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INTRODUCTION

Electrical energy has become one of the in-
separable essentials from all human activities 
in supporting economic development regard-
ing the transformation and advancement of time 
and technology. It is usually generated by power 
plants using non-renewable natural resources 
with limited availability. However, the issue of 
decarbonisation is accompanied by an increase 
in renewable electricity capacity installations in 
the electrification and transportation energy sec-
tors. This led many countries towards the con-
nivance to reduce their greenhouse gas emissions 
as part of the Paris Agreement. The vulnerabil-
ity of energy systems to weather and climate is 
also increasing due to being a fascinating issue 
in renewable energy utilization (Bloomfield et al., 
2021; Staffell and Pfenninger, 2018).

In sustainable development, renewable ener-
gy is found to be very important, with wind power 
observed as one of the sources to be utilized (Ah-
mad and Tahar, 2014). This wind phenomenon 

is a valuable source of clean, renewable energy, 
which has evolved into power generation (Jain, 
2011; Al-Fatlawi et al., 2022). In many countries, 
it also plays an essential role in power generation 
systems, regarding reducing reliance on fossil fu-
els. According to Evans et al. (2009), wind had 
the least carbon emissions, water waste, and the 
greatest beneficial social impacts. A trend was 
also observed toward mini-scale (20–200 kW) 
and micro-scale (less than 20 kW) generations in 
urban wind turbine development analysis (Perea-
Moreno, 2018). In this condition, small-scale 
wind turbines exhibited the following features, 
(1) reduced maintenance costs, (2) more reliable, 
(3) possessed a more considerable wind working 
range than industrial turbines, and (4) possessed 
a lower environmental impact (Pellegrini et al., 
2021; Bezrukovs et al., 2020). 

The number of small-scale wind turbine pow-
er plants has recently increased significantly, with 
several previous studies emphasizing the perfor-
mance evaluation and application of these spe-
cific systems in urban areas. Based on Pitteloud 
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and Gsanger (2016), a significant increase was 
observed yearly in the number of small-scale 
wind turbines, which were applied on horizon-
tal (HAWT) or vertical (VAWT) axes as power 
plants. There are many studies conducted on 
HAWT to improve the general performance (Cai 
et al., 2022; Dar et al., 2022; Wen et al., 2023; 
Zhang et al., 2022). 

Many studies also attempted to improve the 
performance of these small-scale turbines as 
power plants, with most of them emphasizing the 
maximization of rotor proficiency in various com-
binations. To increase power output, Hassanzadeh 
et al. (2022) adjusted the chord and rotational an-
gle of the HAWT, where the energy production of 
the optimum turbine increased by approximately 
8.51% than the manufacturing system. 

According to Predescu et al., (2009), the ef-
fects of BN, BTA, and TA (blade number, blade 
tip angle, and torsion angle) were investigated 
on HAWT performance. This was conducted in a 
closed-loop wind tunnel with fluid velocity varia-
tions of 6.5, 8.5, and 10.5 m/s. In this condition, 
two separate blade sets (A and B) were observed 
to have 22° and 17° twists, respectively, towards 
examining the influence of angles on wind tur-
bine performance. Based on the results, the rotors 
with higher and lower blade rotation angles pro-
duced more power at low and high wind speeds, 
respectively.

Abdelsalam et al. (2021) also investigated a 
small-scale HAWT with an analytically-designed 
blade and a linearized chord-twist angle profile. 
These analyses were conducted on a 1 m diameter 
rotor with wind speeds and blade pitch angles of 
5–10 m/s, as well as -3, 0, and 3, respectively. 
The results showed that the maximum Cp of clas-
sical and linear rotors were 0.446 and 0.426, re-
spectively. The operation of the linearized rotor 
was also observed at a low wind speed of 5 m/s, 
compared to the conventional system that func-
tionally began at 6 m/s. This proved that the lin-
earized rotor occupied 26% less volume than the 
classic rotor. 

Furthermore, Abdelgalil et al. (2021) used 
experimental and numerical methods to inves-
tigate the effect of rotor solidity on the aerody-
namic features of HAWT for various TSRs. From 
the results, the blockage had two primary conse-
quences regarding the increase in blade numbers: 
higher torque and friction losses. This showed 
that a rotor with a large blade number (solidity) 
enabled the turbine’s operation at a lower TSR, 

which is beneficial in some applications such as 
water pumping. 

In Indonesia, the potential of small-scale wind 
energy has not been widely studied and mapped 
comprehensively. This is because the wind speeds 
range from 3–7 m/s, depending on the location 
and geography. In this condition, Indonesia pres-
ently has 1.96 MW of installed wind-generating 
capacity, which was found not to be commercial-
ly used due to the high utilization for develop-
ment and experiments. Approximately 85% of the 
wind power potential also emphasized large-scale 
generation on the Islands of Java, Bali, Sulawesi, 
and Nusa Tenggara (Noviani, 2019). 

In developing industrial-scale wind power 
plants such as those in Indonesia, the main chal-
lenge is the high investment costs (Ahmad and 
Tahar, 2014; Fatlawi et al., 2022; Evans et al., 
2009; Syuhada et al., 2016). This shows that the 
development of a small-scale power generation 
industry is a very attractive opportunity, specifi-
cally in areas with medium wind potential and 
a long coastline (Pellegrini, 2021; Hassanzadeh 
et al., 2016; Syuhada et al., 2017). In the Banda 
Aceh area, winds often blow for 4–5 h daily at 
4–6 m/s, specifically in the coastal sites (Syuhada 
et al., 2020). Based on these conditions, the use 
of a small-scale wind generator is considered to 
be highly appropriate. In developing small-scale 
wind turbines, the optimization of rotor rotation is 
crucial regarding the ability to function through-
out an extensive wind speed range without a pitch 
and yaw control system. It also emphasizes the 
reaction to rapid wind speed intensity and direc-
tion changes. This condition exhibits the reasons 
the evaluation of small-scale HAWT rotor perfor-
mance on the number of blades is interesting. 

According to Syuhada et al. (2020), a 1-m-
long NACA 4418 profile was used to investigate 
the fan numbers on a 1 kW HAWT at 3–9 m/s. The 
results showed that a 5-blade turbine produced 
more electrical energy at 6 m/s, compared to 6 or 
7 types. The systems with a few and a large num-
bers were also better below 5 and above 7 m/s, re-
spectively. This indicated that the wind speed and 
availability of the turbine installation site deter-
mined the utilized fans. 

Many previous studies mainly focused on 
blade design and geometry, such as the optimal 
development of airfoils and the number effect 
(Hassanzadeh, 2016; Predescu et al., 2009; Ab-
delsalam et al., 2021; Abdelsalam et al., 2021; 
Eltayesh et al., 2021; Wang and Chen, 2008). For 
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optimization design, a helpful report also needs 
to be conducted based on identifying the key pa-
rameters in fan length and determining and using 
the optimum balance of these data. Therefore, this 
study aims to analyse the effect of blade length 
on the HAWT shaft rotation to obtain the optimal 
outputs according to wind speed. This involves 
various sizes and numbers, i.e., 1.25, 1.50, and 
1.75 m, as well as 3, 4, and 5, respectively. 

Therefore, this study intends to investigate 
the effect of blade numbers and length. The wind 
turbine is a horizontal propeller system (HAWT) 
of 1.25, 1.50, and 1.75 m. Totalling 6 fans of 
each size, it also contains meranti wood with the 
NACA 4418 airfoil shape.

EXPERIMENTAL PROCEDURES

Wind turbine models

The wind turbine blades and the tie hub are 
the two major components manufactured for this 
study. Blade, the material used for forming the 
blades is meranti wood, which has a width and 
thickness of 200 and 30 mm, respectively. This 
versatile wood is easy to determine and available 
at a reasonable price. It also has a firm texture and 
a long lifespan, leading to its being commonly 
used for various purposes. In addition, the meranti 
wood is specifically appropriate for usage as a 
blade material, which design is shown in Figure 1.

The airfoil is shaped according to the provi-
sions of NACA 4418, with chord line lengths of 

180 and 100 mm at the blade’s base and end, re-
spectively (AirfoilTools.com, 2013). The chord 
line of the airfoil is 180 mm long and 30 mm thick 
at the base, with the size and shape supporting the 
NACA 4418 specifications as shown in Figure 2 
(AirfoilTools.com, 2013).

The chord line length is also 100 mm, with 
the tip having a maximum thickness of 15 mm. 
From the base to the tip, a tapper is then con-
structed on the blade’s airfoil. This design con-
tinuously diminishes along the blade, with a 1:1.8 
chord line observed between the tip and the base 
(AirfoilTools.com, 2013).

Hub, the rotor hub is formed through an iron 
plate with a thickness and diameter of 3 and 400 
mm, respectively. It is also formed at a fasten-
ing hole with a diameter of 10 mm, for blade 
numbers 3, 4, and 5. Regarding the primary 
shaft fastener, a 20 mm hole is subsequently 
used, with the hub containing three pairs of iron 
plates, each for the 3, 4, and 5 blades. In this 
condition, the HAWTs of 1.25, 1.50, and 1.75 
m, as well as the 5-blades of the NACA 4418 
airfoil profile, were examined at available wind 
energy for a specific time and speed. The fans 
also converted kinetic energy into the rotation 
to analyse the wind power, blade length, and the 
generated output effects.

Measurement systems

Wind energy conversion systems are gener-
ally used for mechanical and electrical purposes, 
according to the desired needs. HAWT is also a 
type of turbine used to convert energy with the 
highest efficiency due to the vertical movement 
of the blades towards the wind direction and the 
acquisition of power through all cycles (Bezru-
kovs et al., 2020). Furthermore, wind energy is 
often transformed into electrical power through 
present technology, with an average efficiency of 
40%. This is because the wind speed emanating 
from the turbine rotor is not zero, leading to the 
usual remnant of kinetic energy (Perea-Moreno 
et al., 2018). The power possessed by the wind 
is also proportional to the air density, the area 
traversed, and the speed cube. According to Al-
bert Betz, the maximum amount of wind energy 
theoretically converted by an ideal turbine was 
59% or 16/27, known as the Betz Limit (Jain, 
2011). For every category of blade variation, ten 
measurements have been taken in order to ac-
quire valid data.

Figure 1. Blade design with NACA4418 
three different blade length
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Figure 2. NACA4418 airfoil profile at the base of the blade

Figure 3. NACA4418 airfoil profile at the tip of the blade

Figure 4. The hub of the blade, 72°, 90° and 120°

Wind power

Wind power is often expressed as an equa-
tion of the airflow kinetic energy and the flow-
ing mass producing the specific power passing 
through the cross-section per unit of time (Jain, 
2011; Mathew, 2007).

 P = 1
2

r Av3  (1)

where: P is wind power (W), ρ is air density 
(kg/m3), A is cross-sectional area (m2) 
and v is wind speed (m/s).

The tangential velocity

This is the tangential speed (ω) of the tur-
bine’s rotation in rad/s.

 2
60

nπω =  (2)

where: ω is tangential velocity and n is turbine 
rotation.

Tip speed ratio

This is the tangential speed ratio of a blade’s 
tip to the actual wind speed (v). In this condition, 
the blade efficiency is related to its tip-speed ra-
tio (TSR), which varies depending on the design 
(Patel, 1999). The nominal value of the rotor TSR 
also varies with wind speed loading.

 rTSR
v
ω

=  (3)

Wind-turbine rotor power

This is the amount of mechanical power con-
verted by the wind turbine rotor (Mathew, 2007; 
Patel, 1999).

 ( ) ( )0 2 2
0

1
2 2t

v v
P A v vρ

+ 
= − 

 
 (4)

where: Pt is rotor power (W), v is wind veloc-
ity upstream (m/s) and vo is wind velocity 
downstream (m/s).
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Power coefficient

This is the ratio between the converted me-
chanical output to the wind power contained at a 
rotor cross-sectional area (Jamdade et al., 2013; 
Neill and Hashemi, 2018).

 t
p

PC
P

=  (5)

where: Cp is power coefficient, Pt is turbine power 
(W) and P is win power (W). On the other 
hand, the application of distributed genera-
tion, particularly in determining the capac-
ity and positioning of buses and feeders, 
can reduce voltage losses in wind power 
implementation (Siregar et al., 2023).

RESULTS AND DISCUSSION

Experiments were conducted on a wind tur-
bine without using a generator load. This in-
dicated that the wind and shaft rotation speed 
were the only parameters being measured using 
a digital anemometer and tachometer. For the 
wind speed, the measurement was carried out by 
pointing the digital tool in the flow direction at 
an altitude equal to the shaft’s height. Meanwhile, 
the rotational speed was measured by aiming the 
tachometer’s laser beam onto the wind turbine ro-
tor, which was attached to a marker sticker. At in-
let velocities of 3–8 m/s, the characteristic curves 
of the measured HAWT parameters are shown in 
Figures. 5–7. In these conditions, the transforma-
tion effects in the length and number of turbine 
blades were observed on the shaft rotation. While 
employing a three-fan system at 4–4.5 m/s, the 

highest centrifugation was achieved by the 1.25 
m type, as shown in Figure 5. This optimum con-
dition emphasized the average wind speed in the 
coastal area of Banda Aceh, which was observed 
at 4–6 m/s. When increased to 5–6 m/s, a 1.50 
m turbine obtained the highest rotation. However, 
the 1.75 m type was only effective above 6.5 m/s.

In a four-blade turbine at 4.5 m/s, a 1.25 m 
system also had the highest initial rotation, with 
that of 1.50 m obtaining the greatest centrifuga-
tion above 4.5 m/s, until a speed of 6.5 m/s was 
achieved. However, a 1.75 m turbine was not suit-
ed for use in this condition since the rotation was 
only increased when the velocity exceeded 6.5 
m/s. This demonstrated that a 1.75 m system was 
more effective in areas with intense wind speeds.

Using a five-blade turbine, a low initial pow-
er rotation was obtained due to the weight of 
the fans, as shown in Figure 6. Despite showing 
lower rotation, the results still investigated the 
optimal HAWT design parameters through rela-
tive comparisons. This was conducted when the 
blades were used at similar lengths with differ-
ent numbers (Predescu et al., 2019). Based on the 
typical speed of the Banda Aceh coast (4–6 m/s), 
the best centrifugation on five-fan systems was 
achieved at 1.25 m. The performance of the shaft 
rotation varied depending on the blade length and 
the wind flow velocity. When at 3 m/s, only three 
or four-fan turbines at 1.25 m had high rotation. 
At 1.50 and 1.75 m, these systems also had rota-
tions above 400 rpm at 3.5 m/s. Meanwhile, all 
the blades began to rotate when the wind speed 
exceeded 4 m/s, with the 1.75 m five-fan turbine 
having the lowest centrifugation. Irrespective of 
this condition, the five-blade turbine at 1.25 m 

Figure 5. Three blade turbine shaft rotations with three different blade lengths
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still had a more significant increase than the oth-
ers. When the speed increases to 5–6 m/s, the four 
and five-fan systems at 1.50 m adequately and 
rapidly rotated, respectively. 

When the wind blows at 6.5 m/s, the 1.50 m 
five-blade turbine produced the highest rotation, 
with a 1.75 m type having a significant rotational 
increase. At 8 m/s, the highest centrifugation also 
occurred in a 1.75 m five-blade system, indicating 
that the wind speed and installation location de-
termined appropriate and suitable fans. Based on 
the results, an analysis was carried out to assess 
the system performance at 4–6 m/s, which was the 
average speed in the coastal area of Banda Aceh. 
This showed that the best rotations for three and 
four blades were obtained at 1.50 m, with the ap-
propriate regulation for a five-fan turbine acquired 
at 1.25 m. At 1.50 m, this similar system also 
achieved maximum rotation when wind speeds ex-
ceeded 6 m/s. This was due to the effects of longer 
and greater number of blades on the rotor veloc-
ity. The number increase from these results led to 
the starting torque’s elevation (Wang and Chen, 

2008). The shaft rotation significantly improved 
by using a 1.25 m five-blade turbine at a moderate 
speed of 4–6 m/s, indicating 820 and 1634 rpm at 
4 and 6 m/s, respectively. The effect of the length 
and number combination on the power generated 
was also observed above 5.5 m/s. This was in line 
with the rules of Newton’s second equation, where 
the force produced equalled the mass multiplied 
by the linear acceleration of an object. The rota-
tional motion also occurred in the wind turbines, 
where the angular acceleration equalled the torque 
divided by the moment of inertia. Moreover, the 
increase in the weight and dimensions of the blade 
caused a greater production of inertia moment, 
leading to the requirement of higher torque for 
frequent movements (Syuhada et al., 2020). This 
proved that a higher wind speed was required to 
move the turbine blades. According to the theory 
of the wind energy equation, a larger cross-section-
al area caused greater power generation. Based on 
the comparative analysis of the length and num-
ber of blades, the wind turbine rotor power was 
redrawn on the energy graph shown in Figure 8. 

Figure 6. Four blade turbine shaft rotations with three different blade lengths

Figure 7. Five blade turbine shaft rotations with three different blade lengths



278

Journal of Ecological Engineering 2024, 25(9), 272–281

When the wind speed achieved 5 m/s, the power 
generated by the rotor began to experience a sig-
nificant change, continuously increasing with the 
elevation of the air velocity. In this condition, the 
rotor’s power differences from high-speed wind 
energy began to clear. Regarding a 1.25 m blade, 
the power produced was more stable than the other 
lengths, although the rotation was not very high 
when the wind speed was above 5.5 m/s. This was 
due to the effect of different blade lengths, which 
produced distinguished moments of inertia. A 1.50 
m wind turbine was also in good condition when 
the speed achieved 4.5–6.5 m/s, with a 1.75 m 
system generating occasional high power above 6 
m/s. At this wind speed, the 3-blade turbine also 
produced the highest power. 

This indicated that a more stable tip speed ratio 
(TSR) caused better energy to be generated by the 
rotor and transmitted to the generator. This depend-
ed on the size, length, and several turbine blades. 
The wind turbine often incurred damage when the 
rotation was too high on the large blades. High rota-
tion caused air turbulence, with the rotor becoming 

a wall against the wind. In this case, an experiment 
was carried out without using a generator load, with 
a very high rotation produced due to the uncoupled 
condition of the turbine to the power plant.

According to Figure 9, the measured TSR was 
shown at the various blades for an inlet velocity 
of 3–8 m/s. These curves showed the patterns by 
which the effect of length changes corresponded 
to the transformation of the turbine fan numbers. 
In this condition, the ratio increase was not high 
in using three, four, and five-blade systems, due 
to the stability of the generated rotation against 
wind speed. However, a five-blade turbine of 
1.75 m was different regarding slightly low ro-
tation in the initial conditions (Garcia-Ribeiro 
et al., 2021). Slightly different behaviours were 
also observed for those at 1.50 and 1.75 m, which 
TSR significantly improved above 6.5 m/s. This 
proved that the number of fans increased the ratio 
curve, compared to shorter systems. Therefore, 
the turbines with longer blades were more sensi-
tive to changes in the flow separation sequence 
caused by the TSR transformation. In the rotor, 

Figure 8. Wind turbine rotor power for three, four and five blade

Figure 9. Wind turbine tip speed ratio for three, four and five blade
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the highest value was obtained at a length and 
speed of 1.50 m and 4–6 m/s, respectively. In this 
condition, a 1.25 m fan also had a better stability 
value than others for a sustainable rotational bal-
ance. Based on these results, a more stable TSR 
value led to the appropriate conversion of wind 
energy into rotor rotation power.

Figure 10 shows the measured pressure coeffi-
cient (CP) with an inlet velocity of 3–8 m/s, for vari-
ous blade lengths and numbers. This demonstrated 
that the rotor efficiency was approximately 30% 
during the turbine operation. The power difference 
between the turbines with different fan numbers and 
lengths was also observed above 5.5 m/s, as shown 
in the rotor energy graph. This confirmed that the 
generated power was minimal when the wind speed 
across the blow gaps was very slow. Meanwhile, air 
turbulence was respectively produced with hard and 
increased wind and rotational velocities, leading to 
the reduction of efficiency. From the CP graph, the 
wind turbine rotor became appropriate when the 
output power and CP were higher and more stable. 
This was influenced by the rotor’s ability to convert 
wind energy into a specific form. In this condition, 
the 1.25 m five-blade system obtained the highest CP 
value than others, accompanied by the 1.50 m four-
blade type at 5–7 m/s. However, the 1.75 m four-
blade turbine had the lowest value at 4–6 m/s. At 
similar speed, a 1.25 m five-blade system achieved 
the highest rotor power-coefficient value of 37–41%, 
with a 1.50 m 4 and 5-blade type having a CP value 
of approximately 40% above 6 m/s. This CP value 
was the rotor power, divided by the wind energy 
possessing the rotational cross-sectional area. There-
fore, the maximum limit of the wind turbine rotor in 
the theoretical energy conversion is 59% or 16/27, 
known as the Betz Limit.

CONCLUSIONS

Using experimental analyses, the effect of 
wind turbine blade length on HAWT perfor-
mance was presented. The changes observed 
in this condition were then combined with the 
number of blades to observe the effect of wind 
speed on shaft rotation. The results showed 
a significant improvement in shaft rotation 
when using a five-blade turbine with different 
lengths. However, the effect of the combined 
length and number of blades on the produced 
power was only found above 5.5 m/s. As con-
sidered for various counts, the blade length also 
affected the tip speed ratio. From the produced 
TSR value, the rotation stability of the 1.25 m 
blade was better than other lengths. Irrespective 
of this condition, the overall rotor efficiency for 
the five-bladed turbine was higher, leading to 
greater CP values at low and high speeds. Us-
ing more significant blade numbers at various 
lengths provided higher margins for wind speed 
adjustments without increasingly affecting the 
power coefficient. Furthermore, the following 
two complementary points were obtained from 
this analysis, (1) A 1.25 m five-blade turbine 
produced the best and most stable shaft rotation 
when used at moderate wind speeds, and (2) 
The 1.50 and 1.75 m blades were better suited 
for use in high-speed environments.
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