machine which converts the wind kinetic energy into 

mechanical energy. If the mechanical energy is used directly by machinery, such as a pump, the 

machine is usually called a windmill. If the mechanical energy is converted to electricity, the 

machine is called a wind generator, wind turbine, wind power unit (WPU), wind energy 

converter (WEC), or aero-generator. 

Even though wind energy is one of the natural and renewable energy resources, it has not been 

used intensively as other energy resources such as: solar, oil, coal, hydro in ancient times and 

recently as nuclear energy. This is mainly due to its low energy content, furthermore, only less 

than half of the energy contained in the air stream can be extracted using the conventional wind 

turbines as known by the Betz limit. This may result in the wind energy being more costly than 

other traditional energy sources. 

On the other hand, recent advances in airfoil and rotor development, materials technology, power 

generation systems, and manufacturing technology have made wind turbine systems 

economically feasible and alternatives to gas, oil, and coal based power generation systems. The 

technological development in the field of wind energy has been extraordinary since 1980[1], 

increasing the size of the largest commercially available wind turbines from 50 kW to about 

4500 kW (with prototypes up to 6 MW or larger are planned). This development has 

dramatically reduced the cost per kWh produced from wind [1]. In view of the market growth, 

the on-going up-scaling to larger sizes, and the new concepts already on the drawing board, it 

seems that cost-efficiency of wind turbines will continue to improve. 

These perspectives and the globally growing environmental concern have led governments to 

encourage and plan for wind energy development. Egypt was one of the first countries that paid 

attention to the importance of utilizing wind energy. The Egyptian government has realized since 

the early 1980’s that conventional energy sources will fall short of satisfying the growing energy 

needs, thus, requiring other energy resources for establishing an optimum energy mix along with 

implementing energy conservation measures. Accordingly, a national strategy for the promotion 



3 
 

and development of renewable energy applications and energy conservation measures was 

formulated in 1982 (updated April 2007) as an integral part of the national energy planning. 

The main target of this strategy is to cover about 20 % of the electric energy demand by the year 

2020 from renewable energy resources. Including a 12 % contribution from wind energy to reach 

about 7200 MW installed capacity by 2020[2]. At the same time, the world wide growing 

concerns of avoiding pollution and negative impacts on the environment of burning fossil fuel, 

particularly the global warming issue, has accelerated efforts to promote renewable energy 

resources utilization in Egypt [2]. 

1-2 Wind energy projects in Egypt  
 

Egypt enjoys good wind regime, particularly in the Gulf of Suez, where average wind speeds 

reach about 10 m/sec. The Wind Atlas of Egypt indicates that the wind energy resource with 

average annual wind speed of 7 to 8 m/s is available in vast regimes of Eastern and Western 

Deserts of the river Nile and parts of Sinai [2]; as shown in figure 1.1, while table (1.1) lists the 

most promising windy sites located in Egypt. 

 

  

8 

6 

4 

10 m/s 

Figure 1. 1 Wind resource map of Egypt [2]. 
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Table 1. 1 Average wind speeds measured on 25m height at the most windy locations in Egypt. 

Region 
Average Wind Speed 

(m/s) 

Gulf of El-Zayt 10.3 

Ras Ghareb 10 

Zafarana 9 

Abu El-Darag 8.8 

St. Paul 8.4 

Ras Sedr 7.5 

Hurghada 6.7 

El-Tour 5.6 

 
During the last decade a series of wind projects were established in Egypt. The first commercial 

wind farm, which has a capacity of about 5.2 MW, was established and interconnected with the 

local grid of Hurghada in 1993. The Hurghada wind farm includes 42 units of different types and 

sizes, generating about 8.4 GWh/year of electrical energy. 

Egypt has moved to large-scale grid-connected wind farms by installing the 305 MW wind farm 

in Zafarana. This wind farm includes 416 turbines with different technologies and capacities, 

generating about 627.3 GWh/year of electrical energy. 

A further 240 MW extension of the Zafarana wind farm is currently being put into place by the 

beginning of 2010. This will make the Zafarana wind farm to host 545 MW of grid connected 

wind power, to become the largest wind farm in Africa and the Middle East. In addition to this, 

an area of 656 km
2
 has been earmarked to host a 3,000 MW wind farm at Gulf of El-Zayt on the 

Gulf of Suez coast. 

This new site is classified with an excellent wind speed that averages to 10.3 m/s. Studies are 

being conducted to assess the site potential to host large scale grid connected wind farms of 200 

MW capacity in cooperation with Germany, 220 MW in cooperation with Japan, and 400 MW as 

a private-sector project [2]. 
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1-3 Preliminary Design of the Horizontal Axis Wind Turbines  

Practical rotor design requires an understanding of the aerodynamics of rotor blades. Blades 

normally take the form of airfoils, which are shaped to maximize the turbine output power. 

Modern horizontal axis wind turbines use two or three rotor blades, where there are benefits and 

drawbacks of each type of design. Blade design is of critical importance in turbine starting and 

operating performance. Not only power extraction is what matters, but also structural integrity, 

and fatigue endurance of the rotor. 

1.3.1 Parameters affecting the Turbine power  

Power coefficient (   ), describes the fraction of the power in the wind that may converted by 

the wind turbine in to mechanical power. It has a theoretical maximum value of           

0.593, known as Betz limit. 

The wind power, P, is given by eqn.(1.1) 

        
 

 
    

  
 

 
    

                                                    

There are several factors that determine how much power is extracted from the wind, which are: 

The wind speed (Vo), cross sectional area of wind swept by rotor (A), rotor losses (axial 

downstream loss, swirl loss and tip losses) and conversion efficiency of the transmission system 

and generator, as shown in figure 1.2. 

The power of the wind is converted into mechanical power in the rotor by deceleration of the 

flowing air mass, as shown in figure 1.2. It cannot be converted completely. This would 

decelerate the mass flow to zero. 
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b)  The stream lines, velocity and pressure  

a)  The available power 

Rt 

A 

Figure 1. 2 Flow passes the wind turbine plane. 
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If the air flows through the area without any deceleration of the wind velocity, there would be no 

power conversion. The Power coefficient Cp is defined as, 

    
 

 
    

  
                                                                                                     

Similarly a thrust coefficient    is defined as, 

   
 

 
    

  
                                                                                                

The axial induction factor ''   '' which is the fractional decrease in wind speed between the 

free stream and the rotor, is defined as,   

    
 

  
                                                                                                

From this it can be shown that, 

                                                                          

Differentiating       with respect to     yields: 

    

  
                                                                                        

There is an optimum known as the Betz limit. When the velocity downstream of the rotor is 

reduced to a velocity Vo/3, the velocity in the rotor plane is 2Vo /3, the maximum power 

coefficient is            16/27, as explained in figure 1.3. 

Betz limit will be taken into consideration to account for axial downstream loss. Schmitz limit 

will be taken into consideration to account for swirl loss. The number of blades and tip geometry 

modifications mainly affects the tip losses. 
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u1 / Vo 

Figure 1. 3 Power coefficient CP and Thrust coefficient CT with axial induction factor  a. 
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1.3.2 Rotor Solidity Selection 

Solidity is the ratio of total rotor plan form area to total swept area. The low solidity (about 0.1) 

is required for high speed with low torque while the high solidity (greater than 0.8) is required 

for high torque with low speed. As shown in figure 1.4. 

Solidity ( )
Ba

A
      [1-7] 

Where, 

a = blade area (m
2
). 

A= total swept area (m
2
). 

B= Number of blades. 

 

 

  

Figure 1. 4 Rotor solidity for different design tip speed ratios [51]. 



10 
 

Designing the wind turbine at high tip-speed ratio requires a small number of blades (few slender 

blades) but choosing a single blade is not recommended because the rotor must move more 

rapidly to capture same amount of wind which means more noise, also adding weight to counter 

balance negates some benefits of lighter design. Knowing that single blade design captures 10% 

less than two blade design and two blade design captures 5% less energy than three blade design.  

  

The distribution of mass and aerodynamic forces in the swept rotor area is more even at three-

bladed rotors with the result that their dynamic behavior is calmer, thereby reducing the loads on 

all components. Also the three blades HAWT achieve the best balance of gyroscopic forces. 

1.3.3 Selection of the Rotor Tip-Speed Ratio  
 

Tip-speed ratio is the ratio of the blade speed at the tip to the wind speed and it is expressed as 

follows,  

TSR ( ) t

o

R

V


      [1-8] 

Where,  

   = Rotor rotational speed [rad /sec]. 

Rt  = Rotor Radius [m]. 

Wind turbines which operate at a constant rotor speed have a decreasing tip speed ratio with 

increasing wind speed; therefore, they reach the optimum value   of the aerodynamic design 

only at one specific wind speed. Wind turbines with a low design tip speed ratio provide a high 

startup torque and require many blades for a high solidity of the swept rotor area. 

 

Wind turbines with a high design tip speed ratio require only a few, slender blades, but to attain 

the intended, favorable flow conditions at the profile during startup some of them require special 

startup procedure either operation of generator as motor or pitching the turbine blade [51] 

 

As illustrated in figure 1.5, the number of blades of the rotor is indirectly related to the tip speed 

ratio;  Mills which need a high solidity due to their low tip speed ratio often have 20 to 30 rotor 

blades. Rotors with a high tip speed ratio for electricity generating wind turbines have mostly 

three rotor blades designed with high-quality aerodynamic profiles to reach a good efficiency 
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Figure 1. 5 Turbine Power and Torque coefficients at different tip speed ratios [51]. 



12 
 

1.4 Power Augmentation Using Partial Cascading 

It is evident from the previous trends of horizontal axis wind turbine designs that there is 

optimum solidity for each application (operating conditions); turbines with low solidity are 

efficient at high speeds and turbines with high solidity are efficient at low speeds. Moreover, 

analyzing the power contribution of the wind turbine blade length indicates that most of the 

power is produced by the blade tip regime. However, blade tip regime almost performs as a 

single aerofoil since the local solidity is very low in this part of the blade. 

The new novel design concept is employing a partial cascading at the blade tips. The expected 

effect is that while the overall solidity is basically at its optimum value, locally the blade tip 

region flow is changed to a flow between channels. 

Cascade is a simple technique that is used to guide the flow over the airfoil surface in order to 

improve the resultant performance. Based on turbo-machinery, cascades assist the flow turning 

and may be used to accelerate or decelerate the flow depending on the passage shape, as 

illustrated in figure 1.6.  

In this thesis we introduce the partial cascading concept in wind turbines which delays the 

separation in the blade tip region and hence improves the aerodynamic effectiveness at high 

angles of attack. In other words it delays the blade stall to higher angles of attack compared to 

that of a single blade. Consequently, higher blade aerodynamic loading can be supported over 

that regime. 

The partial cascading can be achieved by adding a forward blade, a backward blade or both of 

them. Figure 1.7 illustrates a schematic of the construction of both front and back cascade 

compounding with the same airfoil series and chord distribution between the original WT blade 

and the cascaded blade. 
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Figure 1. 7 HAWT with Both Front and Back Partial Tip Cascade. 

Figure 1. 6 Cascading concept applied on turbomachinery. 
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1.5 Objectives and Methodology 

The concept of cascade is to guide the flow that passes over the blade surface 

which improves the performance and increases the stall angles of attack.  

The keyword is how to add this cascade arrangement, the best spacing between the 

original blade and the cascade extension, the best configuration and height of this cascade 

extension. 

To achieve these objectives, three topics are treated 

 For a benchmark case (NREL phase II HAWT) take a representative axial and 

tangential space to chord ratio, for a representative cascade height and conduct a 

study of different cascade compounding (forward, backward, both forward and 

backward cascades) then select the best compound configuration as a result of 

cascade modification on. 

 A 2D Study of different axial and tangential space to chord ratios was performed 

to select a good combination between axial and tangential cascade spacing, at 

blade tip for an optimized HAWT. 

 Applying the results of the previous 2D spacing analysis to the Cairo University 

7KW HAWT Project; obtained by Blade Element Method (BEM) with an 

optimized chord and twist distributions, and assessing the resulting gain. 
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The contents of this thesis are organized as follows, 

 Chapter 1  presents a brief introduction to the HAWT partial tip cascading 

concept. 

 Chapter 2   presents a review of the literature on different aspects of the topics 

related to this thesis. 

 Chapter 3  describes the mathematical models used to compute numerically 

the partial cascading effect on the turbine performance. The numerical 

treatment of the governing equations is explained and the boundary conditions 

are specified for this problem. In addition, the type of the grid and the 

computational domain are explained for this problem. 

 Chapter 4  introduces case studies of partially cascade HAWT blade tips. The 

impact of the new cascade tip compound on the wind turbine performance is 

studied numerically. The geometry and grid generation for the horizontal axis 

wind turbine are presented before and after adding cascades. The cascade 

spacing is studied using a two dimensional cascading analysis at the blade tip 

stations then applied to the HAWT. The solution results of the previous 

analysis displays comparisons between the wind turbine performance before 

and after adding cascades. 

 Chapter 5  contains brief conclusions on the results obtained and evaluates 

how far the study objectives were achieved. It ends with recommendations and 

future studies. 
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CHAPTER 2 

 

LITERATURE SURVEY 
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Literature Survey 
 

2.1 Review of Wind Energy 

Different speculations have been stated about the time of using windmills. Some say that 

they have discovered the remains of stone windmills in Egypt [3]. Others claim that the earliest 

windmill was constructed in China and Afghanistan [4]. It was used for milling grain and some 

of them have survived in Afghanistan up to the present time. 

 

The windmills with horizontal axis of rotation, which are the traditional windmills, are probably 

invented in Europe. After that windmills quickly spread all over North and Eastern Europe as far 

as Finland and Russia [5]. Some of these windmills, called post windmills, which are found in 

Germany in the 13th century.  

 

 

A wind turbine is a windmill like structure specifically developed to generate electricity. 

Extensive review of wind turbine history is covered in several references such as [6-14]. More 

recent comprehensive reviews of wind turbines are found in references [15] and [16]. The 

historical developments of windmills are documented in many publications such as in references 

[17-25]. 

 

The next sections introduce a review of the literature for using numerical CFD methods for 

solving the flow around HAWTs using rotating reference frame and specifying certain boundary 

conditions, then adding a power augmentation winglet device and evaluate the power coefficient 

after adding such device. 

  

http://en.wikipedia.org/wiki/Wind_turbine
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2.2 Numerical Simulation of Horizonal Axis Wind Turbines 

David Hartwanger and Andrej Horvat [26] considered the wind turbine design in the Unsteady 

Aerodynamics Experiment (UAE) conducted by the US National Renewable Energy Laboratory. 

Initially blade sections were analyzed in 2D and the results used to construct and validate a 3D 

CFD model of the turbine. The 3D results were used to develop estimates for actuator disk 

induction factors. Finally these factors were used to modify the classical actuator disk treatment 

of wind turbines. The results from the modified actuator disk model were in good agreement 

both with CFD and experiment. 

Results from the 3D benchmark exercise were used to calibrate Glauert’s momentum actuator 

disk model. The axial and angular induction factors were determined using area averaged data 

sampled from upstream and downstream planes close to the turbine. The corresponding 

calculated torque output showed good agreement with the 3D CFD model and experimental data. 

However, for high wind cases the actuator model tended to diverge from the CFD results and 

experiment. 

Natalino Mandas et al. [27] investigated the aerodynamics of HAWT using a commercial CFD 

code. RANS equations were used to solve the 3D turbulent-steady incompressible flow, using 

the Spalart-Allmaras and the k-ω SST turbulence models for closure. Starting from the 

specifications of an existing middle-sized turbine, the classical (BEM) method was adopted for 

the design of the rotor, following the design tendencies of modern wind turbines.  

The computational domain was discretized with a structured grid of near 1.5 million cells, which 

was locally refined in order to resolve the wall boundary layer on blade surface and coarsened in 

other parts of the domain, e.g. the wake region, taking care of the different geometric scale 

involved by the problem. All the computations were carried out for a turbine with both classical 

and innovative high performance blade geometry.  

The predicted values of the power generated were found to be in good agreement with those 

calculated with BEM method and the results also showed considerable increment of power 

obtained by different innovative designs. Furthermore, the study yielded detailed information 

about basic aerodynamics, like axial interference factor distribution. Finally, the near and far 

wakes were evaluated and some features of the root and tip vortices are shown. 
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Elfarra et al. [28] optimized wind turbine aerodynamic design including, twist angle and pitch 

angle distributions. They also considered adding winglets. CFD RANS solver of Numeca 

Fine/Turbo code was used. The domain extended 5 blade redii upstream and downstream. The 

mesh was generated for a single blade with imposing the periodic condition to account for the 

other two blades. Results were validated by two test cases, the NREL Phase II and NREL Phase 

VI. The results showed good agreement with the measurements for both cases.  

Different turbulence models have been compared and the k-ε Launder–Sharma had shown the 

best agreement with measurements. Different winglet configurations were studied before starting 

the design and optimization. The winglets pointing towards the suction side of the blade yielded 

higher power output.  

Genetic algorithm and artificial neural network were implemented in the design and optimization 

process. The optimized winglet resulted in an increase in power of about 9.5 % whereas the 

optimized twist yielded to an increase in power of 4%.The final design was produced by a 

combination of the optimized winglet, optimized twist and best pitch angle for every wind speed. 

The final design had increased power output of about 38%. 

Jeppe Johansen and Niels N. Sørensen [29, 30] made a numerical investigation of the 

aerodynamics around a wind turbine blade with a winglet using CFD. They investigated five 

winglet configurations with different twist distribution and camber, four of them were pointing 

towards the pressure side (upstream) and one was pointing towards the suction side 

(downstream), as illustrated in fig. 2.1. 

They found that by adding a winglet to the existing wind turbine rotor blade increased the 

produced power by around 1.0 % - 2.8 %. In the same times the thrust force increased by around 

1.2 % - 3.6 %. 

http://academic.research.microsoft.com/Keyword/45303/wind-turbine
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Mac Gaunaa and Jeppe Johansen [31] presented theoretical considerations and computational 

results on the impact of using winglets on wind turbines. These results showed that the power 

augmentation obtainable with winglets was due to a reduction of tip-effects, and was not caused 

by the downwind vorticity shift due to downwind winglets.  

 

The numerical work covered the optimization of the power coefficient for a given tip speed ratio 

and geometry of the span using a newly developed free wake lifting line code considering 

viscous effects and self induced forces. Results from the new code with winglets indicated that 

downwind winglets effects were greater than upwind ones with respect to optimization of power 

coefficient.  

G Sivaraj and M Gokul raj [32] made a study by manufacturing highly efficient wind turbine 

rotor models using NACA profiles and then adding a winglet to the existing blade to increased 

produced power. They investigated the effect of pointing the winglet towards the suction side 

(downstream).  

Winglet 1 Up (green)  0
o
 twist    ,Winglet 4 Up(white)      3

o
 twist 

winglet 2  Up(red)      -2
o
 twis    ,Winglet 5 Down(purple)  -2

o
 twist 

winglet 3 Up(blue)      -5
o
 twist   ,Original blade (Yellow) 

Figure 2. 1 shows the different winglet study configurations [29]. 
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The investigations indicated that the best overall power performance resulted from the upwind 

pointing winglets, but the increase in power is around 1.3% for wind speed larger than 6 m/s 

which is relatively low. In the same time the increase in thrust of around 1.6%. But pointing the 

winglet downstream seems to increase the power production even further. The effect of sweep 

and cant angles was not accounted for in the present investigation and could improve the 

performance of the winglets even more. 

F. Richter & T. Rische [33] explained that most of the current wind turbine rotor blade tips 

feature semi-elliptical planforms to reduce noise emission. Non-planar or swept blade tips, such 

as winglets, reduced tip vortices while maximizing lift in the tip region of the rotor blade. This 

work focused on designing winglets that maximize power output by reducing induced drag at the 

blade tip. Size and bending moments of this winglet type could allow modifying existing wind 

turbine blades of the popular 1.5 MW range.  

Computational results as well as wind tunnel tests showed improvements of the lift to drag ratio 

between 8% and 15% in the tip region. The estimated overall output power boost for the rotor 

was between 2 and 3% depending on the wind speed. For more information on HAWT winglets, 

the reader may refer to Ref. [34, 35] which presents the effects of blade tip modifications on 

wind turbine performance. In addition, Ref. [36, 37 & 38] present design of winglets for high-

performance sailplanes. 

  



22 
 

2.3 Conclusions of the literature survey 

The previous survey showed extensive studies on the application of the Winglets, as a promising 

device to improve the aerodynamic efficiency of the tip sections. From the previous survey it can 

be concluded that: 

i. The idea is to add a winglet which is able to carry aerodynamic loads so that the 

vortex caused by the winglet spreads out the effect of the tip vortex which results in 

decreasing the downwash and reducing the induced drag. 

ii.  The winglet is added by extending the blade tip by 1.5 % of the blade radius and then 

tilting the extra section. 

iii. Winglet increases the output power of a wind turbine when increasing the rotor 

rotational speed.  

In spite of the past effort in understanding and predicting the effects of the winglets as a power 

augmentation device, a novel design concept is employing a partial cascading of the wind turbine 

blades tip and connected by winglets. Based on turbo machinery the expected effect is that while 

the overall solidity is basically at its optimum value, locally the blade tip region is changed to a 

flow between channels. Cascading effectiveness increases at highly separated flow. 

The effect of cascade on the lift and drag coefficients and consequently wind rotor output power, 

need for new and more general study in this field, especially, in a wide range of wind turbine 

operating conditions.   
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Mathematical Modeling and  

Numerical Treatment 

This chapter introduces the basic partial cascading function, cascade geometry and 

cascade performance. Subsequently, it describes the mathematical models used to compute 

numerically the partial cascading effect on the turbine performance. The numerical treatment of 

the governing equations is explained and the boundary conditions are specified. In addition, the 

type of the grid and the computational domain are explained for this problem.   

3.1 Cascade function 

Cascades are used in turbomachines to guide the flow over the blade surface in order to improve 

the resultant performance. In wind turbines, we use this technique for more flow guidance over 

the blade surface which causes to delay the stall angles beyond that of single blade. 

Figure 3.1 shows the results of the current study where a cascade of two airfoils (21% thick 

laminar flow S809 airfoil) is analyzed by CFD program using finite volume method. The figure 

clearly indicates that the delayed separation of the back airfoil is due to the guidance (pressure 

gradient) produced by the front airfoil.  

The current study considers the effect of wind turbine blade tip cascading on the stream lines, 

pressure distribution and tangential and normal force distribution along the blade span. The 

excess thrust, torque and power are evaluated for the tip cascading.  

The power contribution of the wind turbine blade increases towards the tip due to high tangential 

force arm, high tangential velocity and swept area all of which increases the gross annual energy 

production (GAEP), however, it is the tip that experiences high 3D losses. Due to these reasons 

the suggested partial cascade is mounted at the blade tip. 
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a) Front cascade configuration 

b) Front cascade effect on delaying the separation of original blade 

Separation delaying 

Cascaded 

blade 

Winglet 

Blade tip 

Figure 3. 1 Cascading configuration and its effect on the streamlines. 
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The wind turbine partial tip cascade can be affected by several parameters some of these 

parameters are presented in figure 3.2 and listed as follows, 

1. The tangential space to chord ratio (
  

 
). 

2. The axial space to chord ratio (
  

 
). 

3. The height of tip cascade to wind turbine tip radius ( 
 

  
). 

4. The nature of the cascade compound (Front, Back, both Front and Back cascades). 

  

  

S

c



  

xS

c

  
1c 

  

Figure 3. 2 Cascade parameters. 
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3.2 Rotating Reference Frame (RRF) 

The function of using the RRF is to transform an unsteady problem in the stationary 

frame into a steady problem in relation to the moving frame. A rotating reference frame is 

defined as non-inertial reference frame that rotates relative to an inertial reference frame, as 

illustrated in figure 3.3. 

The rotating frame of reference rotates with a constant angular velocity      relative to a stationary 

reference frame. The fluid velocities can transformed from the stationary frame to the rotating 

frame using the following equations: 

   Rotating frame using the following equations: 

                  

Where;           

                 

The relative velocity is         , the velocity viewed from the stationary frame (i.e. the absolute 

velocity) is         , and         is whirl velocity, which represents the velocity due to the moving frame. 

  

 
 

  

Figure 3. 3 Stationary and rotating coordinate systems. 
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3.3 Mathematical modeling 

The equations that govern the air flow in a rotating reference frame are the conservation 

of mass, conservation of momentum, conservation of energy, and some other auxiliary equations. 

The basic equations are employed in a moving reference frame in order to render a problem 

which is unsteady in the stationary (inertial) frame steady with respect to the moving frame. For 

a steadily moving frame (e.g., the rotational speed is constant), it is possible to transform the 

equations of fluid motion to the moving frame such that steady-state solutions are possible.  

The model can also be simulated as an unsteady model in a moving reference frame with 

constant rotational speed; the unsteadiness in this case is due to the natural fluid instability 

(vortex shedding) from a rotating blade. 

3.2.1 Continuity Conservation Equation 

The conservation of mass equation applied to a fluid passing through an infinitesimal, fixed 

control volume for steady flow in tensor notation as: 

                                
 

    
                                                  [3-1] 

Where;   

    : is the absolute velocity in the      direction. 

   : is the coordinate in the      direction. 

      is the air density. 

3.2.2 Momentum Conservation Equation 

The conservation of the momentum equation in the      direction for steady and laminar flow can 

be written as: 

                       
 

   
       

  

   
 

    

   
                                 [3-2]   
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Where; 

       P is the static pressure, and      is the viscous stress tensor given by: 

                         
   

   
 

   

   
 

 

 
   

   

   
                                  [3-3]        

                        is the absolute viscosity          

                         are tensor indices indicating 1,2and 3.     

 
        The relative velocity      in the rotating frame can be obtained by : 

            -                                                [3-4] 

Where; 

                       is the angular velocity for the rotating frame in the j direction. 

                     is the coordinates in the rotating frame in the k direction. 

                       is the permutation symbol. 

 

3.2.3 The Spalart-Allmaras Turbulence Model: 

              The Spalart-Allmaras turbulence model [42] is known to be one of the best turbulence 

models for the prediction of turbine aerodynamics and includes a good low-Reynolds-number 

model. This model is a simple one-equation model that solves model transport equations for the 

kinematic turbulence viscosity. This model was designed specifically for aerospace applications 

involving wall bounded flows and has shown to give good results for boundary layers subjected 

to adverse pressure gradients. It is also gaining popularity for turbo-machinery applications.  

The main advantages of this approach over the other turbulence models are its robustness, ability 

to treat complex flows and a relatively low computational cost associated with the computational 

of the turbulence viscosity   . 
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The transported variable in the Spalart-Allmaras model     is computed from the following 

equation: 

          
 

   
           

 

   
 

 

   
        

   

   
       

   

   
 
 

           [3-5]        

 Where; 

      Production of turbulence viscosity. 

       Destruction of turbulence viscosity that occurs in the near-wall region to wall 

blocking and viscosity damping. 

                      are constants which have the values show in table.  

The turbulence viscosity    is then computed as function of     from the following 

equation: 

                   
 
  

 
 
 

 
  

 
 
 
    

 
    

      is the air kinematic viscosity. 

        is a constant which has the values shown in table [3.1]. 

 

Table 3. 1 Constants in Spalart -Allmaras turblence model. 

 

 

  

             

    0.622 7.1 
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3.3 Numerical Scheme  

One of the most widely used methods which links the velocity to the pressure in order to 

satisfy the continuity equation is coupling the pressure with the velocity, the coarant number not 

exceeds 20. The study sets the flow as steady flow with pressure based solver, and the velocity 

formulation is absolute whereas the turbulence model is a Spallart-Allamaras model, the 

Momentum and turbulent kinetic energy is second order upwind. 

The inlet flow boundary is Velocity Inlet in the axial direction, the outlet flow boundary is 

Pressure Outlet; assigned to be zero gauge pressure (the problem in atmospheric environment) 

and the upper boundary is Symmetry at which the gradient of the flow variables is assigned to be 

zero. Accounting for a single blade with imposing right and left periodic condition for a domain 

sector angle of (360/No. of blades) to account for the other blades. 

3.4 Discretization and Solution algorithm 

The governing integral equations for the conservation of mass, momentum and energy 

besides turbulence are solved using the finite-volume method. The pressure based solver in the 

Fluent software is used to solve the flow field where, the governing equations are solved 

sequentially. Several iterations of the solution loop must be performed before a converged 

solution is obtained. The solution procedure illustrated in figure 3.4 is summarized as follows: 

1.  Fluid properties are initialized and successively updated, based on the current solution. 

2. The momentum equation is solved in turn using current values for pressure and face 

mass fluxes, in order to update the velocity field. 

3. Since the velocities obtained in Step 2 may not satisfy the continuity equation locally, 

an equation for the pressure correction is derived from the continuity equation and the 

linearized momentum equations. This pressure correction equation is then solved to 

obtain the necessary corrections to pressure and face mass fluxes such that continuity is 

satisfied. 

4. Equations for scalar quantities such as turbulence are solved using the previously 

updated values of the other variables. 

5. Check for equations convergence (the convergence criterion requires that the residuals 

decrease to      for velocity components, turbulence variable and continuity equation). 
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YES 

NO 

      Start   

Read the geometry and grid 

Initialization  

Set the boundary conditions 

Update the flow field properties 

Solve the turbulence equation 

Solve the pressure correction equation then update pressure and face mass flow 

rate 

Solve the momentum equation and update the velocity field. 

Stop 

Converged 

OUT PUT 

Write case & data, Post processing results 

Figure 3. 4 Solution algorithm. 
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3.6 Grid Generation 

The HAWT is designed to generate power through lift, thus airfoil efficient design must 

have high lift to drag ratio. The aerodynamic drag is really included in two regions of the flow; 

the viscous boundary layer region and the wake region. Resolving these regions accurately is 

essential. To achieve this we can create either structured or unstructured meshing strategies. 

Using structured meshing will tend to give a higher accuracy solution, however creating a 

structure topology for a complex geometry is very time intensive, whereas creating an 

unstructured topology takes less time. 

The body fitted structured meshes are more accurate due to less truncation error in the 

discretized equations when faces are aligned with flow gradient, however when the flow path is 

unknown or changes rapidly the structured mesh lose their benefit. 

The unstructured meshes tend to provide more flexible resolution control like localized 

clustering, so actually be able to combine structured and unstructured meshing strategy in to a 

hybrid meshing approach is really compromise between meshing effort and accuracy. So it is 

better to creating a prism/hex grid in important region like the boundary layer (BL) region and 

the wake, as illustrated in figure 3.5.  

GAMBIT and POINTWISE programs are used for constructing the problem domain and mesh 

generation for the highly taper Optimized Wind Turbine (Cairo University 7kW HAWT project) 

before and after adding cascade compound. Gambit program is also used for our two 

dimensional cascaded airfoils analysis which constructs dense mesh near the airfoil surface. 

The ANSYS geometry and mesh programs which are integrated with Fluent in the ANSYS 

package is used for meshing the wind turbine NREL Phase II before and after adding cascade 

compound. 

  



34 
 

  

(a) BL meshing. 

Mesh is created considering 

dense grid points near the 

airfoil surface for accurate 

flow prediction in BL region. 

Wake resolution 
block 

Turbine Blade 

(b) Inner domain meshing. 

Figure 3. 5 Wind Turbine meshing using prism/hex grid for the BL region and the wake region. 
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Case Studies of Partially Cascaded HAWTs  

This chapter introduces case studies of partially cascaded HAWT blade tips. The impact 

of the new cascade tip compound on the wind turbine performance is studied numerically. A 

parametric study is performed to select the optimum geometry of the cascades. The pressure 

distribution and stream lines are examined to study the effect of the different parameters on the 

turbine performance. Figure 4.1 presents the main parameters that are covered by the numerical 

study. The parameters are listed as follows: 

1. The tangential space to chord ratio (
  

 
). 

2. The axial space to chord ratio (
  

 
). 

3. The height of tip cascade to wind turbine tip radius ( 
 

  
). 

4. The nature of the cascade compound (Front, Back, Front and Back cascades).  

  

S

 

xS

 

  

Figure 4. 1 Schematic drawing shows different cascade parameters. 
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4.1 Validation of Fluent Package Applied to HAWTs  

This section introduces the configuration of NREL Phase II wind turbine, numerical 

method and computational domain used for code validation and comparison of the CFD results 

with both theoretical and experimental available data. 

4.1.1 NREL Phase II Wind Turbine Configuration 

The experimental data for NREL Phase II is obtained from the IEA Annex XIV database [46]. 

The wind turbine is three-bladed HAWT and the blades are untapered and untwisted. The S809 

airfoil is used throughout the span of the blades. The airfoil is pitched down by 12 degrees 

throughout the blade span. The geometry and pitching of the airfoil are shown in Figure 4.2. 

 
 

 

 

The general data for this wind turbine design is included in table (4.1).  

  

Figure 4. 2 Geometry of S809 Airfoil and pitch angle. 
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Table 4. 1 NREL Phase II Blade description. 

Number of blades 3 blades 

Rotor diameter 10.06 m 

RPM 72 RPM 

Pitch angle 12 degrees 

Blade profile NREL S809 

Blade chord length 0.457m, along the span 

Twist angle 0 deg. along the span 

 

The experimental measurement of the static pressure is the most important. The quality of the 

aerodynamic performance coefficients depends on the accuracy of the individual pressure tap 

measurements. More information about the database and the experimental setup are available in 

Ref. [44, 45]. 

 

4.1.2 NREL Phase II CFD Setup  

The mesh was generated by ANSYS mesh generator for a single blade with imposing the 

periodic condition to account for the other two blades. The number of cells on the entire mesh is 

about 5.25 million cells. The grid is clustered near the wind turbine blade. A structured mesh is 

used inside the boundary layer near to the blade surface; where sharp variations of the flow 

variables exist, to ensure precise computations. 

The boundary conditions for the domain inlet, outlet and upper planes are assigned to be velocity 

inlet in the axial direction, outflow and symmetry boundary condition respectively. The domain 

extends 8 blade radii in the upstream and 10 blade radii in the downstream direction. The domain 

had a radial height of 10 times the blade radius. Figure 4.3 shows the blade geometry, the blade 

meshing and the computational domain boundary conditions. 
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Blade 

meshing 

Figure 4. 3 Computational domain boundary conditions and meshing for NRELL phase II   

wind turbine blade. 
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A uniform wind speed is assigned at the entire outer domain. The rotational velocity is taken to 

be 72 RPM. A rotating reference frame model (RRF) is used to simulate the incompressible, 

steady state flow field. The standard Spalart-Almaras model with Vorticity Based is selected for 

turbulence production and pressure velocity scheme is coupled. 

4.1.3 Comparison of Results 

For the sake of the validation of the current numerical method, the wind turbine of NREL 

PhaseII without tip cascading is solved numerically and the results are compared with the 

available experimental data. Figure 4.4 presents the comparison between the numerical results 

and the experimental data of [28] and [43]. The variation of the turbine power with the wind 

speed is accurately predicted as indicated by figure 4.4.  

 

 

Detailed experimental data is given for different stations at 12.85 [m/s], and a good agreement 

between the computed and the measured data along the chord is achieved at this speed, as 

illustrated by figure 4.5. 

  

Figure 4. 4 Comparison of exprimental power with computed power for NREL PhaseII [28]. 
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Figure 4. 5 Comparison between CFD and Expriment for NREL PhaseII at 12.85 m/s and 72 RPM. 
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At 12.85 m/s, it is clear that the computed results are in good agreement with the experimental 

data. Some discrepancy is noticed between the computed and experimental pressure distribution 

at the inboard span of 30%, at this station separation has occurred and the formed vorticity is 

stronger close to the root, as illustrated in figure 4.7.  

The convergence of the torque and thrust are presented in figure 4.6, the results indicate that 

convergence has been reached after 600 iterations. 

 

Figure 4. 6 Convergence histories of the turbine torque and thrust for NRELPhaseII at 12.85 m/s. 

 

The velocity contours and streamlines calculated at 12.85 m/s and 72 RPM for NREL phaseII of 

the present CFD work illustrated  in Figure 4.7 (at the right column) compared with CFD of 

M.A.El-Farra [28] (at the left column).  
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   Magnitude of relative velocity (m/s) 

(b)  47 % 

(a)  30 % 

(c)  63 % 

(d)  80 % 

Figure 4. 7 Velocity contours and stream lines of present work compared with ref. [28]. 
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4.2 Partial Cascading Applied to NREL Phase II Wind Turbine 

This section introduces the geometry of NREL Phase II after adding a tip cascade and compares 

the resulting performance of the cascaded WT with the original WT. 

We consider a representative case in our study of a space to chord ratio in the tangential direction 

  

 
 =1.5 and in the axial direction 

  

 
 =0.2. Three different partial cascade configurations are 

presented in this study. 

4.2.1 Partial Cascaded NREL Phase II CFD Setup 

The NREL II wind turbine is studied numerically after adding the partial tip cascading to show 

the effect of this new configuration on the turbine performance. The wind speed is taken to be 

12.85 m/s and the rotational speed is 72 RPM. The height of the tip cascade to the blade 

radius  
 

  
) is assumed to be 30%. Several tip cascading configurations are studied including the 

following: 

 Front cascade compounding (MF). 

 Back cascade compounding (MB). 

 Both Front and Back cascade compounding (MFB). 

The layout of the cascade spacing which applied on NRELL Phase II of cases (a), (b) and (c) is 

illustrated in figure 4.8. A sample calculation of the 3D cascade spacing with a representative 

cascade height of 1.5 [m]  

Considering  
  

 
 =1.5,  

  

 
 =0.2. The mesh of the cascades is constructed with a number of cells 

of the computational domain for only front or back cascade is about 6.67 million cells, while; the 

number of cells of the computational domain for both front and back cascades is about 8.52 

million cells. This grid is very intensive; so that the computations were achieved by using a 

super-computer (station). The cascading mesh can be shown in figure 4.8. 
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Figure 4. 8 The main turbine with both front and back cascades. 

  

e) Meshing of the main turbine with both front and back cascades 
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4.2.2 Performance Predictions of Partial Cascaded NREL Phase II  

The results of the added cascade configurations to that high pitch wind turbine (12 deg down) at 

high wind speed shows that the turbine power output is higher when both front and back 

cascades is used. The results of the different configurations are presented in Table (4.2). 

Table 4. 2 Comparisons between different cascade geometry added on  NRELL phase II WT. 

Cascade 

Compound  

Torque 

Q[Nm]  
Excess Q %  Cp Thrust T[N]  Excess T %  

Without  522.96  
 

0.10 593.78  
 

a) Front only  661.85  26.56  0.126 765.64  28.94  

b) Back only  663.38  26.85  0.127 754.75  27.11  

c) Both Front 

and Back  
916.01  75.16  0.175 1067.64  79.80  

The results indicate that when combining the main WT blade with a cascaded blade in front the 

power increases by 26.5%. When combining the main WT blade with a cascaded blade in the 

back side the power increases by 26.8%. When combining the main WT blade with both front 

and back cascaded blades the power increases by 75%. 

Whereas parts of the WT blade at low angles of attack may encounter small gains, other parts 

that operate at high angles of attack (that may produce separation of the original blade) 

remarkable gains are expected. In general there is optimum cascade solidity for each application. 

For conditions of high angles of attack, the flow separation on the suction side can be reduced 

when adding a guiding device before and after the main turbine blade. Using only front cascade 

can reduce or delay the separation only on the main turbine suction side; also using only back 

cascade can reduce or delay the separation only on the back cascade extension suction side. 

Using both cascades can reduce or delay the separation on two surfaces; the suction side of the 

main turbine and the suction side of the back cascade extension. 
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The extracted power depends on the tangential force distribution, so that we interest to plot the 

tangential force with the angle of attack. The definition of the tangential, normal force and torque 

are derived by eqns [4.1] to [4.5], as follows: 

  

 
                                                 

  
 

                                                

    
  

 
   

 

 

                                             

   
  

 
     

 

 

                                            

   
  
 

   

 

 

                                               

 

Figures 4.9, 4.10 and 4.11 illustrate a comparison between pressure distribution after mouting a 

front cascaded blade only, a back cascaded blade only and mounting both (front & back) 

cascaded blades, respectively. 

Figure 4.9 shows that at all stations the superposition for pressure coefficient of the main blade 

combined with front cascaded blade (the solid black and red lines) is larger than the single 

(uncascaded) blade (the dash gray line). 

Figure 4.10 shows that at all stations the superposition for pressure coefficient of the main blade 

combined with back cascaded blade (the solid black and blue lines) is larger than the single 

(uncascaded) blade (the dash gray line). 

Figure 4.11 shows that at all stations the superposition for pressure coefficient of the main blade 

with both front and back cascaded blades (the solid black, red and blue lines) is larger than the 

single (uncascaded) blade (the dash gray line). The increase of the pressure coefficient for the 

last case is much more than the previous two cases. 
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The increase in pressure coefficient explains the increase in the tangential and normal force 

distributions along the cascade compounding that appear in fig. 4.12 which illustrates a 

comparison of the tangential and normal force distribution along the blade radius between the 

different cascade compounding. 

From figure 4.12 we observe that adding either front or back cascaded blade increases the 

tangential force distribution along the cascaded region by approximately equal percentage, when 

adding both front and back cascaded blades the tangential force increased rapidly. The reason of 

that is due to increasing the local solidity.  

From figure 4.12 at stations just below the cascading region, we observe that the both front and 

back cascaded blades cause induced wakes which cause an adverse effect on the original WT 

lower blade stations, while the wakes of the back cascade did not cause adverse effect on the 

original WT blade. The adverse effect caused by the only front cascaded blade is higher than the 

only back cascaded blade and lower than the effect caused by adding both cascaded blades.  
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Figure 4. 9 Comparison between Pressure distribution for NREL II at 12.85 m/s  and 72 RPM 

with front cascading. 
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Figure 4. 10 Comparison between pressure distribution for NREL II at 12.85 m/s and 72 RPM 

with back cascading. 
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Figure 4. 11 Comparison between pressure distribution for NREL II at 12.85 m/s and 72 RPM 

with both front and back cascading. 
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a)  Tangential force distribution. 

b)  Normal force distribution  

Figure 4. 12 The tangential and normal force distribution along the blade radius for different cascade 

configurations added on NREL Phase II at Vo = 12.85 m/s and 72 RPM. 
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4.3 Partial Cascading Applied to Cairo University HAWT Project 

Cairo University project requires designing a HAWT for remote sites application. The 

blade geometry is optimized for maximum gross annual energy production (GAEP) at 6 m/s. 

This optimized HAWT project is essentially a high performance design compared to NREL 

Phase II and hence it is more realistic to investigate the impact of partial cascading and to assess 

the resultant performance in different operating regimes. 

4.3.1 Use of BEM to Define Basic WT Blade Geometry 

The Cairo University of 7KW HAWT Project is included in [50]. The preliminary design 

of this turbine produced the blade chord and blade twist angle designed using the Blade Element 

Momentum (BEM) theory. The blade geometry is optimized for maximum GAEP at 6 m/s wind 

velocity and 100 RPM with three turbine blades. 

The blade description and general data for this design is included in table (4.3)  

Table 4. 3 Cairo University HAWT design conditions. 

Rated wind speed 6 m/s 

Cut in wind speed 3.5 m/s 

Selected site Kattamya , Cairo 

Blade Radius 6 m 

Rotor rotational speed 100 RPM 

Airfoils 
Linear variation between 

S823(hub) and S822 (tip) 

 

Some conditions were imposed on the optimization process such as the maximum hub chord 

should not be large for fixation reasons at the hub and the twist angle should not exceed 45 

degrees. A parabolic distribution for the blade chord and twist was assumed. This gave the 

ability to control the distribution of the chord and twist. 
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Optimization of the output power at the design wind speed is carried out using MATLAB 

optimization toolbox and the BEM theory. A constraint was introduced on the starting torque of 

the wind turbine rotor such that the starting torque must be greater than the torque of the 

generator. The optimization results are shown in the following table (4.4) 

 

Table 4. 4 BEM optimization results of the power cofficient. 

Rated wind speed 6 m/s 

Rated rotor rotational speed 100 RPM 

Tip speed 62.83 m/s 

Tip speed ratio 10.5 

Rated Torque 663.1607 N.m. 

Power coefficient Cp 0.4641 

Rated Power output 6.945 KW 

 

The results of the blade configuration study [50] were given in terms of the chord and twist 

distribution with radial position (r) as shown in figure 4.13, knowing that the twist is distributed 

to maintain the angle of attack to be constant along the chord stations. 

Figure 4.14 shows the schematic drawing of the optimized blade geometry, the blade airfoils 

vary linearly between S823 (thick airfoil) at hub and S822 (thin airfoil) at tip. 
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a) Chord distribution 

b) Twist distribution 

Figure 4. 13 Optimized chord and twist angle distribution with the radial position using BEM. 
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a) NREL S 822 & S 823 airfoils 

b) Optimized wind turbine blade 

Figure 4. 14 Schematic drawing of the blade geometry of Cairo University WT. 
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4.3.2 Comparison between BEM and CFD Results 

4.3.2.1 Cairo University WT CFD Setup 

For a single blade the domain is chosen to consist of the two mesh regions, namely the interior 

domain and the external domain. The domain inlet, outlet and upper boundary conditions are set 

to be velocity inlet, pressure outlet and symmetry, respectively. 

 The domain extended 8 blade radii upstream and 10 blade radii downstream of the blade. The 

domain had a radial height of 10 blade radii, as illustrated in figure 4.15. 

The internal domain front, top, and rear were defined as interface boundary conditions. The 

domain extended about 1.5 blade radii upstream and 5 blade radii downstream of the blade. The 

domain height is 2 blade radii. The domain rotates with the specified RPM while the blades are 

absolutely stationary.  

A structured mesh is used at the boundary layer near to the turbine blade and a structured wake 

block was created behind the rotation direction of the blade for accurate wake resolution.  An 

unstructured mesh was used throughout the domain being easier to generate automatically with 

high quality.  

The number of cells on the entire mesh is 6.6 million cells were 6million for the inner domain 

and 0.6 million for the outer domain, as presented in figures (4.16 and 4.17). 
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Figure 4. 15 Domain and Boundary conditions. 
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a) External domain (b) Internal   

domain 

Figure 4. 16 The external and internal domains meshing. 
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c) blade section at r=1 [m] 

 b) blade section at r=3 [m] 

a) blade section at r=5 [m] 

d) Longitudinal section 

Figure 4. 17 Blade meshing and boundary layer at different stations. 
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A grid sensitivity analysis was achieved for two cases; low grid density case and high grid 

density case as illustrated in the table below. 

Table 4. 5 Grid sensitivity analysis for Cairo University HAWT at design condition. 

Change %  6.6 millions  4.2 millions  No of grid cells  

2.6  218  224  Torque [N.m]  

1.6  608  618  Thrust [N]  

 

The results showed that the percentage change (sensitivity) of Torque and Thrust was very small 

which denotes that improving the accuracy with more concentrated grid will be negligible. 

The Wall Yplus for the high grid density case is below 20 along the blade radius which is good 

for correct capturing the flow inside the BL region, as illustrated in figure 4.18. The turbulence 

model was Spalart Allmaras with vorticity based production. 

 

Figure 4. 18 Wall Yplus for Cairo University HAWT at design condition. 
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4.3.2.2 Comparison of Results  

A uniform wind speed of 6 m/s is assumed at the entrance of the computational domain. 

The rotational velocity is varied from 50 - 120 RPM. Table 4.6 and figure 4.19 show comparison 

of results between CFD and BEM in terms of power production, torque and normal force 

calculated on the Cairo University WT blade under conditions of constant wind speed  6 m/s and 

different rotational speeds. 

Table 4. 6 Comparison between CFD and BEM of the Cairo University WT. 

N [RPM] 

Power [W] Thrust [N] Deviation % 

BEM CFD BEM CFD Power% Thrust% 

50 3909 3613 900 873 -8.22 -3 

80 6532 6348 1618 1549 -2.88 -4.18 

100 7130 7122 2017 1863 -1.1 -8.22 

120 6272 7188 2263 2131 12.65 -6.16 

 

Figure 4.20 shows a tangential and normal force distribution comparison along the blade radius 

at wind speed of 6m/s and rotor rotational speed of 100 RPM.  

Figure 4.21 shows a tangential and normal force distribution comparison  along the blade radius 

at wind speed of 6m/s and rotor rotational speed of 50 RPM. 

From these figures, we observe that the results of the numerical simulations and the BEM 

method are in good agreement. The overall performance seems very close, the local performance 

show small variations between the computed CFD and BEM due to BEM assumptions and CFD 

numerical errors. 
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Figure 4. 19 Comparison between wind turbine performances computed using the numerical 

simulations and the BEM for Cairo University wind turbine. 
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a)  Tangential force distribution along the blade 

b)  Normal force distribution along the blade 

Figure 4. 20 Tangential and normal force distribution comparison between CFD and BEM 

at 100RPM 
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a)  Tangential force distribution along the Blade 

b)  Normal force distribution along the Blade 

Figure 4. 21 Tangential and normal force distribution comparison between CFD and BEM 

at 50 RPM. 
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4.3.3 Partial Two Dimensional Cascading Analysis 

The cascade deals with the flow as a flow between channels and results in more flow guidance 

that has a positive impact on the separation at suction side. The spacing between the cascade 

blades is a main factor that affects the pressure distribution and separation location. The two 

dimensional simulations investigate the axial and tangential spacing at different angles of attack 

on the main WT airfoil over a wide range of operating regimes 

The three dimensional partial cascading studies are achieved by starting with a simple two 

dimensional cascade study. Subsequently we select cascade blades height and conduct the 

investigation at different angles of attack with the aim of selecting a good spacing and height 

over the useful operating regime.  

4.3.3.1 Geometry and Mesh of the 2D Cascade Analysis 

We study more than 20 cases by changing the tangential space to chord ratio  
  

 
  and the axial 

space to chord ratio 
  

 
 between three S822 airfoils with different angles of attack (AoA). The 

best case will be used for the partial cascaded design in the newly developed wind turbine. The 

study cases are presented in table (4.7). 

 

s  

xs

  

s
 

xs

  

Table 4. 7 Cascade study matrix. 
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Figure 4. 22 The meshing domain of the 2D cascading airfoils. 
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The grid is constructed using Gambit program considering dense grid points near the airfoil 

surface. The total numbers of cells are 200 thousand cells as illustrated by figure 4.22. The inlet 

boundary condition is velocity inlet and the outlet boundary condition is pressure outlet. The 

flow field is steady state and the pressure velocity scheme is coupled. The spatial discretization is 

2
nd

 order for pressure, momentum and turbulent viscosity. The flow Courant number is assigned 

to be 15 with explicit relaxation factors of 0.15 for both pressure and momentum equations. The 

standard Spalart-Allmaras model is selected for turbulence production. 

4.3.3.2 Results of the two dimensional cascade analysis 

In this section, the numerical results of the two dimensional cascade airfoils are presented, 

changing the tangential space to chord ratio (
  

 
) and the axial space to chord ratio (

  

 
), showing 

the effects of this spacing on the stream lines. 

A non dimensional study was achieved by changing the angle of attack AoA from 0 to 30 deg. 

The results of the numerical study for the two dimensional cascades are presented in terms of the 

tangential force coefficient Ct which is defined and illustrated in figure 4.23 
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Figure 4. 23 Aerodynamics forces. 
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The results are shown in fig. 4.24 for wide range of cascade spacing and fig. 4.25 for narrow 

cascade spacing. From these figures we observe that the variation of the tangential force with the 

angle of attack can be divided in to three regions. 

 First region 

This region covers angles of attack up to the angle of attack producing maximum Ct. At 

angles below 9 deg, we find that the tangential force can be approximately independent of 

the spacing, in other wards there is insignificant change in tangential force coefficient Ct 

with spacing. When increasing the angle of attack above 9 deg, the effect of spacing on the 

tangential force is significant. Whereas cascaded configurations shows values of maximum 

Ct up to 0.5, the maximum value of the original blade is 0.2.  

The angle of attack for maximum Ct varies between 11 and 13 deg for cascade airfoils 

depending on the spacing, while this angle reaches 14 deg for the single airfoil.,  

 Second region 

This region covers angles of attack starting from that producing max Ct up to that showing 

first sign of stall (which appears as drop in Ct). This drop depends on the spacing. Since that 

the stall of the front airfoil occurs before the back airfoil. 

For narrow cascade spacing the result in stalling delay of around 5 deg for the back airfoil 

produces a gain when operating at high angles of attack. As illustrated in figure 4.23, the 

delay of stall of the back airfoil explains the phenomena of Ct-drop recovery which causes a 

partial sustaining for the value of Ct in the stalling region,  which appears as another peak of 

Ct as indicated by cases (
  

 
 =0.5, 

  

 
 =1) and (

  

 
 =0.75, 

  

 
 =1). 

 Third region 

This region covers post stall angles of attack. It appears only for narrow cascade spacing 

after full stalling of all the airfoils. In this region the value of Ct is highly dependent on the 

spacing. For example, at angles greater than 20 deg, case (
  

 
 =0.5, 

  

 
 =1) produce Ct greater 

than 0.25 and case (
  

 
 =0.75, 

  

 
 =1) produce Ct greater than 0.35 while the other cases 

produce zero or negative tangential force, which is a significant effect when selecting the 

spacing at this operating conditions. 
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Figure 4. 24 The tangential force coefficient vs. the angle of attack for different cascade spacing. 
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Figure 4. 25 The tangential force coefficient vs. the angle of attack for narrow cascade spacing.
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4.3.3.3 Discussion of case studies of the two dimensional cascades  

1.   Case 
  

 
 =0.5 

Figure 4.26 indicates that up to AoA of 14 degrees 
  

 
 =2.5 is the best choice for maximum 

tangential force coefficient Ct .  On the other hand, if a more global AoA range (up to 30 

degrees) is sought 
  

 
 =1.0 seems a better choice.  

Knowing that the value of Ct_max is for 
  

 
 =2.5 which equals to 0.45 at AoA of 12

 
degrees. 

 

  

Figure 4. 26 The tangential force coefficient vs. the angle of attack for  
  

 
   =0.5. 
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2.    Case 
  

 
=1 

Figure 4.27 indicates that up to AoA of 17 degrees 
  

 
 =3 is the best choice for maximum 

tangential force coefficient Ct .  On the other hand, if a more global AoA range (up to 25 

degrees) is sought  
  

 
 =1.0 seems a better choice.  

These two tangential spacing results in generally in much higher tangential force coefficients 

compared with the uncascaded original blade. 

Knowing that the value of Ct_max is the same value for 
  

 
 =2, 2.5 and 3 which equals to 0.47 at 

AoA between 12 and 13 degrees 

Figure (4.28 a, b and c) shows the contribution of the front, middle and back airfoils with respect 

to the single airfoil of cases (
  

 
 =1, 

  

 
 =2), (

  

 
 =1, 

  

 
 =2.5) and (

  

 
 =1, 

  

 
 =3) respectively. 

We conclude from this case that the Ct contribution of the three combined airfoils is higher than 

the Ct of the single airfoil up to AoA of 12 deg. , and the performance of 
  

 
 =3.0 is better up to 

15 deg. 

  

Figure 4. 27 The tangential force coefficient vs. the angle of attack for  
  

 
 =1.0. 
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AoA Front/single Mid./single Back/single Tot./single 

6 2.07 0.88 0.22 3.17 

9 1.70 0.97 0.47 3.14 

12 
1.34 0.95 0.61 2.90 

15 0.08 0.34 0.82 1.25 

a)  
  

 
 =1, 

  

 
 =2 

AoA Front/single Mid./single Back/single Tot./single 

6 1.86 0.90 0.32 3.08 

9 1.56 0.97 0.54 3.07 

12 
1.35 1.02 0.67 3.03 

15 0.46 0.21 0.96 1.63 

b)  
  

 
 =1, 

  

 
 =2.5 

AoA Front/single Mid./single Back/single Tot./single 

6 1.57 0.95 0.39 2.92 

9 1.23 1.06 0.60 2.89 

12 
0.62 1.07 0.72 2.41 

15 0.39 0.78 0.88 2.06 

c)  
  

 
 =1, 

  

 
 =3 

 

Figure 4. 28 Contribution of front, middle and back airfoil compared with the single airfoil at 
  

 
 =1.0. 

 

 

 

  



75 
 

3.   Case 
  

 
 =1.5 

Figure 4.29 indicates that when selecting 
  

 
 = from 2 to 3 the Ct increases linearly with the AoA 

until reaches the value  of  Ct_max= 0.5 at AoA between 12 and 13 degrees. The curves of 

different tangential spacing are alike up to AoA = 20 degrees.  

Figure (4.30 a, b and c) shows the tangential force contribution of the front, middle and back 

airfoils with respect to the single airfoil of cases (
  

 
 =1.5, 

  

 
 =2), (

  

 
 =1.5, 

  

 
 =2.5) and (

  

 
 =1.5, 

  

 
 =3), respectively. 

We conclude from this case that the Ct contribution of the three combined airfoils was greater 

than the Ct of the single airfoil, so that using this axial and tangential spacing of this case is 

recommended and produce high performance in wide operating regimes except the regimes of 

angles of attack greater than 17
o
 which corresponding to TSR lower than 3.2 in 3D analysis. 

Figure 4.31 shows the stream lines at different angles of attack  for the case of  
  

 
 =1.5, 

  

 
 =3. 

The enhanced stall performance is evident. 

  

Figure 4. 29 The tangential force coefficient vs. the angle of attack for  
  

 
 =1.5. 
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AoA Front/single Mid./single Back/single Tot./single 

6 1.84 0.93 0.37 3.14 

9 1.56 0.99 0.57 3.12 

12 
1.39 1.05 0.69 3.13 

15 0.82 0.54 0.90 2.25 

a)  
  

 
 =1.5, 

  

 
 =2 

AoA Front/single Mid./single Back/single Tot./single 

6 1.74 0.93 0.41 3.08 

9 1.49 0.99 0.60 3.08 

12 
1.33 1.04 0.72 3.09 

15 0.88 0.50 0.92 2.30 

b)  
  

 
 =1.5, 

  

 
 =2.5 

AoA Front/single Mid./single Back/single Tot./single 

6 1.64 0.94 0.47 3.04 

9 1.42 0.99 0.64 3.05 

12 
1.29 1.04 0.75 3.08 

15 0.92 0.63 0.94 2.48 

c)  
  

 
 =1.5, 

  

 
 =3 

 

Figure 4. 30 Contribution of front, middle and back airfoil compared with the single airfoil at   
  

 
  =1.5. 
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(c) AOA=12o 

(a)  AOA=6o 
(b) AOA=9o 

(d) AOA=18o 

Figure 4. 31 Stream lines at different angles of attack for 
  

 
 =1.5, 

  

 
 =3. 
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4.3.3.4 Selection of the 2D Cascades 

From the previous two dimensional results the tangential force show variation with angle of 

attack for a range of tangential and axial spacing, we conclude that optimum selection may 

depend on the specific application range of interest of TSRs.  

For high TSR (>3.2), (AoA < 17
o
) the recommended spacing is (

  

 
 =1.5 and 

  

 
  from 2 to 3). For 

TSR <3 (with more emphasis on small values) (AoA >20
o
) much closer spacing is 

recommended, that of (
  

 
 = 0.6 and 

  

 
  from 1 to 1.1). One may note that the last case is better 

than the original case almost everywhere.    

For our specific problem we select the combined spacing that maintains an upper bound of 

tangential force for an operating range of angles of attack up to 17
o
. From figure 4.24 we select 

the spacing of case (
  

 
 =1.5 and 

  

 
  from 2 to 3). Knowing that the Ct_max=0.5 at AoA=12

o 
which 

is the optimum but by increasing the AoA the Ct will decrease to a value of 0.3 at AoA=17
 o

 and 

drops to a negative value after AoA of 20
o
.  

Next we extend this 2D study to our 3D cascaded HAWT study with cascade axial space to 

chord ratio 
  

 
 of 1.5 and the tangential space to chord ratio varies between 

  

 
  = 3 at the upper 

cascade station (at the blade tip) and 2 at the inner cascade station (at the lower cascading 

radius), which is shown in figure 4.32. 

 

  



79 
 

4.3.4 Partial Cascade Modification of Cairo University HAWT 

A Sample calculation of the three dimensional cascade spacing based on the two 

dimensional cascading study is presented in the next section. We select space to chord ratios in 

the axial direction 
  

 
  =1.5 and that in the tangential direction 

  

 
   is varied between 2 and 3 

for the lower and upper cascade stations, respectively. 

Changing the cascade height between 1 m and 1.5 m and using different cascade compounding 

(front only, back only, both front and back cascade). The geometry of the wind turbine cascading 

is illustrated in figures (4.32, 4.33). 

 

 

 

 

  

Cascade 

height 

s

c


 

xs

c
  

s

c


 

xs

c
  

Inner cascade station 

Upper cascade station 

Figure 4. 32 Cairo University HAWT with both front and back cascades. 
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Figure 4. 33 The Cairo University HAWT with both front and back cascades (isometric view). 
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The mesh of the cascaded blades was constructed with the same procedure as mentioned in the 

uncascaded WT. The number of cells of the entire domain for both front and back cascades is 

about 8 million cells, illustrated in figure 4.34. The number of equations is 32 million equations 

achieved by a supercomputer. 

 

  

b) blade section at r=4.5 [m] 

c)     longitudinal blade section 

a) blade section at r=5.9 [m] 

Front 

blade 

Original 

WT blade 

Back 

blade 

Figure 4. 34 Blade meshing at different stations after adding cascades. 
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4.3.5 Results of Partial Cascading of Cairo University HAWT  

The term angle of attack (AoA ) was used in 2D cascading study, which gives an 

indication on the status of the flow and benefit of partial cascading. We extend the term AoA in 

the 2D study to be the approximate tip angle of attack (TAoAap) for the 3D study interchanging 

with the term tip speed ratio (TSR). Since the pitch of the tip station approaches zero, thus the 

angle between the relative wind speed and the rotor rotational speed can be considered as the 

approximate tip angle of attack (TAoAap). 

Based on the 2D study we select the case which has an axial space to chord ratio of  
  

 
 = 1.5 and 

a tangential space to chord ratio that varies between 
  

 
  = 2 (at the inner cascade station) and 3 

(at the upper cascade station) to be implemented in the three dimensional cascaded HAWT. 

Five cascade cases are presented in our 3D study, as follows: 

 The main blade with 1m front cascade extension (5.1% increases in solidity). 

 The main blade with 1m back cascade extension (5.1% increases in solidity). 

 The main blade with 1.5m back cascade extension (8.3% increases in solidity).  

 The main blade with both 1m front and back cascades (10.2% increases in solidity). 

 The main blade with both 1m front and 1.5m back (13.5% increases in solidity). 

Each case was run at three operating conditions. The results of the variations in the power 

coefficient and percentage change in power output are illustrated in table (4.8) and (4.9), 

showing the impact of different cascade height compared with the original uncascaded WT. 

 

Table 4. 8 Comparison between power coefficient for different cascade compounding and 

different cascade length at different TSR 

TAoAap 

[deg] 
TSR 

Original 

blade Cp 

Front 1m, 

back 1.5m 

Front 1m, 

back 1m 

Only  back 

1.5m 

Only 

back 1m 

Only 

front 1m 

5 11.4 0.48 0.45 0.46 0.50 0.50 0.49 

10 5.7 0.30 0.39 0.37 0.36 0.34 0.34 

15 3.7 0.06 0.11 0.10 0.09 0.08 0.08 
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Table 4. 9 The percentage increasing in power coefficient over the original WT for different 

cascade compounding and different cascade length at different TSR. 

TAoAap 

[deg] 
TSR 

Original 

blade Cp 

Front 1m, 

back 1.5m 

Front 1m, 

back 1m 

Only  back 

1.5m 

Only 

back 1m 

Only 

front 1m 

5 11.4 0.48 -5.1% -4.2% 5.3% 4.3% 1.8% 

10 5.7 0.30 27.5% 21.1% 19.5% 12.8% 12.6% 

15 3.7 0.06 82.4% 67.0% 44.7% 32.8% 34.4% 

In all regimes by decreasing the tip speed ratio (TSR) the cascading effect on the power 

extraction was increased as the impact of higher angles of attack becomes more severe for the 

uncascaded configuration. The cascade function is to delay the separation and permits for higher 

loading of the cascaded part at high angles of attack.  

For example, using only 1m front or 1m back cascade will extract high power than the original 

uncascaded wind turbine. Using 1.5 m back cascade will extract the power more than 1 m back 

cascade, as presented in table 4.8. The 1.5m back cascade will extract power over the original 

uncascaded WT from 21% at TAoAap=10
o
 to 67% at TAoAap=15

o
. 

Table 4.9 and figures (4.35 & 4.36) indicates that using combined 1m front and 1.5 m back 

cascades will extract more power than only 1.5m back cascade for regions that have TSR less 

than 8, e.g. using both 1m front and 1.5m back cascades will extract power over the original 

uncascaded WT from 30% at TAoAap=10
o
 (TSR=5.7) to 82% at TAoAap=15

o 
(TSR=3.7), while 

this combination have adverse effect for TSR greater than 10 where the combined cascade 

extracts less power than the original uncascaded wind turbine.  

One may note that the front cascade cause 3D induced wakes which cause adverse effect on the 

original WT blade stations, while the wakes of the back cascade does not cause this adverse 

effect. In addition, the solidity of the lower stations is relatively high and become higher when 

adding both cascades, so we conclude that using only back cascade for the lower stations is 

preferable. 
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a) Cp  vs. TSR 

b) Cp  vs. TAoAap 

Figure 4. 35 Power coefficient with tip speed ratio and approx. tip angle of attack. 
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Figure 4. 36 Excess Power with tip speed ratio and approx. tip angle of attack. 

a) Excess Power(%)  vs. 

TSR 

b) Excess Power(%)  vs. TAoAap 
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Front 1m, back 1.5m 

Only back 1.5m 

 

Front 1m, back 1.5m 

Only back 1.5m 

 

b)  TAoAap =10 [deg] corresponding to TSR = 5.7  

Original WT 

a)  TAoAap =5 [deg] corresponding to TSR = 11.4 

Original WT 
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Figure 4.37 (a) indicates that the tangential force contribution at high TSR (11.4) for the 1.5m 

back cascade is the best for all the cascade stations, while the both front and back cascades 

contributes high values at some stations and lower values at the others comparing with the 

original uncascaded wind turbine. 

Figure 4.37 (b & c) indicates that at low TSR both cascades contributes more than only back 

cascade and this difference increases rapidly by reducing the TSR or increasing the TAoAap .  

From these results we conclude that the gain of cascade can be observed at conditions of high 

angles of attack, which can be satisfied at conditions of low rotational speeds or conditions of 

high free stream velocity, the gain increases due to the effect of stall delay at cascade region. On 

the other hand, the gain of cascade can be also observed at conditions of low angles of attack due 

to the impact of the increase in local solidity. In general there is optimum cascade solidity for 

each application. 

Front 1m, back 1.5m 

Only back 1.5m 

 

c)  TAoAap =15 [deg] corresponding to TSR = 3.7  

Original WT 

Figure 4. 37 Tangential force distribution along the blade radius for different TSR. 
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b) Ct  vs. TAoA 

a) Ct  vs. TSR 

Figure 4. 38 Torque coefficient with tip speed ratio and tip angle of attack. 
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The wind turbine torque comes from the integration of the local tangential force along the blade 

times the radial distance from the shaft.  

From figure 4.37, at high TSR the incremental change of the local tangential force is low while 

the increasing in the local tangential force becomes significant at low TSR. This interprets the 

increasing in the wind turbine torque when reducing the TSR, as illustrated in figure 4.38. 

Figures (4.39 and 4.40) show the effect of cascade combinations on the velocity contours and 

streamlines at TSR=11.4 (TAoAap=5
o
) for back cascade and both cascades respectively. Figures 

(4.41 and 4.42) see the effect of cascade combination on the velocity contours and streamlines at 

TSR=6.7 (TAoAap=10
o
) for back cascade and both cascades respectively.  

Also figures (4.43 and 4.44) show the cascading effect at TSR = 3.7 (TAoAap=15
o
), for this case 

the effect of separation delay can be more clear. The upstream blade suffers the impact of 

separation while the second suffers partially. When using double cascades (forward and 

backward) the forward suffers the impact of separation while the next two blades are better. 
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b) r=5.25m 

c) r=5.75m 

a) r=4.75m 

V
/V

o  

Figure 4. 39 Only Back 1.5m cascade at TAoAap=5 deg , TSR =11.4. 
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V
/V

o  

a) r=4.75m 

b) r=5.25m 

c) r=5.75m 

Figure 4. 40 Both Front 1m and Back 1.5m cascades at TAoAap=5 deg, TSR =11.4. 
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  V
/V

o  

a) r=4.75m 

b) r=5.25m 

c) r=5.75m 

Figure 4. 41 Only Back 1.5m cascade at TAoAap=10 deg , TSR =6.7. 
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  V
/V

o  

b) r=5.25m 

c) r=5.75m 

a) r=4.75m 

Figure 4. 42 Front 1m and Back 1.5m cascades at TAoAap=10 deg, TSR =6.7. 
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a) r=4.75m 

b) r=5.25m 

c) r=5.75m 

V
/V

o  

Figure 4. 43 Only Back 1.5m cascade at TAoAap=15 deg , TSR =3.7. 
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a) r=4.75m 

b) r=5.25m 

c) r=5.75m 

V
/V

o  

Figure 4. 44 Both Front 1m and Back 1.5m cascades at TAoAap=15 deg, TSR =3.7. 
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Conclusions and  

Recommendations 

5.1 Conclusions 

1. This thesis introduces a new technique used for enhancing the power extracted from wind 

turbine blades by adding cascading blades mounting at the original blade tip which improve 

the off design performance by increasing the stall limit and enhancing the post stall 

performance at higher angles of attack. 

2. From the two dimensional analysis, we conclude that at high angles of attack the effect of 

cascade spacing is significant depending on the separation existence. For high separation 

using narrow spacing results in more flow guidance causing separation delay. This allows 

the airfoil to be loaded under these hard conditions compared with the single airfoil. 

3. At low angles, it is recommended to increase the spacing in order to reduce the effect of 

pressure loss between front airfoil pressure side and back airfoil suction side with the main 

airfoil. 

4. The best spacing for a range of angles of attack below 17
o
 is different from the range of high 

angles of attack (based on NREL S822 airfoil). 

5. From the three dimensional analysis we conclude that the gain of cascade can be observed at 

conditions of high tip angles of attack (low TSR), which can be satisfied at conditions of low 

rotational speeds or conditions of high free stream speed, the gain increases due to the effect 

of stalling delay at cascade region.  

6. On the other hand, the gain of cascade can be also observed at conditions of low angles of 

attack (high TSR) due to the impact of the increase in local solidity. In general there is 

optimum cascade solidity for each application. 

7. When using a single cascaded blade, the upstream blade suffers the impact of separation 

while the second suffers partially. When using double cascades (forward and backward) the 

forward suffers the impact of separation while the next two blades are better. 

8. The stations towards the blade tip can effect a high power contribution due to high torque 

arm thus the cascading area over the increased power ratio is high for the upper stations, and 

vice versa, so that adding partial cascading blades towards the blade tip is preferable. 
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9. For the Cairo University HAWT, There is suitable partial cascade configuration for each 

wind turbine operating regime. Using combined 1m front and 1.5 m back cascades will 

extract more power than only 1.5m back cascade for regions that have TSR less than 8, e.g. 

using both 1m front and 1.5m back cascades will extract power over the original un-

cascaded WT from 30% at TAoA=10
o
 (TSR=5.7) to 82% at TAoA=15

o
 (TSR=3.7), while 

this combination have adverse effect for TSR greater than 10 at which the only back 1.5 m 

cascade produce 5% increasing in power extraction. A simple interpretation as follows:  

a) For high TSR (low TAoA) the effect of separation is very low thus the adverse effect 

of the WT with both cascades -due to excess solidity- will be dominant compared with 

the WT with only back cascade. 

b) For low TSR (high TAoA) the flow tends to detach from the blade surface (separation 

exists) and the this separation increases with increasing TAoA, thus adding both cascades 

can reduce or delay the effect of separation due to more flow guidance.  

10. At lower stations, the local angle of attack is increased due to decreasing the tangential 

velocity from tip to hub, but the local solidity is relatively high and becomes higher when 

both cascades are added. To combine between the increase of the local angle of attack (the 

cascading cause favorable effect) and the effect of high solidity, a single cascade (front or 

back cascade) is only used for the lower stations. 

11. Front cascaded blade cause three dimensional induced wakes which have an adverse effect 

on the original WT blade stations, while the wakes of the back cascade not cause this 

adverse effect, so that using only back cascade for the lower stations is preferable. 

5.2 Future work and Recommendations 

 Grid points near the airfoil surface and in the wake region need to be resolved taking in to 

consideration the different turbulence models. 

 Different cascading lengths and configurations from different stations need to be studied. 

 A three dimensional cascade optimization for axial and tangential spacing needs to be 

investigated with advanced optimization techniques. 
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Appendix A 

 

NREL Airfoil coordinates and characteristics: 

 

S822 Airfoil 

x/c y/c 

1 0 

0.996089 0.000642 

0.985048 0.003157 

0.968133 0.007602 

0.946046 0.013324 

0.918825 0.020084 

0.887037 0.028045 

0.851444 0.037037 

0.812782 0.046731 

0.771742 0.056677 

0.728946 0.066315 

0.684771 0.074819 

0.638946 0.081988 

0.591971 0.087923 

0.544321 0.092477 

0.496467 0.095295 

0.44832 0.096342 

0.400324 0.095949 

0.353012 0.094259 

0.306932 0.091363 

0.262594 0.087322 

0.220471 0.082211 

0.181021 0.076101 

0.144635 0.069084 

0.111706 0.061261 

0.082528 0.052754 

0.057423 0.043713 

0.036592 0.034302 

0.02031 0.024706 

0.008599 0.015142 

0.00176 0.006074 

0.000651 0.003396 

0.000138 0.001358 

0.000023 -0.00054 

0.000294 -0.00194 

0.000443 -0.00241 

0.001282 -0.00439 

0.005329 -0.01012 

0.015376 -0.01868 

S823 Airfoil 

x/c y/c 

1 0 

0.996182 0.001021 

0.985647 0.004487 

0.969834 0.009935 

0.949208 0.016186 

0.923311 0.02286 

0.892433 0.030245 

0.857144 0.038305 

0.818037 0.046896 

0.775723 0.05581 

0.73081 0.064793 

0.68389 0.073566 

0.635537 0.081835 

0.586291 0.089312 

0.536666 0.095725 

0.487145 0.100825 

0.438182 0.104394 

0.390202 0.106236 

0.343554 0.106115 

0.298349 0.104071 

0.25503 0.100219 

0.213826 0.094667 

0.17515 0.087661 

0.139404 0.079378 

0.106993 0.069983 

0.078238 0.059647 

0.053489 0.048562 

0.032973 0.036935 

0.017013 0.025059 

0.005871 0.013252 

0.001538 0.006021 

0.000533 0.003322 

0.000235 0.00216 

0.000026 0.000734 

0.000174 -0.00193 

0.0008 -0.00484 

0.002374 -0.00939 

0.010193 -0.02397 

0.021425 -0.0414 

S809 Airfoil 

x/c y/c 

1 0 

0.996203 0.000487 

0.98519 0.002373 

0.967844 0.00596 

0.945073 0.011024 

0.917488 0.017033 

0.885293 0.023458 

0.848455 0.03028 

0.80747 0.037766 

0.763042 0.045974 

0.715952 0.054872 

0.667064 0.064353 

0.617331 0.074214 

0.56783 0.084095 

0.519832 0.093268 

0.474243 0.099392 

0.428461 0.10176 

0.382612 0.10184 

0.33726 0.10007 

0.29297 0.096703 

0.250247 0.091908 

0.209576 0.085851 

0.171409 0.078687 

0.136174 0.07058 

0.104263 0.061697 

0.076035 0.052224 

0.051823 0.042352 

0.03191 0.032299 

0.01659 0.02229 

0.006026 0.012615 

0.000658 0.003723 

0.000204 0.001942 

0 -0.00002 

0.000213 -0.00179 

0.001045 -0.00348 

0.001208 -0.00372 

0.002398 -0.00527 

0.009313 -0.0115 

0.02323 -0.0204 

http://wind.nrel.gov/airfoils/Shapes/S822.txt
http://wind.nrel.gov/airfoils/Shapes/S823.txt
http://wind.nrel.gov/airfoils/Shapes/S809.txt
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0.030216 -0.02717 

0.049559 -0.0352 

0.073374 -0.04256 

0.101374 -0.04906 

0.133441 -0.05458 

0.169219 -0.05903 

0.208482 -0.06236 

0.250797 -0.06455 

0.295834 -0.06559 

0.343087 -0.0655 

0.392138 -0.06434 

0.44242 -0.06214 

0.493444 -0.05897 

0.544594 -0.05483 

0.595407 -0.0496 

0.645795 -0.04346 

0.695149 -0.03687 

0.742856 -0.03007 

0.788279 -0.02303 

0.831428 -0.01608 

0.871626 -0.01 

0.907952 -0.00522 

0.93944 -0.00195 

0.96515 -0.00014 

0.984246 0.000448 

0.996022 0.000259 

1 0 
 

0.03433 -0.05938 

0.049121 -0.07669 

0.065425 -0.09171 

0.084347 -0.10251 

0.108058 -0.10978 

0.136074 -0.11443 

0.168058 -0.11652 

0.203782 -0.11604 

0.243045 -0.11306 

0.285642 -0.10769 

0.331343 -0.10014 

0.379872 -0.09068 

0.430894 -0.07971 

0.483993 -0.06767 

0.538656 -0.05509 

0.594258 -0.04251 

0.650057 -0.03052 

0.70519 -0.01965 

0.758682 -0.01038 

0.809471 -0.00307 

0.856439 0.002045 

0.89846 0.004922 

0.934449 0.005687 

0.963294 0.004594 

0.9839 0.00254 

0.996032 0.000732 

1 0 
 

0.04232 -0.03027 

0.065877 -0.04082 

0.093426 -0.05192 

0.124111 -0.06308 

0.157653 -0.07373 

0.193738 -0.08357 

0.231914 -0.09244 

0.271438 -0.09991 

0.311968 -0.10528 

0.35337 -0.10818 

0.395329 -0.10801 

0.438273 -0.10455 

0.48192 -0.09735 

0.527928 -0.08657 

0.576211 -0.07398 

0.626092 -0.06064 

0.676744 -0.04744 

0.727211 -0.0351 

0.776432 -0.0242 

0.823285 -0.01516 

0.86663 -0.0082 

0.905365 -0.00336 

0.938474 -0.00049 

0.965086 0.000743 

0.984478 0.000775 

0.996141 0.00029 

1 0 
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 S 809 

Airfoil characteristics at Re = 1 x 10
6
 

The results were done by XFLR5 program. 
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 S 822 

Airfoil characteristics at Re = 1 x 10
6
 

The results were done by XFLR5 program. 
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 S 823 

Airfoil characteristics at Re = 1 x 10
6
 

The results were done by XFLR5 program. 

 

 

 

  

-0.4 

-0.2 

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

0 5 10 15 20 25 30 

AoA 

CL  vs. AoA for S823 

CL 

-10 

-5 

0 

5 

10 

15 

20 

25 

30 

35 

40 

-10 -5 0 5 10 15 20 25 30 

AoA 

CL /Cd  vs. AoA for S823 

Cl/Cd 



 

 ملخص الرسالة

 ةورأسي أفقية بأبعاد( 2D cascading airfoils) األبعاد ثنائية الجنيحات من مصفوفة دراسة تمفي هذه الرسالة 
. األبعاد الثالثية األفقية التربينة ريشة علي تطبيقها ثم,  أداء أفضل تعطي والتي مسافات افضل أختيار ثم من متفاوتة

NREL II (untapered/untwisted ) األولي,  الريش مصفوفة ضافةا وبعد قبل دراستهم تمت أفقيتين تربينتين يوجد
 نتاجإل" مثاليا صممت متر 01بقطر (tapered/twisted) كمشروع لجامعة القاهرة أفقية تربينة والثانية, متر 01 وبقطر

 .الثانية/متر 6 الرياح سرعة تكون عندما وات كيلو 7
 المسببة) المماسية القوة بسببها تزيد و يجابيا تأثير لها( cascade) المصفوفة أن البعدين ذات الجنيحات نتائج أوضحت

 بزاوية الهواء دخول عند الجنيحات أسطح عن( flow separation) الهواء انفصال ظاهرة تأخير نتيجة( الدوران لعزم
 دخول زاوية نخفاضا حالة فيسلبي  تأثير لها المصفوفة هذه المقابلة الجهة وفي. تحملها تستطيع وبالتالي, عليها عالية
 .تالجنيحا صفوف بين المسافة ضيق مع السطح علي الهواء

 الضغط ذو) العلوي السطح علي(  العالي الضغط ذو) األمامي للجنيح السفلي السطح تأثير هو لذالك مبسط تفسير 
 وبالتالي األساسي للجنيح السفلي السطح علي الخلفي للجنيح العلوي السطح تأثير وكذالك األساسي للجنيح(  المنخفض

ولذالكُالمسافاتُالمثاليةُ المماسية القوة تقل وبالتالي الرفع قوة فتقل الجنيحات سطحي بين الضغط" جزئيا يقل أو يتالشي

   عندُزواياُاقلُمنُ
 .تختلفُعنُالمسافاتُالمثاليةُلزواياُأكبرُُ

 وأن,% 1662 بمقدار القدرة زيادة في تسببت أمامية جزئية ريشة أضافة أن( NREL II) األفقية ةالتربين نتائج أوضحت
 تسببت وخلفية أمامية جزئيتين ريشتين إضافة حين في, %1662 بمقدار القدرة زيادة في تسببت خلفية جزئية ريشة ضافةا

 .الثانية/متر 01 الرياح سرعة تكون عندما% 72 بمقدار القدرة زيادة في
المسافات واألبعاد لها و  من حاالت التشغيل تبين أن كل حالة فبعد اضافة هذه المصفوفات ,تربينة جامعة القاهرة أما

(  high TAOA / low TSR) مرتفعة بزوايا الهواء دخول وبوجه عام فإن( . الوضع مثالي بين المصفوفات) المناسبة
 من الهواء المسحوبة القدرة علي تأثير لها يصبح المصفوفة هذه نإف(  الرياح سرعة زيادة أو الدوران سرعة تقليل) بمعني
 .كبيرة زيادة فتزيد

عندما تكون فنجد أنه ( متر خلفي 062متر أمامي و0)بالريشة ( متر أمامي وخلفي0)بطول بمقارنة الريشة الجزئية التي و 
ث فإن /م 07وعند وصول سرعة الهواء إلى , على التوالي% 12و% 10فإن القدرة تزداد بمقدار  ث/م 00سرعة الهواء 
 .على التوالي %21و% 67 إلىالقدرة تزداد 

 منفردة األساسية الريشة من أعلي قدرة تعطي فإنها فقط خلفية أو فقط أمامية جزئية ريشة إضافة حاالت جميع في
 عند متر 062 بطول فقط خلفية ريشة من أكبر قدرة فتعطي متر 062 بطول وخلفية متر 0 بطول أمامية ريشة وبإضافة.
(TSR )حالة في أما,  2 من أقل (TSR )أقل قدرة يعطي(  متر 062 وخلفي متر0 أمامي) إضافة كان فان 01 من أكبر 

 %.5 بحوالي األساسية الريشة عن تزيد قدرة يعطي(  خلفي متر 062) إضافة أن إال األساسية الريشة من
 

والحمد هلل رب العالمين
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 :ملخص الرسالة

 

ضتتا سذموتت ج سذة م تتسذمتتعذالتتة تذربتتحذاتتةاذ جة  بتتسذالة تتا ذلاهذإلقامتتهذهتتلرذالة تتالسذ حةا تتسذ  تتا  سذ

ج تنذرمت ذحةا تسذ.ذذFLUENTج مهذحةا سذالمةتا ذالم ت اذ ال جة  بتسذ ا ت  حانذ ةبتام ذ.ذالم جةذاأل قي

اةام ة سذآ ل عذ يذاالر  اةذالم ا سذ  عذة تذالمو ج سذجكللكذاج ذالمو ج سذجالشك ذال كج بيذلهاذرلىذ 

 ةورأسني أفقينة مسنافاتبوذلنك  األبعناد ثنائينة الجنيحنات منن مصفوفة دراسة تموفي هذه الرسالة .ذأحاءذال جة  بس
 األفقيننة ربينننةو الت ريشننة علنني تطبيقهننا ثننم,  أداء أفضننل تعطنني والتنني مسننافات افضننل أختيننار ثننم مننن متفاوتننة
ذ.ال جة  باهذرلىذبااقذجا عذمعذظةجاذال شغ  ذأحاءالةح حذلح هذ أث ةذك  ةذرلىذذشك ال .األبعاد الثالثية

 
  



 

 



 

 

جزئية مصفوفة إلضافة حسابية دراسة  
  األفقي المحور ذات الرياح لتوربينات

 

 إعداد

 ضياءُالحقُنبيلُحسنُالشبيني

 جامعة القاهرة, إلى كلية الهندسةرسالة مقدمة 

 كجزء من متطلبات الحصول على درجة الماجستير

 في 

 هندسة الطيران و الفضاء

 

 

 تحت إشراف

 

 

       عليُعبدُالفتاحُهاشم.ُد.أ  د فاروق محمد عويس .م.أ

مساعدُبقسمُهندسةُالطيرانُوُالفضاءأستــاذُ  

ةجامـعهُالقــــــاهرُ-ُكلـيــهُالهنــدسةُ-ُ  

 أستــاذُبقسمُهندسةُالطيرانُوُالفضاء

ةجامـعهُالقــــــاهرُ-ُكلـيــهُالهنــدسةُ-ُُُ  

 

 

 جامعة القاهرة, كلية الهندسة

 جمهورية مصر العربية, الجيزة

2014 

  



 

 

 

 

 

 

 

 

 

 

 

جزئية مصفوفة إلضافة حسابية دراسة  
  األفقي المحور ذات الرياحلتوربينات 

 

 

 إعداد

الشبينيُضياءُالحقُنبيلُحسن  

 جامعة القاهرة, رسالة مقدمة إلى كلية الهندسة

 كجزء من متطلبات الحصول على درجة الماجستير

 في 

 هندسة الطيران و الفضاء

 
 

 

 

 

 جامعة القاهرة, كلية الهندسة

 جمهورية مصر العربية, الجيزة

2014 


