
CHAPTER 7: DISCUSSION AND CONCLUSIONS 

7.1 Wind Rotor Performance 

This study has been carried out to design a new wind rotor, which is suitable for low 

wind potential areas in Sri Lanka. A wind turbine for low wind-potential should be 

designed for low rated and cut-in wind speeds. When the rated wind speed is reduced, 

diameter of wind rotor should be increased in order to extract more energy from low 

wind-speeds. Low initial-torque of wind rotors is a main restriction against the 

reduction of cut-in wind speed of wind turbine at low wind-speeds. Hence, solidity of 

the rotor should be increased to improve the starting torque, without effecting 

adversely on its aerodynamic efficiency. In addition, in designing of a wind turbine, 

the wind rotor and generator should properly match for its optimum operation. 

Performance prediction of wind rotors is a major part of this study. Performance of 

wind rotors was determined theoretically, and theoretical models were validated by 

comparing with experimental measurement on a wind tunnel scaled model. A suitable 

theoretical model to analyse the rotor performance was developed by considering the 

flow field around the wind rotor, and using the momentum theory and blade 

elementary theory. Performance of model wind rotors was experimentally measured 

by wind tunnel testing. Models were tested at the open jet of the wind tunnel to avoid 

the wall blockage effect. In this case, the wind tunnel could not be simulated with the 

real situation, which was considered for theoretical calculation. Air velocity in the 

selected section from the wind runnel outlet was not uniform as the size of the air jet 

is confined. In this study, air velocity of the models tested section is taken by 

calculating mean wind speed of selected nine points, which is based on flow rate (see 

APPENDIX VI). After the verification of wind tunnel testing, the theoretical model 

was validated, and then it was used to analyse and compare the performance of the 

high solidity rotor with the existing rotor. Wind tunnel correction was needed for 

more accurate simulation. However, in the present study wind tunnel correction was 

not done as required mathematical tools are not available. 
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In this study, improvement of wr.) i turbine system was done, only with the wind rotor 

modification. However, there is the possibility to improve the performance of wind 

turbine at low wind speeds by modifying the rotor and generator both. Since 

efficiency of the existing permanent magnet generator is low, its performance should 

be improved to get better performance of the wind turbine. 

Also in the present study, inherent characteristics of the control system are not applied 

to determine the performance of the wind turbine, thus actual power output could not 

be obtained for analysing and comparing the wind turbines. As the analysis of the 

characteristics of passive control mechanism, which is used for these wind turbines, is 

not a part of this study, ideal characteristics of a control system are used and that is 

deemed sufficient for comparisons. 

7.2 Energy Options 

When considering rural electrification in Sri Lanka, power from wind, hydro solar and 

biomass are very important. Power from the hydro is cheap but very site specific. In 

case of micro-scale hydropower generation, some of them can be operated only 

seasonally, and most are available only in mountainous areas of the country. Solar 

energy can be harnessed almost throughout the y- ar, which is available around the 

Island. However, solar panels are expensive, and it is very difficult for rural people to 

afford without any financial concessions. Wind energy is one option for viral 

electrification in Sri Lanka. However, this is site specific as some rural places have 

low wind-potentials. 

Then solar and wind energies are the most promising among the options for rural 

electrification in Sri Lanka especially in the dry zone in Sri Lanka. When comparing 

the capital cost of wind turbines with the solar panels, solar power systems are more 

expensive than wind turbines. However, wind turbines need more servicing 

maintenance than solar power systems. In addition, the lifetime of solar power 

systems are higher than wind turbines. Solar panels are not manufactured in Sri Lanka 

and thus have to be imported. Wind power systems can be locally manufactured hence 

it is help to the economy of the county and they car be used for rural electrification to 

improve living standards and infrastructure facility. On the other hand, by comparing 
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the cost of energy production from each source, an appropriate energy option for a 

selected site can be justified. 

7.3 Concluding Remarks: Cost of Energy Production 

The cost of the existing wind turbine is Rs.50000.00 (US$560.00) and the cost of the 

high-solidity wind turbine (for low wind speeds) is expected to be Rs.65000.00 

(US$720.00) (1 US$= Rs 85: Oct 2001). To determine the cost of energy generated by 

a wind turbine, capital cost, maintenance cost, lifetime of wind turbine, and amount of 

energy generation within its lifetime should be known. Lifetime of the wind turbines 

in general is taken as 10 years, subject to proper maintenance and service. Typical 

yearly maintenance cost is assumed to be around 10% of the original value. 

7.3.1 Cost of Energy at Makewita Low Wind Potential Site 

> Energy generation of the existing wind turbine is taken as average 4.78 kWh for 

a period of one month at this site. 

Cost of wind turbine 

Maintenance cost for 10-year period 

Total cost for 10-year period 

Amount of energy generation in 10 years period 

Cost of energy 

= Rs.50000.00 

= Rs.50000.00 

= Rs. 100000.00 

573.6 kWh 

174.30 RsAWh 

> Energy generation of the new high solidity wind turbine is taken as average 

16.46 kWh for a period of one month at this site. 

Cost of wind turbine = Rs.65000.00 

Maintenance cost for 10-year period = Rs.65000.00 

Total cost for 10-year period = Rs. 1300000.00 

Amount of energy generation in 10 years period 1975.2 kWh 

Cost of energy 65.82 RsAWh 
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7.3.2 Cost of Energy at Mirijivila Good Wind Potential Site 

Cost of wind turbine = Rs.50000.00 

Maintenance cost for 10-year period = Rs.50000.00 

Total cost for 10-year period = Rs. 100000.00 

Amount of energy generation in 10-year period 3552 kWh 

Cost of energy 28.15 Rs./kWh 

Lifetime of the wind turbine may not be the same at every site. However, an equal 

lifetime of 10 years is taken as bases for calculation of the cost of energy at Makewita 

and Mirijivila sites for both wind turbines, although the lifetime of a wind turbine at 

low-wind potential sites is higher than at high-wind potential sites. Cost of energy at 

Makewita is very high, and, therefore, this site is not economically viable for wind 

energy generation, by the existing wind turbine. However, energy cost of Makewita 

low wind potential site can be reduced by using the proposed high solidity wind 

turbine. 

To compare the cost of energy production by solar and wind, cost of energy from 

100W solar panel can calculated as outlined below. 

7.3.3 Cost of Energy from Solar Panel 

Cost of the peak power 100W solar power system is Rs 77000.00 (lUS$=Rs85: Oct, 

2001) and lifetime is 15 years. There is some maintenance for batteries and electrical 

system. Yearly maintenance cost is taken as around 2% of the original cost of solar 

panel. Peak power 100W solar power system can generate 19.78 kWh in an average 

month period at a typical site (Efficiency of solar power system and solar incidence at 

a typical site has been previously measured and recorded by the NERD Centre). 
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> Energy generation of the wind turbine is taken as average 29.60 kWh in a period 

of one month at this site. 



Cost of solar power system =Rs.77000.00 

Maintenance cost for batteries 

and electrical system for 15-year period =Rs.23100.00 

Total cost for 15 years period =Rs. 100100.00 

Amount of energy generation in 15 years period 3560.4 kWh 

Cost of energy 28.10 Rs./kWh 

7.3.4 Comparison of Cost of Energy Production and Amount of Energy Generation 

by Solar and Wind Power Systems 

The 100W existing wind turbine can generate 29.6t' kWh in a month period at a good 

wind potential site and, the 100W solar panels can generate 19.78 kWh in a month 

period at a typical site. However, the designed high solidity wind turbine can generate 

16.46 KWh in an average month at a low wind-potential site. The cost of energy and 

energy generation of each wind turbine and a 100W solar panel is given in Table 7.1 for 

comparison. 

Table 7.1: Capital cost, cost of energy production and amount of energy generation 

by each wind turbines and 100W solar panel 

Type of energy harnessing Capital cost 
of the 
system 
(Rs.) 

Cost of 
energy 

Rs./kWh 

Amount of energy 
generation in an 
average month 

(kWh) 
Existing wind turbine at a low wind 
potential site 

50000 174.30 4.78 

High solidity wind turbine at a low 
wind potential site 

65000 65.82 16.46 

100W solar panel at an average site 
in Sri Lanka 

77000 28.10 19.78 

Existing wind turbine at a good 
wind potential site 

50000 28.15 29.60 
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Cost of energy production by the solar system is aln ost equal to that of the wind power 

system at good wind-potential site. However, cost of energy derived by the existing wind 

turbine at low wind-potential site at Makewita is very high and, as such, is not suitable. 

Cost of energy by high-solidity wind turbine at a low wind potential site is affordable, 

but its cost is still higher than that of the solar power system. Monthly energy 

requirement for a rural household in Sri Lanka is, approximately 10 kWh. Energy 

requirement of a rural house in a low wind-potential site cannot be supplied by the 

existing wind turbine. However, in this study it can be observed that, energy generation 

capacity of the new design is higher than that of the existing wind turbine at a low wind-

potential site, and it can supply the energy requirement of a rural household in Sri Lanka. 
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APPENDIX I 

NACA 4415 

Angle of 
attack 

a (Deg.) 

At Reynolds No 
7.0 x 105 

At Reynolds No 
l.Ox 105 

Angle of 
attack 

a (Deg.) c, c d Cm c, c d 

-8.0 -0.34 0.0134 -0.12 - -

-7.0 -0.25 0.0121 -0.12 -0.28 -

-6.0 -0.15 0.0111 -0.12 -0.18 0.0097 
-5.0 -0.05 0.0107 -0.12 -0.08 0.0095 
-4.0 0.05 0.0104 -0.11 0.02 0.0093 
-3.0 0.15 0.0101 -0.11 0.12 0.0090 
-2.0 0.25 0.0099 -0.11 0.23 0.0088 
-1.0 0.35 0.0096 -0.11 0.33 0.0087 
0.0 0.45 0.0094 -0.11 0.43 0.0085 
1.0 0.54 0.0090 -0.10 0.53 0.0084 
2.0 0.64 0.0087 -0.10 0.62 0.0083 
3.0 0.73 0.0090 -0.10 0.72 0.0082 
4.0 0.82 0.0097 -0.10 0.81 0.0082 
5.0 0.91 0.0105 -0.10 0.90 0.0084 
6.0 0.98 0.0114 -0.09 0.99 0.0093 
7.0 1.06 0.0123 -0.09 1.06 0.0106 
8.0 1.12 0.0136 •0.09 1.14 0.0122 
9.0 1.17 0.0159 -0.08 1.20 0.0146 
10.0 1.21 - -0.08 1.26 0.0192 
11.0 1.25 -0.07 1.30 _ 

12.0 1.27 - -0.06 !.34 -

13.0 1.28 - -0.06 1.35 -

14.0 1.28 - -0.06 1.37 -

15.0 1.28 - -0.06 -

16.0 1.27 - -0.07 -

17.0 1.26 - - - -

Profile Co-ordinates, 

X Y (upper) Y (lower) 
0.00000 0.00000 0.00000 
0.01250 0.03070 -0.01790 
0.2500 0.04170 -0.02480 

0.05000 0.05740 -0.03270 
0.07500 0.06910 -0.03710 
0.10000 0.07840 -0.03980 
0.15000 0.09270 -0.04180 
0.20000 0.10250 -0.04150 
0.25000 0.10920 -0.03980 
0.30000 0.11250 -0.03750 
0.40000 0.11250 -0.03250 

0.50000 0.10530 -0.02720 
0.60000 0.09300 -0.02140 
0.70000 0.07630 -0.01550 
0.80000 0.05550 -0.01030 
0.90000 0.03080 -0.00570 
0.95000 0.01670 -0.00360 
1.00000 0.00000 0.00000 

Leading edge radius = 2.48 

Slope of radius = 0.20 

96 



NACA4415.CI VsCd 

4 

Coeffiecient of Drag (Cd) 
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APPENDIX II 

C++ program for find out the C p and C m of wind rotors 

#include<stdio.h> 
#include<math.h> 

mainf) 

{ 
intj; 
float sCp,Cp,sCm,Cm,Cf,sCf,R,rl ,r2,b,lamda; 
float chord[ 10],angle_beta[ 10],r[ 10],lamdao[ 10]; 
float cl,cd,h,k,G,E,eta,alpha,phi,phi 1; 

printf(" Radious of Wind Rotor mm ="); 
scanf("%f',&R); 
printf("No. of blades b="); 
scanf("%f',&b); 
printf("No. of segment of blade=10\n'); 
printf("Give the width of the segment delta.r in ram-'); 
scanf("%f',&r2); 
printf("Radious to the first segmenc rl mm ="); 
scanf("'%f\&rl); 

forG=l;j<=10;++j) 
{ 
printf(" Chord lenth at r=%0.0f C=",rl); 
scanf(n°/of\&chord[j]); 
printf("Blade angle beta ="); 
scanf("%f',&angle_beta[)J); 
rU]=rl; 
rl=rl+r2; 
} 

printf(" No. Radiou-s(mm) Chord lenthCmm) Blade 
Angle(degree)\n"); 

printft" - \n" 
for(j-l;j<=10;++j) 
printf("%d %0.0f %0.3f %0.3f 

\n",j,r[j],chord[j],angle_beta[j]); 

printf("\n Tip speed ratio-"); 
scanf("%f',&lamdao); 

Cp=0; 
Cm=0; 

forG=l;j<=10;++j) 
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alpha=-20; 
do 
{ 
phi=alpha+angle_beta[j]; 
phil=phi*3.1415927/180; 

/* calculation of CI values with respect alpha angle*/ 
if(alpha<-8) 
cl=-0.00017*pow(alpha,3)+0.002431 *pow(alpha,2)+0.201389*alpha+0.966667; 

if(alpha>=-8 && alpha<=8) 
cl=0.1 *alpha+0.4; 

if(alpha>8 && alpha<=15) 
cl=-0.00021 *pow(alpha,4)+0.009645*pow(alpha,3)-

0.16968*pow(alpha,2)+1.354548*alpha-2.94; 

if (alpha>15 && alpha<=24) 
cl=-6.9e-6*pow(alpha,3)-0.00115*pow(alpha,2)+0.010528*alpha+l .703333; 

/•Calculation of Cd values with respects CI values*/ 
if(cl>=-0.95 && cl<-0.8) 

cd=-2.70563e-05*pow(cl,3)+0.002625812*pow(cl,2)-0.00187067 l*cl+0.00682987; 

if(cl>0.8&& cl<=1.6) 
cd=-0.034722222*pow(cl,4)+0.15625*pow(cl,3)-

0.243055556*pow(cl,2)+0.16375*cl-0.034222222; 
eta=atan(cd/cl); 
G=(cl*b*chord[j]*cos(phi 1 -

eta))/(8*3.141592654*rU]*cos(eirV*sin(phi 1 )*sin(phi 1)); 
EKcl*b*chord[j]*sin(phil-eta))/(4 : :<3.141592654*rlj]*sin(2*phil)*cos(eta)); 

k=(l-G)/(l+G); 
h=(l+E)/(l-E); 

while ((alpha<=24) && f((lamda-hmdao[j])>0.1) || ((lamda-lamdao[j])<-0.1) j| 
(k<0) || (h<l)| |(k>l)| |(h>2))); 

sCp=r[j]*r2*pow((lamdao|j]*(r[J]/R)),2)*(l+k)*(h-l); 
Cp=sCp+Cp; 
sCm=(lamdao[j]*rG]/R)*( 1+k)*(h-1 )*pow(r[j],2)*r2; 
Cm=sCm+Cm; 

alpha=alpha+0.0001; 

lamda=(R/r[j])*(( 1 +k)/( 1 +h))/tan(phi 1); 
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sCf=r[j]*r2*(l-k*k); 
Cf=sCf+Cf; 

if ((lamda-lamdao[j])>0.1 || (lamda-lamdao[j])<-0.1 ) 
printf("\n r=%O.Of Error Can't calculate lamda with given alpha range",r[j]); 

else 
printf("\n r=%0.0f alpha=%0.3f h=%0.3f k=%0.3f Cpr= %0.4f Cmr=%0.4f 

Cfr=%0.4f',r[j],alpha-0.0001,h,k,(pow((lamdao|j]*(r|j]/R)),2)*(l+k)*(h-
1 )),(lamdao|j]*(rLi]/R)*( 1 +k)*(h-1)),(1 -k*k)); 

} 

printf("\n\n Tip speed ratio=%0.3f Cp =%f Cm=%f 
C^%f\n^lamd^|J].((2/(R*R))*Cp),((2/pow(R,3))*Cm),((2/(R*R))*Cf)); 

return(O) 
} 
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APPENDIX III 

Typical irrigation requirement in dry zone 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct. Nov. Dec. 

Net irrigation 
requirement 1/day/ha 

14000 36000 43000 26000 37000 62000 63000 64000 53000 

Rains 

Gross irrigation 
requirement 
1/day/ha 

23000 60000 72000 43000 62000 103000 105000 107000 80000 

Rains 
75% rain fall 
mm/day 

2 0.5 0.6 2.3 1.7 0.3 0.3 0.3 0.6 
Rains 

Average wind speed 
measurement taken 
at lower heights m/s 

1.5 1.9 2.1 1.9 2.7 4.4 4.5 4.4 2.8 

Rains 
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V 

APPENDIX IV 

Wind Speed at Mirijiwila in July 1997 
Height 20m 
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Wind speed at Hamhantota Met. August 1997, Height 20m 
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Wind Speed at Narakkaliya, August 1998, Height 20m 
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APPENDIX V 

Buckingham K Theorem Method 

The theorem state that if a dimensionally homogeneous equation has n quantities and 

if these n quantities have m number of fundamental dimensions out of M, L and T, 

then these quantities can be arranged into (n-m) independent dimensionless 

parameters known as ft-terms. 

Considering the wind rotor, performance depends on the following quantities. 

P = Power, p = Air density, p. - Viscosity, V0 = Wind velocity, (O = Rotational speed of 

wind rotor, R = Radius of rotor and r() = Hub-radius of rotor 

f=(P, p.p., Vn,Q),R, r0) 

n=7, m=3 (M, L, T) 

n - m= 4 

^ ( ^ • 1 , ^ : 2 , ^ 3 , ^ 4 ) = 0 (1) 

K\_ 712,^3,7^4 are non-dimensional parameters. 

jt, =p"'V0

h'R''P 

= (ML-2)"' (LT-i)h> (L)L> (ML-T-*) 

For M, 0= ai + 1 . a, = -1 

For L, 0= -3a, + bi +ci 
b| + ci =-5 

+ 2 

For T, 0 =-b[ -3 
bi =-3 
c, = -2 

n{ =p-\~iR-1P (2) 
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7T2 = pa'V0

h-RL-(O 

= (ML-i)!U-(LT-lt-(L)"-(T)-] 

For M, 0 = a2 

For L, 0 = -3aa + b 2 + C 2 , 02 = - C 2 

ForT, 0 = - b 2 - l , b 2 = -l 
C 2 = 1 

7T 2 = p°V0-[R[co 

n, = p^V^R'1^ 

= {ML-' )"> (LT~l )*•' (LY1 {ML'[T-1) 

ForM, 0 = a 3 + l , a 3 = -l 

For L, 0 = -3a3 + b 3 + C3 -1 , b 3 +c 3 = -2 

ForT, 0 = - b 3 - l , b 3 - - l 
c 3 = -l 

nA = p"'Vo

h'R^r0 

= (ML-}y<(LT-[)h<(L) 

For M, 0 = a4 

For L, 0 = -3a4 + 0 4 + C 4 + 1, b 4 + 

For T, 0 = -b 4, c 4 = 

/T4 = P°v0°R~\ 

So that, 
P d)R 

n{= - J t 2 = — tt 3 = 

Then, 
. P CO.R H r0 

W( r> , , —) = 0 
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1 / p 

Power coefficient (C p) - , , 

(OR 
Tip-speed ratio (ko) = — 

pVnR 
Reynolds No. (Re No.) = — — 

/* 

Geometrical parameters of rotor is — 

So that, 

Model can be making by keeping the non-dimensional parameters at a constant value. 
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APPENDIX VI 

Blower 
Counter 
Position 

Wind Speeds (m/s) Blower 
Counter 
Position 

1 2 3 4 5 6 7 8 9 

50 0.81 0.71 0.42 0.73 0.43 0.68 0.42 0.72 0.37 

100 2.18 2.31 1.73 2.05 1.82 1.76 1.92 2.21 1.65 

150 3.69 3.15 3.15 3.65 3.16 4.02 3.45 3.54 3.40 

200 5.10 4.85 4.6* 5.51 4.75 4.26 4.55 5.36 4.87 

250 6.30 6.25 5.95 6.41 5.75 6.23 5.70 5.91 6.20 

300 7.51 7.15 6.82 7.52 7.22 7.32 6.80 7.65 7.61 

350 8.80 8.28 8.62 8.85 8.12 9.23 8.71 8.45 8.23 

400 10.25 10.44 10.12 9.84 9.83 10.00 10.02 10.24 9.42 

450 11.70 11.21 11.82 11.75 11.12 11.42 10.82 12.11 11.35 

500 13.85 13.42 13.65 13.87 13.52 14.15 13.37 13.56 13.25 

Table A.2: Mean wind speed with the blower counter position 

Blower Counter 
Position Vm (m/s) based on flow rate Vm (m/s) based on Energy 

50 0.59 0.62 

100 1.96 1.07 

150 3.47 3.47 

200 4.88 4.88 

250 6.08 6.08 

300 7.29 7.29 

350 c-,58 8.58 

400 10.03 10.03 

450 11.48 1J ,48 

500 13.'S3 13.63 
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Table. A.l: Wind speeds at the selected nine points of the wind tunnel outlet 


