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1. Introduction

It is unquestionable that world energy demand will increase dramatically in the future. By 2050,
it is forecast to increase to 1000 EJ (EJ = 1018J) [1-3]. If this demand is mainly from fossil fuels, this,
of course, will bring harmful impacts on the world’s climate due to the greenhouse gasses. Therefore,
renewable energy has an important role in this path due to its environmentally-friendly sources and
the potential for cost reduction [4]. There have been many works in the area of renewable energy in
which wind turbine becomes the second biggest source of energy and the fastest growing renewable
source in the world [5].

The principle of the wind turbine is to convert energy from the wind to electrical power. There
are two types of wind turbine: vertical axis wind turbine (VAWT) and horizontal axis wind turbine
(HAWT) [6]. HAWTSs are the most favorite turbine machine and have better performance in extracting
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wind power than VAWTs, though, in certain conditions, VAWTSs is more preferable because it has
advantages such as easy maintenance, less visual impact and low noise emission [7].

Generally, the wind turbine is used in the area that has high and consistent wind speed such as
Eastern Islands which may have wind speed more than 5 m/s. However, in Indonesia, the use of a
wind turbine is not efficient since the wind speed is low and inconsistent. Santoso et al., [8] develop
a cross-flow wind turbine integrated with a cooling tower. A cross-flow wind turbine is a new design
of VAWT that is fast and suitable for low wind speed. This work aimed to understand the influence
of guide vane in the wind turbine integrated with a cooling tower by varying the position and the
angle of attack of the guide vane. It is showed that the installation of guide vane at the right position
indicated a significant increase in the coefficient of power (Cp) compared to wind turbine integrated
with a cooling tower without guide vane. Chong et al.,, [9] develop two VAWTSs in cross-wind
orientation integrated with a cooling tower. The guide vane was placed in between the discharged
air outlet and wind turbine. The results showed that this system could be used for building lighting
in an urban building which can reduce the consumption of fossil fuels.

Chong et al., [10] conducted a study on the utilization of wind energy produced by the cooling
tower. It is because the cooling tower can produce a constant air velocity and greater than the natural
wind speed. A vertical axis wind turbine (VAWT) is integrated with a cooling tower outlet with a wind
speed of 8 m/s. As a result, VAWT is expected to recover 13% of cooling tower power consumption
[10]. Asl et al., [11] researched the performance of axial flow wind turbines placed on the converging-
diverging duct. The study was to determine the effect of blades number and slope angles using the
converging-diverging duct on the performance of axial flow wind turbines. As a result, the axial flow
wind turbine works optimally on two blades number, and the slope angle is 75°, and the use of
converging-diverging duct increases turbine rotational speed 240.06% [11].

In this work, the axial-flow wind turbine, which is a new design of HAWT, was developed and
integrated with the condenser, instead of the cooling tower. The choice of an axial turbine integrated
with the condenser is all the area of exhaust air to drive the wind turbine. The blade numbers and
the blade pitch angles were varied to obtain the maximum Cp and the maximum exhaust air recovery.
The reason underlying the variation of the blades number and the blade pitch angles is because the
addition of blades number can increase the torque and mechanical power followed by decreasing
the value of cut-in speed and increasing starting torque from axial-flow wind turbine, while the
change of blade pitch angle will affect the magnitude of drag and lift force generated by the blade so
that the greater blade pitch angle, the lower resulting lift force, but the drag force will be even bigger
[12-14].

2. Research Methods

Turbine mechanical power is the result of the turbine's ability to absorb the energy contained in
the airflow. Energy in the airflow will rotate the turbine so that the rotor can produce torsions and
has a rotating speed. The amount of turbine mechanical power is expressed by Eq. (1)

_ 22Nt

P
Y60

(Watt) (1)

Where N is the turbine rotational speed (rpm), and tis the torque that can be produced by the turbine
(Nm). The energy contained in the airflow can be determined by Eq. (2)

P, =1/2 pV A (Watt) (2)
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The ratio between the mechanical power of the turbine and the energy contained in the airflow
is called the power coefficient (CP). The amount of CP is expressed in the Eq. (3)

R

Cp=-t
P Po

(3)

A condenser model was fabricated to represent an exhaust air system. The model has an axial
flow fan with 600 mm diameter and powered by 780 Watt rated motor. The inlet, throat and outlet
diameters of the duct are 770 mm, 516 mm and 667 mm, respectively. The place for installing
impellers is exactly the throat and the high from surface of condenser is 700 mm. The research
scheme can be seen in Figure 1. Variations carried out in this study are changing the blades number
and blade pitch angle. In the present experiment blades used were NACA 6409. The scheme of
changing the blades number and blade pitch angle can be seen in Figure 2 and Figure 3. The
experiment was carried out using variations in wind speed 2.01 m/s, 2.52 m/s, 2.96 m/s, 3.51 m/s,
4.02 m/s, 4.98 m/s, 5.97 m/s, 6.98 m/s, and 7.86 m/s. Experiments are used to find the shaft torque
value, turbine mechanical power, power coefficient (CP), and TSR.

L~

Caption:

1. Motor fan

2. Propeller fan

3. Converging-diverging duct
4. Axial flow wind turbine

5. Load

6. Scale Prony Brake

Fig. 1. Schematic of the experiment apparatus

(a) (b) (c)
Fig. 2. Schematic of the blade number, (a) two blades (b) five blades (c) ten blades

Fig. 3. Schematic of the blade pitch angle
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3. Result

The results of the power coefficient are provided in Figure 4. The power coefficient was tested
for each variation the blade pitch angle and of wind speed. The power coefficient is below 0.5 at 45°h
pitch angles. Note that the pitch angle is the angle between the circumference line and the blade
chord shown in Figure 3. Figure 4(a) shows a graph of the relationship between CP and TSR in the tilt
angle variation with the two blades number. The highest CP value is obtained when the blade angle
is set at 5°. The resulting CP value was 0.18 at a TSR value of 2.2. Increasing the angle of the blade
causes the CP and TSR values to decrease. The decrease in CP value is due to the mechanical power
generated by the wind turbine, which decreases with increasing blade angle. Meanwhile, the
decrease in TSR value is caused by the turbine lift force, which is getting lower as the increasing of
the turbine blade pitch angle. Turbine with a blade pitch angle of 5°, the CP value increases with
increasing TSR value, then it will decrease when it has reached the optimum value at a certain TSR. It
is due to the increasing TSR value; the air velocity used to drive the turbine is also increasing.

Figure 4(b) shows the relationship between CP and TSR produced by axial flow wind turbines with
the five blades number. The maximum CP with the 5 blades number was found at TSR 1.1 and 10°
pitch angle, which is 0.38. An increase in the blade pitch angle more 10° causes a decrease in the
value of CP and TSR, because of the turbine's torque and mechanical power decrease. Figure 4(c)
shows that the axial flow wind turbine with the number of ten blades has the highest CP value of 0.3
on the TSR value of 0.9. The blade pitch angle of 15° produced the best CP value compared to other
the blade pitch angles of 5°, 10°, 15°, 20°, 30°, and 45°, respectively.
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Fig. 4. Power coefficient in terms tip speed ratio for (a) two blades (b) five blades (c) ten blades
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The graph of CP and TSR in each number and the optimum blade angle can be seen in Figure 5.
The largest CP value is generated by turbines with the five blades number at the blade pitch angle of
10° and followed ten blades number at blade pitch angle 15°. The turbine with two blades number
at blade pitch angle 5° produces the smallest CP value. The optimum value of CP is 0.38 at TSR of 1.3,
0.3 at TSR of 0.9, and 0.18 at TSR of 2.2.
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Fig. 5. Power coefficient with various pitch angle and
blades number relative to the tip speed ratio

Figure 6 shows the mechanical power of a variation of the blades number relative to pitch angles.
The maximum mechanical power is produced from pitch angles of 5°, 10°, and 15° for the blades
number 2, 5, and 10, respectively. The biggest mechanical power in blades number of two, five, and
ten are 5.54 Watts, 7.81 Watts, and 10.71 Watts, respectively. The blades number more used
increased mechanical power because the torque produced greater than the torque from blades
number slightly. The addition of blades number is related to the extent of the blade stroke on air.
The greater blades number will provide enough blade area to transfer wind energy. As a result, more
turbine blades, torque, and mechanical power produced will increase [13]. However, the addition
blades number will reduce rotational speed produced by the axial flow wind turbine. Highest
rotational speed in the turbine with a blades number two, five and ten are respectively 814 rpm, 655
rpm, and 514 rpm. This decrease is caused by the channel throat section getting filled. It causes a
blockage effect that will increase the pressure on the front of the rotor. Therefore, the rotational
speed produced by the turbine will decrease further. This decrease in rotational speed ranges from
10-12.5% in each addition of a blade. More blades number, lift force produced will increase as a result
of an increase in blade area. So, the total lift force and torque produced will increase. However, lift
force on each blade and rotational speed will decrease with an increasing blades number [10].

89



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 76, Issue 3 (2020) 85-91

Blades Number:
/\ :
& \ 5

4 10

0 10 20 30 40 50
Pitch angle, ©
Fig. 6. The mechanical power of a various blades
number relative to the pitch angle

Mechanical Power, Watt
[#2]

4. Discussion and Conclusion

More blades number, optimum CP value is at lower TSR. It indicates that the value of starting
torque is getting bigger. Increasing the value of starting torque causes wind turbine to rotate at lower
wind speeds so that it can produce energy electricity early. As a result, an increasing blades number
will reduce the cut-in speed value of axial flow wind turbine [15]. Axial flow wind turbines with ten
blades number have lower CP values than wind turbines with five blades number. It was due to the
blockage effect on ten blades number wind turbines which causes the rotation speed smaller about
27% than a turbine with five blades number. The decreasing in rotational speed causes a decrease in
mechanical power produced by the axial flow wind turbine [12]. CP is a ratio between the mechanical
power of a turbine and mechanical power contained in the airflow. The higher wind speed causes the
greater mechanical power of the turbine produced, so mechanical power contained in airflow also
increases. Increased power contained in airflow is greater when compared to the increase in
mechanical power absorbed by wind turbines. It causes that the CP value is not at the highest TSR
value.

The biggest mechanical power produced in each blades number has an optimum blade pitch
angle. For 2, 5, and 10 blades number is blade pitch angle 5°, 10°, and 15°, respectively. The blade
pitch angle will affect the frontal area of blade collided with airflow. The greater blade pitch angle,
the smaller frontal area of the blade, so that the turbine blade becomes more parallel with the
direction of the turbine driving airflow. Increasing blade pitch angle will cause the angle of attack
between blades with airflow to be greater. The larger attack angle causes a stalling effect on a turbine
blade, so the coefficient of its tangential force (CT) decreases. Decreasing the CT value causes
tangential force in blade also decrease; the effect of the lift force used to move blade is also smaller
[12].

After conducting research and processing data, it can be concluded that

i.  The axial flow wind turbine with five blades number and a pitch angle of 10° produces the
largest CP, which is 0.38 at a TSR value of 1.3.

ii.  The largest mechanical power produces at a pitch angle of 5°, 10°, and 15°. The axial flow
wind turbine with ten blades number produces the largest mechanical power at a pitch angle
of 15°, and 10.7 Watt.
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