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has a yaw drive that rotates the unit’s direction. By contrast, a vertical
turbine runs well regardless of wind direction, making it better-suited to
urban areas with tall buildings where wind turbulence is a given. The
vertical-axis design allows it to operate on lower wind speeds than is
possible with the horizontal turbine. So, this paper focusses on the pitch
movement as well as the nacelle and tower movement of the turbine in
three dimensions with respect to the ground as the wind should be at
right angle to the blade of the turbine or the attack of angle to the
blades should be 0°. This paper analyses if the increase in efficiency of
the HAWT turbine due to the pitch movement is significant as well as
the cost set up for the vertical movement is reasonable with the increase
in efficiency (i.e., power increment ultimately leads to the profit
increment). For this NACA0012 aerofoil was chosen as the wind
turbine blade in this blade. Since, it is well known as DU, FX and
NACA-63 and NACA-64 series aerofoils are commonly used for the
blades of HAWT turbine. The aerofoil was simulated using ANSYS 15
software at assumed 10 m/s wind velocity for the attack angles 0°, 15°
and 30° and analysis of power difference is to be analysed.

Copy Right, 1JAR, 2020,. All rights reserved.
Introduction:-
As the world continues to use up non-renewable energy resources, wind energy will continue to gain popularity. A
new market in wind energy technology has emerged that has the means of efficiently transforming the energy
available in the wind to a usable form of energy, such as electricity.

The cornerstone of this new technology is the wind turbine. A wind turbine is a type of turbo machine that transfers
fluid energy to mechanical energy using blades and a shaft and converts that form of energy to electricity using a
generator.

Wind turbines have two main design categories: HAWT and VAWT. The horizontal-axis turbine typically has a
three-blade vertical propeller that catches the wind face-on. The vertical turbine has a set of blades that spins around
a vertical axis. Each has its own merits and demerits.
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Horizontal-axis turbines convert more of the wind’s energy into useful mechanical motion if the blades are
perpendicular to wind direction, and then the blades would pick up the maximum energy throughout their range of
movement. By comparison, the blades on a vertical-axis turbine suffer an efficiency disadvantage, capturing energy
from the wind only on the front side; at the rear part of their rotation, they drag on the system.

Same goes for VAWT. If the VAWT is at an angle to the wind direction the power output will get affected (output
power is reduced).

Since, HAWT requires a yaw mechanism to adjust to changing wind direction, the horizontal-axis turbine is
mechanically more complex than the vertical design.

The HAWT is optimum at the tall towers as long blades work well only in wide-open spaces. VAWT are generally
much more compact and can be placed on building rooftops and other urban locations with fewer restrictions. The
vertical unit’s low height also makes it suitable for areas where wind picks up speed between buildings or over
hilltops.

Methodologies:-

Used for Aerofoil Analysis:

General Idea for Power Calculation of Turbine

The efficiency of the wind turbine depends on the area swept by the blades as well as the wind velocity
perpendicular to the area swept by the blades.If the nacelle is not parallel to the ground. The area will not be
perpendicular to the wind and will be at an angle (say x).The area will become (A cosx) therefore, the power will
reduce.

Governing Equations:
The continuity equation for the two dimensional, steady and incompressible flow is:

. O(pu) OJI(pv
V.(plh)= ((,i)-+ E:?._)_U

=

P = (0.5) xpxAxV? (Theoretical Maximum Power)

In equation:

p = Density of fluid

V = Velocity vector

pV = Mass flux

V = Vector operator

V.(pV) = Divergence of pV

pu, pv = Rate of mass entering in X, y direction respectively.
u = Velocity vector in x direction.

Theoretical Analysis of Wind Turbine:

1. If the angle of attack changes, the velocity which is useful to the turbine will also change. The velocity
perpendicular to the cross section will now become V cos(x).

2. Since, the velocity is cubed for power calculations for wind turbine then this will reduce the power output
significantly.

3. Let for x= 30°, cos(x)=0.8660. Therefore new V3=(0.6495) V* (old velocity) as well as new area A=(0.8660)A
(old area).

4. Then the new power obtained will

Prew= (1-(c0s(30))*)Pgiq

PneW: 0.5625 P0|d
Then, reduction or loss in power generation is:
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AP =Py - Prew
AP = (1-0.5625) Py
AP =0.4375 Py

Then, there is 43.75% in power reduction which cannot be neglected.

Geometry and Simulation:

NACAO0012 was taken into consideration for 1 m length was solved in ANSYS 15 fluent. The governing equation

for the aerofoil or the formula for the shape of a NACA 00xx foil, with "x" being replaced by the percentage of

thickness to chord, is:

where:

Vi = 5t [0.2969x%° — 0.1260x — 0.3516x? + 0.2843x° — 0.1015x"]

1. xis the position along the chord from 0 to 1.00, (0 to 100%)

2. v is the half thickness at a given value of x (centerline to surface), and

3. tis the maximum thickness as a fraction of the chord (so t gives the last two digits in the NACA 4-digit
denomination divided by 100).

Note that in this equation, at (x/c) = 1 (the trailing edge of the airfoil), the thickness is not quite zero. If a zero-
thickness trailing edge is required, for example for computational work, one of the coefficients should be modified
such that they sum to zero. Modifying the last coefficient (i.e. to —0.1036) will result in the smallest change to the
overall shape of the airfoil. The leading edge approximates a cylinder with a radius of:

r=1.1019 (t*/c)

The geometry was created by importing the coordinates file into the ANSYS software and meshing was using the
edge sizing and inflation method in which number of layers were given the value of 15 and Growth rate as 0.05. For
this case, left, top and bottom surface of the bigger geometry were considered as inlet, right boundary was
considered as outlet and the region excluding the aerofoil body was considered as wall.

Geometry and Meshing:
2-D analysis was done on the NACA 0012 aerofoil.

Geometry:
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Figure 1:-
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Meshing:

Figure 2:-

Figure 3:-
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Set-Up Meshing:

Figure 4:-

Contours:
Pressure Contours:
These pressure contours depicts the pressure exerted by the wind velocity of assumed value of 10 m/s for the

different attack angles namely 0°, 15°, 30°.
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Figure 5:- (a)
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Figure 6:- (2)
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Figure 7:- (a)
Velocity Magnitude Contours:

The respective figures depicts the velocity magnitude observed for the different attack angles specified below. Based
on that the average value of wind velocity for each attack angle is used.
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Figure 7:- (b)

Velocity (Tangential and Radial) Contours:
Like the aforesaid velocity magnitude contours, these figure depicts the tangential and radial velocity magnitude for
each of the attack angles specified below. It is found to assume the wind velocity as for the above one and also to
observe the uniformity of velocity distribution through the blades when passed through it as uneven velocity
magnitude may create uneven dynamic pressure which may damage the blades.

10
£ (7ol
e
10040
a2
1 0ts 1

Contours of Fangenin) Velecty () Cet 3, 2008
Figure 5:- (c). (i)
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Figure 5:- (c). (ii).
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Figure 6:- (c). (i).
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Figure 6:- (c). (ii).
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Cost Calculations:

Cost required for motor installation:

Since, it is given that for 1.5 MW turbine that mass of the nacelle is around 56000 kg if mass of the blade assembly
is 36000 kg. Then the total mass of the assembly system will be 92000 kg. It is also known that length of the blades
is about 36 m having mass of about 11000 kg if the blade assembly is 36000 kg.

Then, for our case mass of each blade will be (11000/36) kg. = 305 kg. (approx.). Then the mass of the total blade
will be (3 x 305) kg. = 915 kg.

Then the mass % of the other parts of blade and blades will be:
% Motners = (3000/36000)%100 = 8.33.
% Mpjage = (33000/36000)x100 = 91.67.
Then, for our case let us assume the blade assembly be:
M .ass. = [{(3000/33000) x 915} + 915] kg. = 998.2 kg.
Then the weight of the nacelle will be:
Miacetle = (56000/36000) x (998.2) kg. = 1552.75 kg (approx.)
Then total weight of the turbine system be My = (1552.75 + 998.2) kg. = 2551 kg. (approx.)

Let us consider the body of the system as a point mass so power required to rotate a body to the required angle for
which angle of attack to the blades becomes 0 degrees.
Then, power required to rotate 15°:-

P15 deg. = Mot X g X dO X (n/180) x 1 W (Since, length of blade is 1 m.)

Pi5geq = {2551 x 9.81 x 15 x (n/180)} W

P15 deq. = 6551.61 W = 6552 W (approx.)

P15 geq. = 6.6 KW (approx.)
Similarly for 30°:-

P30 deg = {2551 x 9.81 x 30 x (n/180)} W =2 X P15 geq

P30 deq. = (2 x 6552) W = 13104 W

P30 deq. = 13.2 KW. (approx.)
Let the weight of the motor be power having power of 15 kW be 100 kg. Then,

Mot = (2551+100) kg. = 2651 kg.
Then,

P15 deq = {2651 x 9.81 x 15 x (n/180)} W = 6808.43 W = 6.809 kW

P30 deg = {2651 x 9.81 x 30 x (n/180)} W =13616.9 W =13.617 kW
Then, motor of having 15 kW power is appropriate for the choice. The cost of the motor of the required power was
found to be around Rs. 32,000 — 65,000. Let the cost of the motor for this case be around Rs. 55,000 keeping in view
of the quality factor.

Cost difference in power generation due to the attack angles:
Let the C,(Coefficient of Performance) of the wind be around 0.4 and density of air be taken as 1.225 kg/m?® for all
cases as for India C,is around 0.35 — 0.45.

For 0°:
In this case, for pressure contour inferring that the maximum pressure of about 60.7 bar is applied at the tip of the
blade which is negligible. On a range of (0.2- 4) bar was seen around the blade.

From the velocity magnitude contour, we infer that the whole region is around the speed range of (10.01 — 11.8) m/s.
Tangential and radial contours confirms the assumption as for the tangential contour maximum region indicating a
velocity of 10.2 m/s was seen at the perpendicular to the tip of the blade whereas for radial contour, regions of 9.22
to 11.4 m/s was seen along the geometry of the blade. These above conclusions indicate that the velocity of 10 m/s
should be reasonable to use for our calculations i.e. V = 10 m/s.

Then power generated per kWh for 0°:-
Po = [{(0.5) xCyxp xAxV*x 3600}/1000] kWh
Po = [{(0.5) x 0.4 x 1.225 x (w/4) x 1> x (10)* x 3600}/1000] kWh
Py = 692.71 kWh
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For 15°:
In this case, for pressure contour inferring maximum pressure of 62.8 bar is acting over a reasonable area of blade
tip and an unbalanced region of pressure ranging from (0.7 — 62. 8 bar) around the blade geometry.

From the velocity magnitude contour we can observe that around the three regions were seen i.e., (9.79 -10), (5.25 -
9.79), (0.7 — 3.77) m/s. A small region of (11.28 -11.51) m/s was around the blade. Tangential and radial contours
indicates the distortion of the region over the blade geometry. So for this case velocity of 9.2 m/s would be
reasonable to choose as it is not according to the theoretical assumption since the region is divided into too many
velocity regions. Therefore, V=9.2 m/s.

Then power generated per kWh for 15°:-
P15 = [{(0.5) x Cyxpx A xV°*x 3600}/1000] kWh
P15 =[{(0.5) x 0.4 x 1.225 x (w/4) x 1% x (9.2)% x 3600}/1000] kWh
P;5 = 539.41 kWh

For 30°:
In this case, for pressure contour inferring maximum pressure of 61.5 bar is acting over a more area of blade tip than
the previous case and an unbalanced region increased of pressure ranging from (0.84 — 61. 5 bar) around the blade
geometry. The regions are completely randomized and distorted indicating the blades are exposed to unbalanced
pressure.

From the velocity magnitude contour we can observe that velocity regions of lower magnitude are observed around
the blade mainly (5.77 - 9.9), (0.825 —4.12) and a small region of (11.77 — 16.5) m/s was observed that the blade is
exposed to uneven velocity magnitude which may cause turbulence around the blade the region. Tangential and
radial indicates the same thing as the regions are more distorted from the previous one which doesn’t seem to
supportive for the blade movement. So for this case keeping in accordance with the theoretical value velocity of 8.1
m/s would be reasonable to choose i.e., V = 8.3 m/s.

Then power generated per kWh for 30°:-
P3o = [{(0.5) XC, xp x A xV/*x 3600}/1000] kWh
Pso=[{(0.5) x 0.4 x 1.225 x (w/4) x 12 x (8.3)* x 3600}/1000] kWh
P3o =396.09 kWh

It should be noted that the contours for 30° is not reliable as the solution didn’t converged after 2500 iterations as
well as 30° of attack angle difference is unrealistic in physical applications as it is assumed that wind turbine blades

are not exposed to 30° of attack angle.

Then the power difference due to change in attack angles i.e., (Po and Pys) is given as:

AP = Po - P15
AP = (692.71 - 539.41) KWh
AP =153.3 kWh

Since, rate of wind power generation (R) as of December 2017 is Rs. 2.43/kWh, we assume for our case to be Rs.
2.3 /kWh. Cost saved per hour due to difference of power due to attack angles is:

Ci. =R X AP

Cir. = (Rs. 2.3 /kWh) x 153.3 kWh.

Chr. = Rs. 352.50.

If the turbine is exposed to this attack angle difference for at least on an average say 2 hours then cost saved in a
day:

Cgay= Rs. (2 x 352.59)

Caay = Rs. 705.2 (approx.)

Therefore, simple payback time (Tpayback) IS given as:

Tpayback = (55000/7052) days.
Tpayback = 77.99 days = 78 days.
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Tpayback = 80 days.

Now, for the case of 30°, power difference:

AP =(692.71 - 396.09) kWh = 269.62 kWh

Cost saved per day:

Chay =2 xR x AP =Rs. (2 X 2.3 X 269.62) = Rs. 1240.252

Therefore, simple payback time:

T paypac = (55000/1240.252) days.
Toayback = 44.34 days = 45 days.

For payback time calculations, operational cost, maintenance cost of motor and installation cost was not included.

Result and Conclusion:-

1.

At the leading edge, the aerofoil surface and near the trailing edge, the velocity is lower while static pressure is
higher for the three cases. But as the attack of angle increased, the pressure contours started to distort as the
geometry of the blade started to experience uneven pressure regions which may cause wear and tear to the
blades. As we know, the difference in pressure across the aerofoil from top to bottom is what generates lift.

The flow (velocity magnitude) as for 0° it was almost uniform but for the other casesvelocity flow through the
top surface of the wing is observed to faster as compared to the bottom surface, this characteristics can be
attributed regarding to the wing shape. But as same as the pressure contours, the distortion and unevenness
came as the attack angle increased. For 15° and 30°, on the top surface different velocity magnitudes present
over small area region, this unevenness may cause turbulence which may inhibit the blade movement as the
case of 30° was than the previous which leads to reduced power generation as it was observed in the
calculations.

For tangential and radial contours, same case is applied as the previous ones as when the attack angle increased
the contour regions became uneven and hazy as the distinct lines began disappearing and regions started to mix
with each other. That may indicate the point as for decrease in power with the increase of attack angle.

The payback time to compensate the power loss due to 15° was found to be 78 days (~ 80 days) as considering
the annual mean wind speed of India (which is about 4-6 m/s) payback time may be 150 — 160 days at the most.
For 30°, payback time was found to be 45 days but since it has less physical acceptance as no wind turbine was
acknowledged to be set up where blades were experiencing an attack angle of 30°.

The paper focused on the prototype of the wind turbine as the wind turbine blades are about 40 — 100 m long.
So, the greater power difference is likely to observe for more power capacity wind turbines.

In the near future, motors are likely to be light-weighted and more efficient having a long life so payback time
may decrease.

NACAO0012 aerofoil which is taken as the turbine blades are not suitable asDU, FX and NACA-63 and NACA-
64 series aerofoils are common for the blades of HAWT turbine. NACAOQ012 used for as wingtip of aircrafts as
for many it is used for both root and tip.

The purpose was to show that the power loss was significant when angle of attack changed as for high capacity
turbines, this kind of power loss is unavoidable.

So for our case the payback time was found to be acceptable therefore high efficient motors of optimum costs is
advised to install in the nacelle for pitch (vertical) movement of the system in order to retrieve the lost power created
due to the attack angle difference.
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