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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.



(2} GisAD ale {1} dad
(4} doah ale (3} Gl 18



ACKNOWLEDGEMENT

All praise and gratitude is due to ALLAH, Lord of the world.

I would like to give special thanks to my supervisor Dr. Ali Hashem for his
help, support and deep revision that added a lot to the value of the work in this thesis.
I have a great appreciation to my advisor Dr. Farouk Owis for his scientific advices,

continuous support and redirecting me to the right way during my research.

I would also like to thank all my family, my father, mother and my wife for their

encouragement and help during this thesis. [ wish for them all the best in their life.

I would also like to thank all my friends for their efforts for their support throughout
this work, specially, Engineers Amr El-Feky, Mohammad Mohsen and Mohammad
Mostafa.

Full thanks to all the Stuff of the Aerospace Engineering Department, Cairo

University.

Finally a Cairo University Project "Design of Small Wind Turbine System for
Remote sites" will be designed to produce power of 7KW that may be used for
irrigation and electric generation in farms at remote sites, we ask ALLAH for

helping us to continue this project.



TABLE OF CONTENTS

ACKNOLEDGEMENT ... e I
TABLE OF CONTENTS ... e II
LIST OF FIGURES. ... e 1Y%
LIST OF TABLES. ... i e VI
NOMENCLATURE. ... e VII
ABBREVIATIONS . .. IX
ABSTRACT .. e X

Chapter 1 Introductionu....ccececeeeeiiiiiiinennsnnsssssasssmmnessossssssssscasel

1-1 Motivation 0f the ThesSIS.......ccccuiiiiciiiieiiieciieee e 2
1-2 Wind energy projects in EGYPL ....cccuvvieeiiiiiiiieeiie et 3
1-3 Preliminary Design of the Horizontal Axis Wind Turbines ..........c.ccccceeveuveennenns 5
1.3.1 Parameters affecting the Turbine pOWer..........ccocvveeierriieniiiiniieeieeeee e 5
1.3.2 Rotor Solidity SeleCtion.........cccviiiiiiiiiiiiieeiee e 9
1.3.3 Selection of the Rotor Tip-Speed Ratio..........coecvvvveviiiiiciiiiieiieeiee e 10
1.4 Power Augmentation Using Partial Cascading..........c.cccccvvveeecvieencieeeniieeenee. 12
1.5 Objectives and Methodology .........ceeeeeciiiiiiiiieeiiieeee e 14

Chapter 2 Literature SUrvey....cccceeecericeiiernnssrciccsssecnsssssscsssneess 10

2.1 Review of WINd ENEeIZY .......cooviiiieiiiieiiieeeee et e 17
2.2 Numerical Simulation of Horizonal Axis Wind Turbines............c.ccceeevvveeennnen.. 18
2.3 Conclusions of the [Iterature SUrVey .........cccveeeeeiiieeciiie e e 22
Chapter 3 Mathematical Modeling and Numerical Treatment...... 23
3.1 Cascade fUNCHON ......ccuieeiieeiie ettt et etee e e e eae e seaeeeaneas 24
3.2 Rotating Reference Frame (RRF) ......cccooiviiiiiiiiiiiii e, 27



3.3 Mathematical MOdEIING .......cc.cooviiiiiiiiiiiiieee e 28

3.2.1 Continuity Conservation EQUation ...........ccecceevviiiiiiiniieniiieeiieeieeeee e 28
3.2.2 Momentum Conservation EQUation.............cccoeeveiviiinieeniiieniieeiieeiee e 28
3.2.3 The Spalart-Allmaras Turbulence Model: ...........ccccerviiiiiiiniiiniiiee 29
3.3 NUmerical SChEME .......cocuiiiiiiieiiiiie e 31
3.4 Discretization and Solution algorithm ...........ccccceevveiciiiniiiiniiicieceeeee e, 31
3.6 GIId GENETALION. .....eetiieiiieiiieeiieeiee ettt et e et e eteeetee e et e e sabeesabeesabeesnseesneeens 33

Chapter 4 Case studies of Partially Cascaded HAWTs.................36

4.1 Validation of Fluent Package Applied to HAWTS ........coovviiiiciiiieiiieeieeee. 37
4.1.1 NREL Phase II Wind Turbine Configuration.............cccceeevveeecveeencnveeennnen. 37
4.1.2 NREL Phase IT CFD S@tUP ......cccecerieriirieieeieieeie et 38
4.1.3 Comparison Of RESUILS........c.ceevviiiiiiiiiiciie e 40

4.2 Partial Cascading Applied to NREL Phase II Wind Turbine.............ccccec...... 44
4.2.1 Partial Cascaded NREL Phase II CFD Setup ......ccccceeevvveeeiieeeciieeeiee e, 44
4.2.2 Performance Predictions of Partial Cascaded NREL Phase II..................... 46

4.3 Partial Cascading Applied to Cairo University HAWT Project...........c............. 53
4.3.1 Use of BEM to Define Basic WT Blade Geometry ..........ccccccevveevrveeennenn. 53
4.3.2 Comparison between BEM and CFD Results ...........ccccoeeeviiieiiiiicnieeeee. 57
4.3.3 Partial Two Dimensional Cascading Analysis ........cccccveeeeiieenciieeeeneeeeeneen. 66
4.3.4 Partial Cascade Modification of Cairo University HAWT ......................... 79
4.3.5 Results of Partial Cascading of Cairo University HAWT............cccoeene. 82

Chapter 5 Conclusions and Recommendations............ccecceeevneeee. 96

5.1 CONCIUSIONS ...ttt ettt ettt ettt st sttt e bt e saneeanes 97

5.2 Future work and Recommendations .............cccoeuieriiiiiiiiinieeniienice e 98

References....coveiieiiiiiiiiiiiiiiiiiiiiiiinniiiiieiiinnnscrtccssennnnssencnns 99

APPENAIX (A) terrreriiiiiienennniicessssssssstccossssssssssssssssmmensssssecoss 104



LIST OF FIGURES

Figure 1. 1 Wind resource map of EZYPL [2]. cveoveeoiiiiriiiireeieriereere ettt e s s 3
Figure 1. 2 Flow passes the wind turbine plane. ..........coccueviiriiininiiiiieeee e 6
Figure 1. 3 Power coefficient CP and Thrust coefficient CT with axial induction factor a..........c.ccceue.... 8
Figure 1. 4 Rotor solidity for different design tip speed ratios [S1]. ...cecvererreerineeneninieneneee e 9
Figure 1. 5 Turbine Power and Torque coefficients at different tip speed ratios [S1]. ...cccceeveeveeneeneennnen. 11
Figure 1. 6 Cascading concept applied on turbomachinery. .........cccocveeerineeieninseneneee e 13
Figure 1. 7 HAWT with Both Front and Back Partial Tip Cascade. ........c.cceccererveerenerseneneeneneeeeneneen 13
Figure 2. 1 shows the different winglet study configurations [29]. .......cccceeveenierieniiniiereereeee e 20
Figure 3. 1 Cascading configuration and its effect on the streamlines. ..........ccoceeveevereeseninieenenienienenaee. 25
Figure 3. 2 Cascade PAraimELers. .......cuevuererrieriereeitesieetentesitestesreetesbesbeesbesbeeeesbesaeestesbeeasesbeeseenbesaeensesneeanes 26
Figure 3. 3 Stationary and rotating coordinate SYStEIMS. .......eerveereereeriueriteeiieenee e see et esreesreeseeeaeeeeees 27
Figure 3. 4 Solution al@OTItRIM. .......ccueiiiiieieieeiee ettt st st st sbe e 32
Figure 3. 5 Wind Turbine meshing using prism/hex grid for the BL region and the wake region. ............ 34
Figure 4. 1 Schematic drawing shows different cascade parameters. ..........cccceveeveerereerienenieeneneeneenennnes 36
Figure 4. 2 Geometry of S809 Airfoil and pitch angle. ........ccceieiriiiiiniiiie e 37
Figure 4. 3 Computational domain boundary conditions and meshing for NRELL II wind turbine. ......... 39
Figure 4. 4 Comparison of exprimental power with computed power for NREL Phasell [28].................. 40
Figure 4. 5 Comparison between CFD and Expriment for NREL Phasell at 12.85 m/s and 72 RPM. ...... 41
Figure 4. 6 Convergence histories of the turbine torque and thrust for NRELPhasell at 12.85 m/s. ......... 42
Figure 4. 7 Velocity contours and stream lines of present work compared with ref. [28]........cccccevenennee. 43
Figure 4. 8 The main turbine with both front and back cascades. .........cccevveenieniiniiniiiiieeeeeeeee, 45
Figure 4. 9 Comparison between Pressure distribution for NREL II at 12.85 m/s and 72 RPM with front
CASCAGIIE. «. ettt ettt ettt et e bt e s bt e sa b e st e bt et e e bt e sbeesheesat e e ate e bt e beesheeeateeabeeabeeabe e beeebeeeaeeeabeebeenbeenheesanenas 49
Figure 4. 10 Comparison between pressure distribution for NREL II at 12.85 m/s and 72 RPM with back
CASCAGING. «.evveeuveeieerteesiee st steesteesteesttesaeesateebeesbeesbeesseesaeesaseesseenseesseesseesasesaseesbeenseensaesaeesasesnseensaesseessnesseenns 50
Figure 4. 11 Comparison between pressure distribution for NREL 1I at 12.85 m/s and 72 RPM with both
front and DACK CASCAINE. ...eccvevieiriieriiiiiiiii ettt sttt st ettt e e saeesaaesabe st e ebeesbeesbeesaeessseesseesseesseessnenns 51
Figure 4. 12 The tangential and normal force distribution along the blade radius for different cascade
configurations added on NREL Phase Il at Vo =12.85 m/s and 72 RPM........cccccovivviiiriiiniennieenieenienienns 52
Figure 4. 13 Optimized chord and twist angle distribution with the radial position using BEM................ 55
Figure 4. 14 Schematic drawing of the blade geometry of Cairo University WT. .......ccccccvevveervvnncenrcvennenn 56
Figure 4. 15 Domain and Boundary CONAItIONS. .........c.eeeverreereereeneiniieerieeseeseesnessesseesseesseessesssessseessees 58
Figure 4. 16 The external and internal domains MEShing. .........ccecevereerinienenirereee e 59
Figure 4. 17 Blade meshing and boundary layer at different Stations. .......cc.ccevvverevercveerensieenieeneeseeseesnens 60
Figure 4. 18 Wall Yplus for Cairo University HAWT at design condition. ..........ccoceveeveenenieeneneenienennen 61
Figure 4. 19 Comparison between wind turbine performances computed using the numerical simulations
and the BEM for Cairo University Wind tUIDINE. .........cocuerrverrieineeneenieniesreesieesieeseesseeseesseesseessesssesssessns 63


file:///C:/Users/Diyaa/Downloads/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401070832
file:///C:/Users/Diyaa/Downloads/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401070833
file:///C:/Users/Diyaa/Downloads/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401070834
file:///C:/Users/Diyaa/Downloads/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401070835
file:///C:/Users/Diyaa/Downloads/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401070836
file:///C:/Users/Diyaa/Downloads/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401070837
file:///C:/Users/Diyaa/Downloads/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401070838
file:///C:/Users/Diyaa/Downloads/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401070865
file:///C:/Users/Diyaa/Downloads/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401070880
file:///C:/Users/Diyaa/Downloads/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401070881
file:///C:/Users/Diyaa/Downloads/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401070882
file:///C:/Users/Diyaa/Downloads/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401070883
file:///C:/Users/Diyaa/Downloads/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401070884
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565076
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565077
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565078
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565079
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565080
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565082
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565084
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565084
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565085
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565085
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565086
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565086
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565087
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565087
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565088
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565089
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565091
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565092
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565093
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565094
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565094

Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.

20 Tangential and normal force distribution comparison between CFD and BEM at 100RPM .64
21 Tangential and normal force distribution comparison between CFD and BEM at 50 RPM. . 65

22 The meshing domain of the 2D cascading airfoils. ........c.ccceceereiriiniiniinnieneeeeee 67
23 ACTOAYNAIMICS FOTCES. ..evveuririieieitiriesie sttt ettt st r et s e e bt e sre s e nesee s 68
24 The tangential force coefficient vs. the angle of attack for different cascade spacing. .......... 70
25 The tangential force coefficient vs. the angle of attack for narrow cascade spacing.............. 71
26 The tangential force coefficient vs. the angle of attack for Sx/C =0.5........cccccevvrvieinne. 72
27 The tangential force coefficient vs. the angle of attack for Sx/C =1.0. ......cceceevirviinrnenen. 73
28 Contribution of front, middle and back airfoil compared to single airfoil at $x/C =1.0. ......74
29 The tangential force coefficient vs. the angle of attack for Sx/C=1.5. ......cc.cceccervrvenrnnene. 75
30 Contribution of front, middle and back airfoil compared to single airfoil at Sx/C =1.5. .....76
31 Stream lines at different angles of attack for Sx/C =1.5,S0/C =3........ccccccervvrvinvininnenenen. 77
32 Cairo University HAWT with both front and back cascades. ........cceccevverrirniiniiniinneeenne, 79
33 The Cairo University HAWT with both front and back cascades (isometric view)............... 80
34 Blade meshing at different stations after adding cascades. ........cccccerveerveeneenieeniiricnieeeenee 81
35 Power coefficient with tip speed ratio and approx. tip angle of attack.........c.ccecevvreenennennen. 84
36 Excess Power with tip speed ratio and approx. tip angle of attack..........cccceeveeeriiriiniinnennne. 85
37 Tangential force distribution along the blade radius for different TSR.......cccccceceiriiniieenne 87
38 Torque coefficient with tip speed ratio and tip angle of attack. .........ccecceeveeriierieriiinennennne, 88
39 Only Back 1.5m cascade at TA0A,,=5 deg, TSR =11.4. ....ccccoriiininiiiiiii 90
40 Both Front Im and Back 1.5m cascades at TAoA,,=5 deg, TSR =11.4........cccccvnriiniinnns 91
41 Only Back 1.5m cascade at TA0A,,=10 deg, TSR =6.7. ...c.ccceovviniiiiiiiiic, 92
42 Front 1m and Back 1.5m cascades at TA0A,,=10 deg, TSR =6.7. .....ccccevviiiiiiniiiiiiinns 93
43 Only Back 1.5m cascade at TA0A,,=15 deg, TSR =3.7. ...cccoriiiiiiiiiiiiie 94
44 Both Front 1m and Back 1.5m cascades at TAoA,,=15 deg, TSR =3.7.......ccceeiiniiiiiins 95


file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565095
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565096
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565097
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565098
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565099
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565101
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565102
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565104
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565106
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565107
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565108
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565109
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565110
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565111
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565112
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565113
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565114
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565115
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565116
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565117
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565118
file:///F:/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401565119

LIST OF TABLES

Table 1. 1 Average wind speeds measured on 25m height at the most windy locations in Egypt................ 4
Table 3. 1 Constants in Spalart -Allmaras turblence model..........ccocceevriiiriiriiiiiiniie e 30
Table 4. 1 NREL Phase II Blade deSCTIPHOT. ....cevvirveeieriinieeienieetesieee et s sresneseesnens 38
Table 4. 2 Comparisons between different cascade geometry added on NRELL phase I WT................. 46
Table 4. 3 Cairo University HAWT design CONditions. .......cccoveereerireenerinseneneeneseeiesieseese e e 53
Table 4. 4 BEM optimization results of the power CoffiCient..........ccecevereerinineenineeereee e 54
Table 4. 5 Grid sensitivity analysis for Cairo University HAWT at design condition. ..........ccccceveeruennen. 61
Table 4. 6 Comparison between CFD and BEM of the Cairo University WT. ........ccceceniriienenensenenene 62
Table 4. 7 Cascade StUAY MAIIX. ..c.ceieiriiriiieiierieete ettt et sttt e e s beesaeesabesabe et e esbeesbeesmeeeaeeeneeas 66
Table 4. 8 Comparison between power coefficient for different cascade compounding and different
cascade length at different TSR ......cccooiiiiiiiie ettt st 82
Table 4. 9 The percentage increasing in power coefficient over the original WT for different cascade

compounding and different cascade length at different TSR.......ccccovviiriiiiiiiiiiniieee e 83

Vi


file:///C:/Users/Diyaa/Downloads/Deyaa%20thesis_mod_%20Alys_fowis_diaa-6.docx%23_Toc401071097

Symbols

AOA

AR

Ca
G
Cn
Ci
Cp

Cr

L
Ly

l/d, ci/ca
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Axial induction factor,

Rotor disk area,
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Normal force coefficient (+ chord),
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Wind rotor power coefficient,

Wind rotor thrust coefficient,

Wind rotor torque coefficient,
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Cascaded blade height,

Lift force perpendicular to the relative velocity
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Lift to drag ratio,
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m Mass flow rate
N Rotational speed,
P, Atmospheric pressure
P Rotor overall power,
0 Rotor overall torque,
r The local blade radius,
R, The rotor tip radius,
7y Rotor hub radius,
Re Airfoil chord-based Reynolds number,
Sx : .
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T Rotor overall thrust force,
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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° is different from the optimum spacing for angles
of attack above 17° 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.



