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ABSTRACT

The geometric of a wind turbine rotor is an important parameter in the development of a
horizontal axis wind turbine (HAWT). Simulation can be used to determine the rotor’s optimum
geometry for specific wind speeds. The present study describes the three-dimensional (3D)
computational fluid dynamics (CFD) simulation of a modified small-scale NACA-4415 HAWT
rotor in order to predict power output and coefficient, using Blade Element Momentum (BEM)
based on Lifting Line Theory (LLT). Power output and coefficient were analysed at wind
speeds of 3, 4, 5, 6, and 7 m/s. The results predict that maximum power output increases with
increasing wind speed. The predicted minimum power output of 35.41 Watt was obtained at
wind speed 3 m/s and Tip Speed Ratio (TSR) 4; the predicted maximum power output was
achieved at wind speed 7 m/s and TSR 6. As in the case of power output, power coefficient also
improved with rising wind speed, with a coefficient of 0.259 at wind speed 3 m/s and TSR 4
and a coefficient of 0.449 at wind speed 7 m/s and TSR 5. Given Indonesia’s typical wind speed
of 4 to 5 m/s, this modified NACA-4415 rotor is predicted to generate between 92 and 255
Watts of power. The power output results show good agreement between simulation and
experiment, with an R? value of 0.93.
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1. INTRODUCTION

As predicted by Sugianto (2016), Indonesia has an approximate wind energy potential of 9.29
GW. Only 500 kW of this potential has been utilized, but it can be optimized by means of a
wind turbine energy conversion system. To optimize the design of a wind turbine rotor, it is
necessary to consider wind speed characteristics. In Indonesia, wind speed typically ranges
from 3 to 7 m/s. An average wind speed of 5 m/s requires a HAWT (Sugianto, 2016). To design
a suitable wind turbine for a specific wind velocity, the geometry of the rotor blade (or airfoil)
must also be optimal. Figures 1la and 1b illustrate the nature of airfoil aerodynamics in
schematic form. Localized pressure (p) and shear force (1) on the airfoil (Figure 1a) impacts
aerodynamic forces that include normal forces (N), lift force (L) and drag force (D) as shown in
Figure 1b.
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The Reynolds number (Re) for the chord length of the airfoil can be formulated as (Radi et al.,
2012; Sugianto, 2016):

R = 22° 1)

(b)
Figure 1 Schematic diagram of airfoil aerodynamics (Sugianto, 2016)

and the coefficient of pressure (Cp) and coefficient of friction (Cf) can be defined as:
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Lift force (L), drag force (D), and momentum can be understood as coefficient of lift (Cl), drag
Cd), and momentum (Cm) as a function of angle of attack (o) (Radi et al., 2012; Sugianto,
2016):
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where C, is the normal coefficient, and Ca is the axial coefficient. Again following Sugianto
(2016) and Radi et al. (2012),
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The theory of momentum is explained in Figure 2, where air passing through the wind turbine
rotor takes the shape of a tube. In Figure 2a, wake is shown by ® and rotational speed of the
rotor is indicated by Q (Ingram, 2011; Sugianto, 2016). Assuming that pressure at point 1 is
equal to pressure at point 2 (p1 = p2), velocity at point 1 is equal to velocity at point 2 (v1 = v2),
with no friction losses from point 1 to point 2 or from point 3 to point 4, the axial induction
factor (a) can be defined (Ingram, 2011) as:

g Vi=Ve (10)
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Figure 2 Cross section of annular tube of the airflow through wind turbine (Ingram, 2011)

Following Sugianto (2016) and Ingram (2011), the angular induction factor can be defined as:

-2 (11)
20

a

Figure 3 Element model of airfoil (Ingram, 2011)

As Figure 3 indicates, the airfoil comprises several elements, each of which has a different
tangential velocity (Qr), chord, and twist angle. Localized Tip Speed Ratio (TSR) Ar is defined
by Sugianto (2016) and Ingram (2011) as:

2, = (12)

and angle of flow 3 can be formulated as:

Al+a
tanﬂ:(l(_a)) (13)

Because of the aerodynamic forces distributed along the airfoil radial, the generated torque is

dT =4a (1-a)pU, Qardr (14)
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and the rotor’s total power output is:

R
P:deMr (15)

Th

Finally, (Ingram, 2011; Sugianto, 2016), the coefficient of power output (Cp) is:
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Equations 1 to 16 can be used for both steady and unsteady state analysis of HAWT and
VAWT.

Because wind speed cannot be predicted in a full scale analysis of wind flow, visualization
cannot be used; instead, Computational Fluid Dynamics (CFD) was used to analysis wind flow.
CFD has previously been used to analysis wind flow by Siswantara et al. (2016) and Daryus et
al. (2016). CFD simulation can be used to analysis the Lifting Line Theory (LLT) and the Non
Lifting Line Free Vortex Wake Algorithm (LLFVW) as previously reported by Garrel (2003).
The LLT have been used to calculate a vortex core model on HAWT as done by Marten et al.
(2015), Marten et al. (2016) and Saverin et al. (2016) and by Wendler et al. (2016) for VAWT.

2. METHODS

The CFD analysis involved simulation of the NACA-4415 airfoil and its modification that was
followed by simulation of a rotor based the modified airfoil and a modification of HAWT.
Figure 4 shows the original NACA-4415 airfoil (red) and its modification (blue).

Figure 4 NACA-4415 airfoil and modification

The simulation was performed using a Reynolds number of 4.1x10* to 9.6x10* for wind speeds
of 3 to 7 m/s. In post-processing, coefficients of lift for both airfoils were compared and
described as a polar curve to capture aerodynamic performance (Garrel, 2003; Snel et al.,
2009). The polar curve for NACA-4415 at wind speed 5 m/s was used to predict rotor
performance (Vey et al., 2015; Wendler et al., 2016) at 3 to 7 m/s. Curve fitting for the
modified NACA-4415 airfoil followed the Montgomerie method, wherever the HAWT
performance is predominantly determined by lift force, curve fitting was based on Cl of the
polar curve. To obtain a 360° polar curve, the blade geometry was based on the 360° polar curve
of the modified NACA-4415 airfoil. The Aerodynamic simulation of the HWAT airfoil blade
peformance prioritized to predict coefficient of power (Cp) by analyzing Tip Speed Ratio
(TSR). Figure 5 shows the blade geometry based on the modified NACA-4415; the rotor has
three blades of diameter 3.25 m.
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Figure 5 Geometry of blade based on modified NACA-4415 (a) and (b) the rotor

The HAWT simulation was conducted using Lifting Line Theory (LLT). For the purposes of
the CFD simulation, the wind turbine tower was assumed to be 10 m in height. Each wind
speed (3, 4, 5, 6 and 7 m/s) was combined with TSR values of 4, 5 and 6, resulting in 15
permutations. The simulation visualized wake wind stream distribution behind the HAWT
rotor, and power outputs from the simulations were then compared to experimental data for
validation.

3. RESULTS AND DISCUSSION

3.1. Simulation of Airfoil Characteristics

Figure 6 shows the polar curve for lift force coefficients of NACA-4415 and modified NACA-
4415 at Reynolds numbers 41000, 55000, 68000, 82000, and 96000 (for wind speeds of 3, 4, 5,
6, and 7 m/s, respectively). From the curve, a dynamic stall area (Bhagwat & Leishman, 2001)
can be observed. The curves indicate that the modified NACA-4415 airfoil produces a higher C,
at the same angle; using the Montgomerie method to obtain a 360° polar curve, the result of
curve fitting is shown in Figure 7.
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Figure 6 Polar curve of Cl on alpha  Figure 7 360° polar curve Cl on alpha at Re = 4.1x10* to 9.6x10*
at Re = 4.1x10* to 96x10*
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3.2. Simulation of the Rotor
Figure 8 shows the results of the rotor simulation. For all Reynold numbers, Cp increases for O

< TSR < 5 and decreases for 5 < TSR < 10. The graph indicates that a TSR of 5 produces the
highest C,.

Cp
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3.3. Simulation of Wind Stream using Lifting Line Theory

The results of CFD simulation of wake wind stream after passing through the rotor for wind
speeds of 3, 4, 5, 6, and 7 m/s combined with varying TSR values of 4, 5, and 6 are shown in
Figures 9, 10, 11, 12, and 13.

@ (b)
Figure 9 Wake wind stream after passing through the turbine rotor at a wind speed of 3 m/s
with TSR: (a) 4; (b) 5; and (c) 6

(b)
Figure 10 Wake wind stream after passing through the turbine rotor at a wind speed of 4 m/s
with TSR: (a) 4; (b) 5; and (c) 6

(b) (©)

Figure 11 Wake wind stream after passing through the turbine rotor at a wind speed of 5 m/s
with TSR: (a) 4; (b) 5; and (c) 6
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@ o
Figure 12 Wake wind stream after passing through the turbine rotor at a wind speed of 6 m/s
with TSR: (a) 4; (b) 5; and (c) 6

(b)
Figure 13 Wake wind stream after passing through the turbine rotor at a wind speed of 7 m/s
with TSR: () 4; (b) 5; and (c) 6

The wake wind streams in Figures 9 to Figure 13 indicate that TSR increases from 4 to 6,
causing wake length to decrease. The decrease in wind stream wavelength was affected by
increased speed of rotor rotation. The effect of changes in TSR on wake wavelength was highly
significant. This differed from wind speed; increasing wind speed did not affect wake wind
stream, and wind speed does not cause a change in wavelength at a constant TSR.

Figures 14 to 16 compare wake formation for the original and modified blades at a wind speed
of 3 m/s for TSR 4, 5, and 6. For each TSR, wake length behind the original blade is relatively
shorter than for the modified blades, indicating that the modified blade generates more power
than the original.

Figure 14 Wake wind stream after passing through the turbine rotor (left: original and right: modified) at
a wind speed of 3 m/s with TSR 4

Figure 15 Wake wind stream after passing through the turbine rotor (left: original and right: modified) at
a wind speed of 3 m/s with TSR 5
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Figure 16 Wake wind stream after passing through the turbine rotor (left: original and right: modified) at
a wind speed of 3 m/s with TSR 6

3.4. Simulation of HAWT

Wake velocity distribution behind the rotor can be understood in terms of various components
of velocity. Figures 17 and 18 show X, Y, and Z components of velocity for wind speed 3 m/s
at TSR 4 and 5, respectively. At a wind speed of 3 m/s, wake velocities for X, Y, and Z increase
as TSR increases from 4 to 5. Aerodynamically, the wake pattern behind the rotor affects

turbine power output.
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Figure 17 Wake velocity distribution at wind speed 3 m/s and TSR 4

X-component velocity
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Figure 18 Wake velocity distribution at wind speed 3 m/sand TSR 5

Table 1 Predicted power and coefficient of power

U Power Cp
TSR Original  Modified . .
(mis) (rpm)  (Watt) (Watt) Original  Modified

3 4 70.74 34.62 35.41 0.253 0.259
3 5 88.42 49.70 49.73 0.364 0.365
3 6 106.11 50.30 49.49 0.369 0.363
4 4 94.31 90.59 92.25 0.280 0.285
4 5 117.89 130.35 128.88 0.403 0.399
4 6 14147 126.35 123.82 0.390 0.383
5 4 117.89 189.04 193.25 0.299 0.306
5 5 147.37 268.51 265.64 0.425 0.421
5 6 176.84 255.68 255.17 0.405 0.404
6 4 14147 346.36 355.75 0.317 0.326
6 5 176.84 482.79 477.05 0.442 0.437
6 6 21221 46211 446.02 0.423 0.409
7 4 165.05 579.21 595.01 0.334 0.344
7 5 206.31 787.49 778.97 0.454 0.449
7 6 24757 718.55 726.61 0.414 0.419
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Integrating equations 15 and 16 to obtain power output and coefficient of power, the results in
Table 1 show that the modified blade produces a higher ¢, and power output at TSR 4 for all of
the simulated wind speeds.

For the purpose of validation, power outputs obtained from the simulation were compared to
experimental data. As shown in Figure 19 (simulation and experimental results in red and blue,
respectively), the high correlation between simulation and experimental data for power output
confirms that the simulation was valid, with an R? value of 0.93.
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Figure 19 Validation of simulation by comparison with experimental data

4. CONCLUSION

It can be concluded that the simulation was effective in predicting the power output of a small-
scale HAWT based on a modified NACA-4415 airfoil. The rotor is predicted to generate power
in the range of 92-255 Watts at a typical Indonesian wind speed of 4 to 5 m/s, with a high
correlation between simulation and experimental data (R = 0.93).
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