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Abstract: In the present study, Blade Element Momentum theory 
(BEMT) has been implemented to heuristically design a rotor 
blade for a 2kW Fixed Pitch Fixed Speed (FPFS) Small Scale 
Horizontal Axis Wind Turbine (SSHAWT). Critical geometrical 
properties viz. Sectional Chord ci and Twist distribution θTi for the 
idealized, optimized and linearized blades are analytically 
determined for various operating conditions. Results obtained 
from BEM theory demonstrate that the average sectional chord ci 
and twist distribution θTi of the idealized blade are 20.42% and 
14.08% more in comparison with optimized blade. Additionally, 
the employment of linearization technique further reduced the 
sectional chord ci and twist distribution θTi of the idealized blade 
by 17.9% and 14% respectively, thus achieving a viable blade 
bounded by the limits of economic and manufacturing 
constraints. Finally, the study also reveals that the iteratively 
reducing blade geometry has an influential effect on the solidity 
of the blade that in turn affects the performance of the wind 
turbine. 

  
Keywords: Blade Element Momentum Theory, Chord 

Distribution, Renewable Energy, Solidity, Twist Distribution, 
Wind Energy 

I. INTRODUCTION 

 

Discovery of fossil fuels and their utilization as energy 
sources has been the greatest contribution of mankind to the 
society. Since time immemorial, energy has been an 
important entity instrumental in transcending a raw agrarian 
culture to a technologically advanced civilization. From the 
time of realization, till date, fossil fuels have been the world’s 

primary source of energy for power generation responsible in 
fuelling the socio-economic development of the world [1]. 
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Majority of the global energy demands are being satiated by 
conventional fossil fuel sources like coal, petroleum, natural 
gas etc. According to the energy information administration, 
around 80% of the world's energy demands are being met by 
fossil fuels alone [2]. Based on the estimates, the global 
consumption of fossil fuel resources in 2016 was 1, 
32,051TWh that surged by 2.1 percent in 2017 [3]. Such 
prodigious use of fossil fuels has tremendously inflated the 
global carbon emissions that have created an irreparable 
harm on the entire ecosystem [4]. Nine billion tons of carbon 
emissions recorded in 1950 has shot up to a colossal 34 
billion metric tons in 2015 and is likely to reach 45 billion by 
2040[5-7]. Unabated dependency on fossil fuel has estimated 
to escalate the earth’s average temperature by 7

0C by the turn 
of this century [8]. To prevent the appalling consequence, 
there is an imminent requirement to exploit all renewable 
energies [9]. Comparatively, the time tested developments in 
the field of wind energy has designated the wind turbines to 
be ideal candidates as a prudent replacement for traditional 
fossil fuels [10].  
Through centuries, humans have been harnessing energy 
from the wind and the concept is not new to mankind. Wind 
energy was presumed to be first used for propelling ships 
through the deployment of wind sails. Later, the idea was 
extended for the establishment of wind mills whereby the 
kinetic energy of the moving wind was converted into useful 
mechanical energy for grinding grains, pumping water and so 
on [11]. Over years, the influence of Industrial revolution as 
well as the changing world dynamics dictated by oil rich 
nations, wind mills were subsequently transformed into 
machines producing electricity. Since the birth of industrial 
revolution, wind turbines have evolved as perfect candidates 
for generating useful electrical energy beyond just pumping 
water and grinding grains [11]. Advancement in the field of 
materials, computational capabilities, data acquisition, 
vibrations control etc., has collectively elevated the upward 
limit of the wind turbine in terms of power production. In 
2010, the global cumulative installed wind power capacity 
was around 200GW. By the end of 2017 the installed 
capacity stood at a massive 539GW [12].  
Effectively capturing energy from the moving wind entirely 
depends on the geometrical design of the rotor blade [13]. 
Majorly, blade forms the active component of any wind 
turbine system and furnishing an appropriate design is of 
paramount importance to maximize the power output. 
Arriving at efficient blade geometry is not a straightforward 
process that can be seldom achieved in a single step. As a 
general practice, realizing a final geometry is an iterative 
process involving several substeps.  
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The design of a rotor blade is governed by the principles of 
aerodynamics that can be comprehended by the application 
of Blade Element Momentum theory (BEMT) [14]. The 
current research work employs the BEM theory for 
developing effective blade geometry through a sequential 
process without appraising the blade performance.  
The blade under consideration is for a fixed pitch fixed speed 
(FPFS) small scale horizontal axis stall controlled wind 
turbine with rated power of 2kW. Efforts have been made to 
understand the distinctive steps involved in BEMT yielding 
geometrically diverse derivatives of the blade due to the 
impending effects of wake ω, drag Cd, tip losses Fi and 
linearization. The geometrical deviations of the blade from 
the idealized conditions are analyzed through sectional chord 
ci and twist distribution θTi pattern. Consecutive steps of 
BEMT embraced in this research work aims to provide step 
by step guidelines for accomplishing final blade geometry 
with good aerodynamic and structural properties. Lastly, 
comparative studies will be undertaken to highlight the 
percentage of deviations in terms of chord ci and twist 
distributions θTi across all blade profiles.  
Prasad et al. [15] observed the aerodynamic characteristics of 
NACA 4412 and NACA4415 airfoils by remodifying its 
thickness. Results showed that the airfoil with 30% varying 
thickness demonstrated better aerodynamic characteristics 
compared to the baseline airfoil. Burdett et al. [16] 
extensively validated the aerodynamic results of S823 and 
E387 airfoils invoked from PROFIL and XFOIL numerical 
codes with the experimental data. The research work shows 
that the design angle of attack estimated by numerical 
simulations were around 2.5% lesser than the experimental 
techniques. Chaudhary et al. [17] conducted aerodynamic 
analysis on NACA 63415 and NACA 63412 airfoils over a 
range of angles of attack at Re=1x106 using 
ANSYS/FLUENT software. Contrastingly, NACA 63415 
displayed a better L/D ratio compared to NACA 63412 and 
recommended to be suitable for the design of rotor blades. As 
reported by Kumar et al. [18] SG6040, SG6041, SG6050, 
SG6043, E216, E555, E407, NREL and NACA 63-415 
would best fit for a small scale HAWT rotor blade design. As 
per the study, it was postulated that a thick airfoil is of 
paramount importance for root section and thin airfoil is 
always preferred for the primary regions of the rotor blade. 
Giguere et al. [19] designed four airfoils, specifically for low 
Re applications namely, SG6041, SG6042, SG6043 and 
SG6040. The designed airfoils were found to perform well in 
the given range of Reynolds number and suggested to be ideal 
for wind turbines applications. Wisniewski et al. [20] studied 
the influence of airfoil shape, tip geometry, Re and chord 
length on the performance of Clark Y, GM15, GOE 417 and 
FX63-137 airfoils. The test was carried out only through the 
angles of attack in close proximity to the design angles of 
attack αDesign for the respective airfoils. The experimental 
evaluation depicted that GM15 indicated the highest L/Dmax 
consequently being the best fit for 2-bladed turbines. Using 
experimental methods, Göçmen et al. [21] optimized the 
geometry of FX 63-137, S822, S834, SD2030, SG6043 and 
SH3055 airfoils and analyzed the aerodynamic performance 
of the airfoils using XFOIL tool. The research works 
proposed that by altering the geometry on the pressure side of 
the airfoil, the aerodynamic performance of the airfoil can be 
significantly improved to be used for wind turbine 
applications. Applicability of Eppler and XFOIL codes for 

aerodynamic analysis of airfoils have been evaluated by 
Somers et al. [22]. The observations promoted XFOIL and 
Eppler codes as one of the beneficial solution for evaluating 
the aerodynamic characteristics of airfoils. Pathike et al. [23] 
articulated the simple philosophy of BEM theory in designing 
blades for small scale horizontal axis wind turbines. To 
simulate the real world conditions Gur et al. [24] presented 
the need to incorporate the effects of drag Cd and tip losses Fi 
on the performance of rotor blades. Experimental analysis of 
wind turbine blades carried out by Saoke et al. [25] portrayed 
that Clark-Y airfoil being highly suitable for a wind speed 
range of 4-10 m/s, with a reasonable power coefficient Cp up 
to 0.26 at 10m/s. Collecutt et al. [26] investigated the effect of 
operating a wind turbine at non-optimized mean wind speeds. 
Rotor blades optimized for 6-8 m/s was tested for mean wind 
speeds of 10m/s. Results for 10m/s wind speed shows that the 
power predicted is 10% less than for the design conditions. 
The literature enumerates that the optimization of a wind 
turbine must be carried out for the mean annual wind speeds 
observed at the site of operation. Bayati et al. [27] detailed 
the procedure for testing scaled model in a typical wind 
tunnel facility. Treuren et al. [28] discussed the testing of the 
scaled down small-scale wind turbine system in a wind 
tunnel. Authors proposed the necessity of matching the 
Reynolds number for testing and evaluating the performance 
of scaled down models. Through detailed experimental 
assessment, Treuren et al. [29] furnished the guidelines for 
scaling the wind turbine blades for wind tunnel testing. As per 
the outcome, retaining the material, TSR, geometry, 
Reynolds number and the number of blades are very 
prerequisite for performing scaled down analysis. 
Experiments performed by Bottasso et al. [30] on scaled 
down wind turbine models showed that better power 
coefficients can be registered while operating a turbine 
between a TSR of 7-8. Chaudhary et al. [31] exploited the 
simplicity of Qblade numerical software, proving the utility 
of the software for designing and analysing the performance 
of a 400W wind turbine rotor blade. Jureczko et al. [32] 
initiated a comprehensive technique based on numerical 
method that proved to be a better technique for increasing the 
performance of any wind turbine. Minimization of rotational 
inertia through the utilization of wood material for the design 
of rotor blades have been presented by Singh et al. [33] 

II. BLADE ELEMENT MOMENTUM THEORY 

 

The blade element momentum theory (BEMT) has been 
dedicatedly developed for designing and analyzing the 
performance of horizontal axis wind turbine rotor blades, 
through the amalgamation of momentum and blade element 
theories, known as strip theory. Strip theory, treats the rotor 
blade as a combination of N number of elemental sections, 
wherein the global performance of the blade can be evaluated 
by integrating the performance of each elemental section. 
Among the various techniques, BEMT is quite widely used 
method for designing and analyzing a wind turbine blade. 
However, BEM theory has certain limitations as it underplays 
the effects of 3D flows, heavily loaded turbulent conditions, 
delayed stall, unsteady flows, yawed conditions etc.  
 
 



International Journal of Recent Technology and Engineering (IJRTE)  
ISSN: 2277-3878, Volume-8 Issue-3, September 2019 

 

3392 

Published By: 
Blue Eyes Intelligence Engineering 
& Sciences Publication  

Retrieval Number: C5036098319/2019©BEIESP 
DOI:10.35940/ijrte.C5036.098319 
Journal Website: www.ijrte.org 
 

Nevertheless, the practical approach of BEM theory in 
designing as well as analyzing the steady state performance 
of horizontal axis wind turbine rotor blade has proved the 
usefulness beyond any doubt. The theory of BEM is 
explained in the succeeding section. 

A. Momentum Theory 

BEM theory starts with the prediction of the net thrust forces 
induced on the wind turbine blade by the applying the 
conservation of linear momentum to the control volume as in 
figure 1.  
 

  (  - )                                                             (1) 

 
Fig.1. Control Volume Approach for a Wind Turbine 

Rotor Disk 
The fractional decrease in the wind velocity as it approaches 
the rotor plane is termed as the Axial Induction Factor a and 
represented as 
                                                                                        (2) 

Power from the wind in terms of axial induction factor is 
given by  

  4a (1-a                                                                    (3) 

Power and thrust coefficients of the wind turbine rotor blade 
are given by the below equations 

= 4a (1-a                                                                           (4) 

= =                                                  (5) 

To simulate the real working environment of a rotor blade, 
wake rotation ω behind an actual wind turbine has to be 
included in the BEM theory. The generation of angular 
momentum in the wake utilizes the energy from the rotor 
blade, therefore resulting in lower power output. The 
reduction in the angular momentum is defined by angular 
induction factor a . The downstream wake occurring behind 
a real rotor blade is illustrated in figure 2. 

 
Fig.2. Representative Sketch for a Wind Turbine Model 

with Downstream Wake Rotation 
Thrust in terms of a and a  acting on the annular element is 
given by  

dT=4 (1+ ) 2                                              (6) 

 
Also, by considering the axial induction factor a and free 
stream velocity U, the equation for thrust can be   

dT = 4 (1-a) 2                                                  (7) 

 
Equating the above two expressions for an annular element, 
we get 

λ =                                                                                 (8) 

Now, by applying the angular momentum conservation, the 
torque generated by an annular element of the blade is 
imparted by the expression 

dQ = 4 (1-a) Ωdr                                                    (9) 
 

The power generated by each element of the blade is  

dP = ) d ]                                    (10) 

The incremental power coefficient dCP contributed by each 
annular element is  

d  =                                                                       (11) 

Finally, 

                                                (12) 

 
The power produced by an actual rotor blade is always less 
compared to the blade without wake rotation. The same is 
outlined in figure 3. 

 
Fig.3. Illustration of Coefficient of Power Cp for Blade 

with and without Wake Rotation 

B. Blade Element Theory 

In the Blade element theory, the blade is divided into N 
elements as given in figure 4. Next, the forces on each 
element are calculated using the formulae derived by 
considering the lift and drag forces acting on the individual 
elements of the blade as given in figure 5.  
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Fig.4. Schematic of a rotor blade  

 

Fig.5. Primary Forces acting on the blade element 

From the geometry, the following useful relations can be 
obtained. 

                                                                          (13) 

 =                                                (14) 

                                                                   (15) 

d  = cdr                                                            (16) 

d  = cdr                                                           (17) 

d  = d c  + d                                            (18) 

d  = d  -                                                      (19) 

For a finite number of blades (B) considered, the normal 
force d and torque dQ occurring at a distance, r, from the 
axis of rotation are provided by combining the previous 
equations.  

d  = B ( + )cdr                          (20) 

dQ = B (  - )crdr                            (21) 

 
Blade Element Momentum theory for determining the 
geometry and performance of a rotor blade is presented by 
the schematized flow chart in figure 6.  

 

Fig.6. Flow chart of Blade Element Momentum Theory 
As highlighted in the flow chart, designing a rotor blade is an 
iterative process. The sequence begins with the design of a 
preliminary idealized blade that will be optimized to suffice 
realistic flow conditions contemplating the effects of wake ω, 
drag Cd and tip losses Fi. Conclusively, the optimized blade 
will thereupon be remodified through linearization 
techniques. 

C. Airfoils for Wind Turbine Rotor Blade 

Choice of airfoils for wind turbine blade compulsorily 
requires satisfying two important criteria. The first criterion 
is to be as aerodynamically efficient as possible to generate 
maximum lift at the least value of drag that translates to high 
power output Pmax . For this purpose, an airfoil exhibiting 
high aerodynamic efficiency (Cl/Cd) needs to be considered. 
The second criterion is to be structurally stable so that all the 
loads generated during the operation of the turbine will be 
transferred to the root section of the blade without 
undergoing any failure. As a general practice, the outer 
section (0.3-1R) of the blade is usually composed of thin 
airfoils with thickness less than 20% of the chord providing 
high lift. Similarly, the root section (0.05-0.3R) is made 
structurally strong by composing the blade with airfoils 
having thickness greater than 20%. The same has been 
highlighted in table 1 and the candidate airfoils for wind 
turbine application are listed in table 2. 
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Table I: Airfoil Selection Criteria for Rotor Blade Design 
Section 
of the 
Blade 

Blade 
Location 

in % 

Type of 
Airfoils 

Role of the 
Airfoil 

Root 
Section 

0-25% 
Thick 

Airfoils 

Load Bearing and 
Support 
Generate 

Required Torque 

Primary 
Section 

25%-75% 
Moderately 

Thick 
Airfoils 

Maximize 
Aerodynamic 

Efficiency 
Aid in useful 

Power Generation 
Tip 

Section 
75%-Tip Thin Airfoils 

 
Table II: Airfoils for stall controlled Wind Turbines 

Airfoil 
Name 

Max 
Thickness 

Location 
of max 

Thickness 

Design 
Rey 
No 

Max 
L/D 

Alpha 
αDesign 

A-18 7.3% 30% 1*105 65 4.5 

BW-3 5% 7.4% 1*105 67.6 4.5 

Clark-Y 11.7% 28% 1*105 53 6.75 
GOE 
417A 

6% 20% 1*105 62 3.5 

E387 9.1% 31.1% 1*105 60.7 7.5 

S823 21.2% 24.3% 1*105 
42.3

3 
9.25 

S822 16% 39.2% 1*105 
42.6

9 
8.5 

 

 
(a) 

 
(b) 

Fig.7. Representation of S823 and S822 NREL Airfoils  
S823 and S822 airfoils endorsed by NREL have been 
incorporated to meet the geometrical conformity of the blade. 
S823 and S822 are highly specialized airfoils acceptable for 
wind turbines of capacities ranging from 2kW to 10kW [34]. 
The NREL S series airfoils are better known for Low 
Reynolds number performance in combination with 
insensitivity towards leading edge roughness [35]. The Cl and 
Cl/Cd graphs of S823 and S822 airfoils for a Re=1*105 have 
been tested via QBlade software and is displayed in figure 8. 
Table 3 tabulates the aerodynamic characteristics of both the 
airfoils attained through QBlade.  

       
(a) 

    
(b) 

Fig.8. Coefficient of Lift Cl and Cl/Cd representation of 
S823 and S822 airfoils at Re=1*105 

 

Table III: Aerodynamic Characteristics of S823 & S822 
Airfoils 

Aerodynamic 
Parameters  

QBlade Results at Re=1*105 

S823  S822 
Cl max 1.157 0.926 

α max 150 130 

Cl/Cd 42.23 at 9.250 42.69 at  8.50 

Cd min 0.02733 at 9.000 0.02167 at 8.250 

D. Wind Turbine Specifications 

The wind turbine system considered encompasses the 
specifications highlighted in the table 4: 
 

Table IV: Wind Turbine Specifications 

Type 
Horizontal 

axis-Upwind 
Hub radius 

(Rb) 
0.1 m 

Rated 
Power (P) 

2kW 
Number of 
blades (B) 

3 

Rated wind 
speed (V) 

10m/s 
Design tip 
speed ratio 

(λ) 
7 

Rotor 
Radius (R) 

1.6 m  
Airfoils 

Used 

S823 (Root: 
0-30%) 

Rotor 
Diameter 

(D) 
3.4 m 

S822 
(Primary: 
30%-Tip) 
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III. ANALYTICAL DESIGN OF ROTOR BLADE 

A.  Step 1 : Design of Rotor Blade without Wake 
Rotation-Idealized Rotor Blade 
Initially, idealized rotor blade geometry for the stated power 
and flow conditions has to be determined by excluding the 
effect of wake rotation, drag and tip losses i.e., ω = Cd  = Fi=0. 
Besides, the axial induction factor is assumed to be a constant 
(a=1/3) throughout the geometry of the blade. From BEM 
theory, following expressions is applied to determine the 
geometrical properties of the idealized blade. 
 
Angle of Relative Wind 

                                                          (21) 

Sectional Chord Distribution 

= (Sin                                                    (22) 

Sectional Twist Distribution 

 =  -                                                                  (23) 

                                                         (24) 
 

Table V: Geometrical Properties of the Idealized Rotor 
blade 

Blade 
Station  
ri (m) 

 
Relative 

Wind 
Angle 
φi (Deg) 

Sectional 
Chord 
ci (m) 

 
Sectional 

Pitch 
Angle  
θp,i (Deg) 

 
Sectional 

Twist 
Angle  
θTi (Deg) 

0.08 62.32 0.492 53.07 56.12 
0.16 43.62 0.383 34.37 37.43 
0.24 32.43 0.298 23.18 26.23 
0.32 25.48 0.239 16.23 19.28 
0.40 20.87 0.198 11.62 14.67 
0.48 17.62 0.210 9.12 12.18 
0.56 15.23 0.182 6.73 9.79 
0.64 13.40 0.161 4.90 7.96 
0.72 11.96 0.144 3.46 6.51 
0.81 10.79 0.130 2.29 5.35 
0.89 9.83 0.119 1.33 4.39 
0.97 9.02 0.109 0.52 3.58 
1.05 8.34 0.101 -0.16 2.90 
1.13 7.75 0.094 -0.75 2.31 
1.21 7.24 0.088 -1.26 1.80 
1.29 6.79 0.082 -1.71 1.35 
1.37 6.40 0.077 -2.10 0.95 
1.45 6.04 0.073 -2.46 0.60 
1.53 5.73 0.069 -2.77 0.28 
1.61 5.44 0.066 -3.06 0.00 

Parametric influence of flow velocity U, number of blades B, 
the coefficient of lift Cl for the airfoil chosen, an idealized 
blade presenting a taper and twisted geometry is obtained. 
The angle of relative wind φi, sectional chord distribution ci, 
sectional pitch angle θpi, and sectional twist θTi for the 
idealized blade are arrived and tabulated in table 5. 
Chord is a predominant parameter in the geometrical design 
of a rotor blade. The geometry of the idealized rotor blade 

obtained through BEMT is presented in figure 9 and the 
variation in the sectional chord distribution ci from root to tip 
is shown in figure 10a. Figure 10a evinces that the idealized 
blade displays a maximum chord ci=0.492m at root 
ri=0.0805m from the hub which then tapers off gradually to 
the least value of ci=0.066m at the tip where ri=1R. The 
geometry rendered to the idealized rotor blade is in 
accordance with the structural and aerodynamic prerequisite. 
The root portion of the blade is sufficiently large to withstand 
the loads effectuated on the blade during the operation. 
Likewise, as the radius graduates from the root, the chord 
length tapers, exhibiting an efficient design capable of 
generating high aerodynamic forces in conjunction with least 
drag. This would have been untrue, if the chord ci had 
remained constant without the provision of any taper. It can 
be seen from the figures 9 and 10a that the idealized blade 
displays an uneven distribution across 0.25R to 0.35R 
rendering a slightly jagged appearance. The 
non-interpolation of the transition region through the semi 
span 0.25R to 0.35R is solely responsible in contributing to 
an uneven chord distribution across the said region. Far off 
the transition side, the variation in the chord distribution is 
fairly soother and linear. 
 

 
Fig.9. Illustration of Idealized Rotor Blade  

 
Blade twist θTi is another significant geometrical parameter 
deciding the structural, hence the performance of the blade. 
Similar to the chord distribution ci, the maximum twist θTi 

occurs at the root of the blade. At ri=0.05R the blade displays 
a highest twist of 530 which then drastically untwists itself to 
-30 at ri=1R. During operation, the relative velocity Urel 

experienced by the rotor blade varies distinctly from the root 
to the tip. The outer portion (0.3R to 1R) experiences 
significantly higher relative velocity in comparison to the 
root section (0.1R to 0.3R) of the blade. The varying relative 
velocity induces an asymmetric lift distribution through the 
span of the blade resulting in a lopsided aerodynamic loading 
on the blade. To avoid this undesirable consequence, BEM 
theory automatically predicts large values of twist at the 
regions closer to the root. Twisting the blade to higher angles 
proportionately increases the lift produced. Hence, provision 
of a sectional twist aids is maintaining a fairly moderate lift 
throughout the blade and at the same time suffices the 
structural requirement of the blade. The geometrical sectional 
twist θTi of the idealized blade at various radial locations is 
prominently shown in figure 10b. 
 



International Journal of Recent Technology and Engineering (IJRTE)  
ISSN: 2277-3878, Volume-8 Issue-3, September 2019 

 

3396 

Published By: 
Blue Eyes Intelligence Engineering 
& Sciences Publication  

Retrieval Number: C5036098319/2019©BEIESP 
DOI:10.35940/ijrte.C5036.098319 
Journal Website: www.ijrte.org 
 

   
(a) 

 
(b) 

Fig.10. Variation of Chord ci and Twist Distribution θTi 
of the Idealized Blade 

B. Step 2 : Design of Rotor Blade with Wake Rotation 
ω-Optimized Rotor Blade 

Mathematical formulations of BEM theory for an optimum 
blade are slightly altered to contain the influences of wake ω, 
drag Cd and tip losses Fi. The resulting geometry for the 
optimized blade is obtained from equations 25 & 26.  

Angle of Relative Wind 

                                                       (25) 

Sectional Chord Distribution 

= (1-cos                                                        (26) 

The geometrical sectional properties for the optimized are 
given in the table 6. 

The optimized blade obtained from BEM analysis is 
illustrated as a 3D model showcased in figure 11. The figure 
clearly illustrates a smoother geometrical distribution from 
root to the tip that is not observable on the idealized blade. 
The radial chord wise distribution ci for the optimized blade 
has been supported by figure 12a. The chord for the 
optimized blade is seen to start at 0.18m from the root where 
ri=0.05R. Next, the chord is found to increase to ci=0.22m at 
the second element of the blade at 0.1R, which then declines 
immediately past 0.15R. Down span, the chord tapers off 
gradually to a minimum chord at ri=1R. As expected, the 
least value of chord occurred at the tip with the value of 

ci=0.065m. Important aspect that is little different from the 
idealized blade is a more even distribution of the chord across 
the transition region from 0.25R to 0.35R. Here the transition 
section has been gradually smoothened by interpolating the 
section through 0.25R to 0.35R rendering a linear distribution 
of the chord ci and is vividly noticeable from the figure 12a. 

Table VI: Geometrical Properties of the optimized rotor 
blade 

Blade 
Station  
ri (m) 

 
Relative 

Wind 
Angle 
φi(Deg) 

Sectional 
Chord 
ci (m) 

 
Sectional 

Pitch 
Angle  
θp,i (Deg) 

 
Sectional 

Twist 
Angle  
θTi (Deg) 

0.0805 47.15 0.186 37.90 40.97 
0.161 36.68 0.231 27.43 30.51 
0.242 29.08 0.220 19.83 22.91 
0.322 23.70 0.197 14.45 17.53 
0.403 19.84 0.173 10.59 13.67 
0.483 16.98 0.191 8.48 11.56 
0.564 14.81 0.169 6.31 9.39 
0.644 13.11 0.152 4.61 7.69 
0.725 11.75 0.137 3.25 6.33 
0.805 10.64 0.125 2.14 5.21 
0.886 9.71 0.115 1.21 4.29 
0.966 8.93 0.106 0.43 3.51 
1.047 8.27 0.098 -0.23 2.85 
1.127 7.69 0.092 -0.81 2.27 
1.208 7.19 0.086 -1.31 1.77 
1.288 6.75 0.081 -1.75 1.33 
1.369 6.36 0.076 -2.14 0.94 
1.449 6.02 0.072 -2.48 0.59 
1.530 5.70 0.069 -2.80 0.28 
1.610 5.42 0.065 -3.08 0.00 

 

 
Fig.11. CATIA Model of the Optimized blade  

Alongside the chord, the optimum blade also registers 
notable changes in twist distribution θTi, detailed in figure 
12b. Contrastingly it is apparent that the twist of the optimum 
blade no longer follows the distribution described by the 
idealized blade. The appreciable deviation in the twist occurs 
at the root section of the blade between 0.05R to 0.35R. The 
first element of the blade exhibits a maximum twist angle of 
40.97 degrees followed by 30.51, 22.91, 17.53, 13.67 and 
11.56 degrees until the sixth element. Incidentally, variation 
in the twist is very drastic up to the sixth element of the blade 
(0.3R), beyond which the twist gradually declines and 
ultimately ceases to 0 degrees at ri=1R.  
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(a)                                                    

 
(b) 

Fig.12. Variation of Chord ci and Twist Distribution θTi 
of the Optimized Blade  

C.  Step 3 : Linearization of the Rotor Blade  

Linearizing the blade profile is the last step in the design of a 
more realizable blade for a horizontal axis wind turbine 
blade. Linearizing the blade profile leads to a simpler 
geometry that eases the manufacturing complexity and 
eventually reduces the cost of production of the blades [36]. 
Linearization has become a standard strategy widely adopted 
in the wind turbine industry. Different authors have proposed 
standalone theories to linearize the blade. Nonetheless, in the 
present work an uncomplicated MATLAB code has been 
used to linearize the chord and twist angles of the optimized 
blade [39].  

 

Fig.13. Rotor blade linearized for chord and twist  
An easy yet effective two point scheme has been employed to 
accomplish the linearization technique. Linearization of the 
blade profile is elucidated by a single degree polynomial 
expression as demonstrated by the equation

21)( pxpxf  , 

where, p1 and p2 are constants obtained from the graphical 
values. The MATLAB code projected a simple linear curve 
of best fit by optimizing the slopes of the chord ci and twist 
angles θTi at multiple radial locations of the blade from radius 
ri=0.05R to 1R. The linearized slope for blade chord ci and 
twist angles θTi were obtained by joining the root chord to the 

tip chord and root twist angles to the tip twist angles 
respectively. Numerous linearized curves can be obtained by 
selecting various points along the span where the 
linearization treatment is necessary. The blade profile can be 
linearized along the entire span or between any two local 
points along the span. In this work, the blade profile has been 
linearized through the entirety of the blade span from 

0/ Rri
 to 1/ Rri

. The CATIA model of the linearized 

blade achieved is shown in figure 13. The linearized sectional 
chord ci and twist distribution θTi obtained through the two 
point scheme in MATLAB are given in figure 14. 

  
  (a)                                                                          

 
 (b) 

Fig.14. Linearized Sectional Chord ci and Twist θTi with 
Non Dimensionalised Blade Radius ri/R 

IV. RESULTS AND DISCUSSIONS 

Heuristic nature of the BEMT in achieving an 
aerodynamically as well as structurally optimum rotor blade 
for small sale horizontal axis wind turbine has been 
employed. Initially, with the aid of BEM theory, a 
preliminary idealized  blade has been designed ignoring the 
effects of wake rotation, drag and tip losses. Next, to include 
the detrimental effects of wake and drag the BEM theory has 
been slightly remodified to accomplish an optimum blade 
design. In the final step, practically achievable blade design 
has been obtained using a linearization technique. Figure 15a 
shows the comparison between the chord variations ci 

for 
idealized, optimized and linearized blades. It is visually 
evident from the figure that the linearized blade depicts an 
unpretentious geometry especially across the root section as 
juxtaposed against the idealized and optimized blades.  
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Idealized blade exhibits a maximum chord ci = 0.49m at 
r=0.05R as compared to just 0.18m of the optimized blade 
and 0.22656m of the linearized blade translating to 62.09% 
and 53.92% decrease in the blade geometry of the optimized 
and linearized blades independently. The trend in the 
geometry reduction continues with progressing ri from 0.05R 
to 0.4R. But, beyond 0.4R the percentage curtailment in the 
geometry becomes sluggish and all three blades exhibit an 
almost similar trend as noticed in figure 15a.  
 

  
  (a)                                                                          

 
 (b) 

Fig.15. Comparison of Sectional Chord Distribution ci 

and twist distribution θTi for all three blades 
Identically, the twist distribution of the idealized blade also 
represents a similar case of chord variation. From figure 15b 
it can be obvious that the idealized blade possesses large twist 
angles across the root section from 0.05R to 0.3R. Post 0.3R 
the slope of the twist angle slowly falls with increasing radius 
ri and linearly approaches almost a constant value farther 
beyond 0.6R. On the other hand, the variation in the local 
twist angles θTi of the optimized blade depicts a similar trend 
as represented by the idealized blade. The local twist angle of 
the optimized blade at 0.05R is 40.970 as in comparison with 
θTi= 56.120 of the idealized blade which is 26.99% less than 
the idealized blade. The twist angle of the optimized blade 
continues to decrease with the local radius ri. Variation in the 
twist angle of the optimized blade is noteworthy only up to 
0.2R after which the variation in the twist angle exactly 
harmonizes with the idealized blade twist variation. 
However, the linearized blade establishes a twist distribution 
that is distinctively different from the idealized as well as the 
optimized blades.  
The variation in the chord and twist distribution is in regards 
to the BEM philosophy. As BEM theory neglects all losses 
under ideal operating environment, the idealized blade tries 

to simulate maximum power output Pmax for any given inflow 
conditions. In this regard, the BEM theory predicts large 
values of chord and twist distribution through the entirety of 
the blade span. Manufacturing a blade with large values of 
chord and twist supposedly invites a situation requiring 
special manufacturing techniques that further leads to higher 
production, operational and maintenance costs of the blade. 
But, linearizing the blade drastically eases the blade 
geometry which manifests restrained values of chord ci and 
θTi twist distribution right through the span of the blade. The 
lighter geometry of the linearized blade is comparatively 
easier to fabricate without escalating the manufacturing and 
maintenance costs of the blades.  

 
Fig.16. Comparison of Solidity of Idealized, Optimized 

and Linearized blades 
The geometrical configuration of the rotor blade has a crucial 
influence on the solidity of the blade that affects the 
performance of the wind turbine. Solidity is the ratio of the 
planform area of the blades to the swept area and 
mathematically defined as rBc  2/ . For electrical wind 
turbines, the relation impresses upon the demand for blades 
with low solidity that translates into higher rotational 
velocities and better power output. The variation of solidity 
for all three blades is portrayed in figure 16. Since, the 
idealized blade predicts large chord distribution ci, solidity is 
incomparably the highest as discerned from figure 16. 
Undoubtedly, the solidity will be maximal at the root section 
from 0.05R to 0.3R where the concentration of the chord 
geometry is large. With the chord declining, the local solidity 
σ’ of the all the blades show a drastic reduction up to 0.3R. 
Afterwards, the solidity manifested by all three blades nearly 
coincides as indicated in figure.  The average solidity for the 
idealized blade measured σ=0.3122 as compared to the 
optimized blade with σ=0.2127. Likewise, the linearized 
blade with comprehensible geometry manifested lowest 
solidity of σ=0.1953. Comparably the idealized blade 
demonstrated a solidity that is 31.8% and 37.44% higher than 
the optimized and linearized blades separately. The reduction 
in the solidity may prove beneficial for the linearized blade in 
terms of better TSR, power coefficients Cp and many more.  
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(a) 

 
 (b) 

Fig.17. Percentage Variation in chord ci and twist 
distribution θTi for Idealized and Optimized blades 

Lastly, figures 17 and 18 shows percentage difference in 
chord ci and twist distribution θTi between the three blades. 
Dominant area of focus is towards the root section of the 
blade that depicts the maximum change in the chord and twist 
distribution. The prominent change described by the 
idealized blade is in relation with the optimum power 
conditions that require the geometry to be large. Regardless, 
due to the off-design factors, the performance predicted by 
the idealized blade will not necessarily be higher at all the 
operating conditions [38]. Hence, large chord and twist 
distributions are not dictum factors for better performance of 
the blade. Linearization aids in a modest blade geometry with 
undemanding fabrication processes and lower production 
costs, yet providing power comparable with the optimized 
blade [39]. 

  
(a)                                                                          

 

 
 (b) 

Fig.18. Percentage variation of chord ci and twist 
distribution θTi for Idealized and Linearized blades 

V. CONCLUSIONS 

In the present work, an elaborate analytical iterative 
sequences involved in the geometrical design of a rotor blade 
for a small 2kW horizontal axis wind turbine using BEM 
theory has been undertaken. Through BEM articulation, a 
preliminary idealized blade capable of generating maximum 
power has been attained. The geometrical complexity 
exhibited by the idealized blade imposes severe fabrication 
challenges that cannot be achieved using any off-the-shelf 
fabrication technique. Nevertheless, the idealized blade 
facilitates the essential bridging between the hypothetical and 
practical blade. Lastly, linearization forms the final step in 
the design process culminating in a blade that is more 
conceivable within the bounds of cost effective 
manufacturing limitations.   
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