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Abstract
The performance of H-type Darrieus wind rotor (known as H-rotor) can be significantly influenced by altering its aspect
ratio and incorporating an auxiliary airfoil. However, there is still a lack of comprehensive studies on the effects of these
alterations. To address this gap, the present study aims to investigate the performance characteristics of H-rotors under low
wind speed conditions (4–8 m/s) by using standard and auxiliary H-rotor configurations in a wind tunnel environment. A
systematic analysis was conducted to examine the effect of altering the aspect ratio by changing the rotor diameter on both
rotor configurations. The results of the study suggest that an aspect ratio of 1.0 provides the best performance for both
standard and auxiliary H-rotors. The use of aspect ratios of 0.9 and 1.1 results in lower performance across all tested wind
speeds. Moreover, the auxiliary H-rotor exhibits superior self-starting capability with a maximum static torque coefficient
(Cts) of 0.119, which is 80.3% higher than the maximum Cts of the standard H-rotor (0.066). Additionally, the auxiliary
H-rotor has a broader operating range of tip speed ratio (TSR) of 0.35–2.2 compared to the standard H-rotor TSR range of
0.4–1.9, suggesting that the auxiliary H-rotor can function dependably in diverse wind conditions. Furthermore, the auxiliary
H-rotor achieves a nearly 5% increase in maximum power coefficient (Cp, max) compared to the standard H-rotor. The study
emphasizes that the use of aspect ratio and auxiliary blades can effectively boost the efficiency of H-rotors in low wind speed
conditions.
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1 Introduction

Wind turbines are a well-established and rapidly increas-
ing commercial technology for sustainable development as
it provides renewable, clean, and low-cost electricity [1, 2].
Generally, the official category of a wind turbine was spec-
ified by its axis orientation. They are VAWTs (Vertical axis
wind turbines) and HAWTs (Horizontal axis wind turbines)
[3]. The HAWTs have a lengthy history of development and
modification, making them popular and reliable turbines.
However, in urban and rural areas where wind speed is less
predictable, VAWTs are quite appealing and well-suited for
utilisation.Consequently,VAWTis an excellent alternative to
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lengthy HAWT for on-ground installation and mounting on
buildings and rooftops. The key benefit ofVAWTs is that they
do not need a yawing device to counter the wind direction.
Furthermore, VAWTs run at a low Tips speed ratio (TSR),
resulting in reduced noise levels [4, 5].

VAWTs may feature either lift or drag-based rotors. The
most common drag-based VAWT is the Savonius rotor, and
have a low Cp and good self-starting [5–7]. In contrast, the
Darrieus rotor is the dominant lift-basedmodel of VAWTand
comparatively had higher Cp and poor starting characteristics
[8–10].

A significant amount of research has been conducted,
including wind tunnel experiments and numerical simula-
tion, to evaluate and enhance the starting torque and power
performance of Darrieus rotors [11–15]. In particular, Sen-
gupta et al. [11] used the centrifugal blower test rig to test
three different blade profiles at low wind speeds. The find-
ings demonstrated that, compared to an H-rotor with NACA
0018 and EN0005 blades, S815 bladed H-rotor had more
significant Cts and superior Cp values. The impact of aspect
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ratio on H-rotor performance was examined by Li et al. [16]
using a panel analysis method. The findings indicate that the
efficiency of an H-rotor is highly dependent on its aspect
ratio. Moreover, it suggests that adequately managing the
aspect ratio helps reduce fluid flow curl, which increases
the amount of energy harvested from the wind. Studies of
H-rotors [17–20] have used the parameter “solidity” which
depends on both the aspect ratio and the number of blades, to
great effect. They have shown that a rotor with more solidity
results in a lower TSR for the maximum power coefficient.
They also concluded that the parameter aspect ratio, along
with solidity, is a critical feature in rotor operating conditions,
specifically for small-scalewind turbines [8, 21–23]. Nguyen
et al. [24] performed a numerical assessment of the influence
of blade thickness on starting torque at different rotational
orientations for an H-rotor operating at 3–7 m/s wind speed
using data from four depleting blades (NACA 0012, 0015,
0018, and 0021). They found that the static torque increased
linearly with airfoil thickness. Ghiasi et al.[21] analysed the
performance of H-rotors with varying chord lengths at three
levels: 0.1, 0.15, and 0.2 m; varying blade numbers: 2, 3,
and 4 blades; varying aspect ratios of 0.5–2; and four types
of airfoils: NACA 4418, 4412, 0018, and 0012. Simulations
were conducted at low Re (Re < 105) and four TSRs: 1, 2,
3, and 4. Wind turbines operate better at low TSRs when
the H-rotor has more blades, extended chords, and a larger
aspect ratio. However, this pattern overturns at high TSRs.
Furthermore, among the four examined kinds of airfoils, the
NACA 4412 airfoils had the best performance at TSR 1–3.
Parker and Leftwich [25] examined the H-rotor performance
concerning the influence of the TSR. From the outcomes, it
was understood that, as TSR increased, the progressive reg-
ularity of the vortex detaching increased in comparison to
the freestream. Jain and Saha [26] used numerical modelling
to examine the impact of the blade t/c (thickness to chord)
ratio on the presence of the dynamic stall in an H-rotor. The
results showed that a t/c ratio of 9% yields the maximum Cl

(lift coefficient), while a t/c ratio of 12% optimises the static
torque behaviour of the H-rotor.

H-rotor performance has been improved through the
widespread application of passive control techniques on rotor
layout in recent years. Passive control devicesmounted on the
H-rotor blades have been shown to improve starting capabil-
ity and power efficiency by preventing or greatly minimising
the occurrence of negative torque development under low
TSR situations. Most commonly used passive control meth-
ods include: incorporating tubercles on the leading edge (LE)
of the airfoil [27], using dimple [28], implementing of gur-
ney flap (GF) [29, 30], using slat airfoils [9], applying wind
lens [31] and wind deflectors [32]. 2D numerical simulation
with a dimple on the airfoil was carried out by authors [28,
33] and suggested that implementing the cavity on the pres-
sure side could expand the torque generation of the rotor

at all TSR ranges. Nevertheless, in low wind speed circum-
stances, the presence of the cavity on the suction side of the
airfoil has no discernible impact. Conversely, using a cavity
on the blade might lessen its rotating stiffness. Therefore,
the implementation of the dimple is insignificant to avoid
structural failure of the rotor blade. Zidane et al.[32] per-
formed a 2D numerical simulation to optimize the H-rotor
performance both with and without the wind deflector. The
results show that at low TSR, the deflector impact is little
on torque and power of the H-rotor. Studies [34–36] on
GF application on H-rotor indicate that the GF can rele-
gate the flow separation across the rotor blades. However,
GF implementation involves more noise generation and an
increment in drag generation. Moreover, some studies [5,
36] found that the GF could not enhance the Cp at high TSR.
Wang and Zhuang [37] observed that the LE serration could
develop the maximum lift coefficient of the blades up to 25%
more than the clean airfoil and no significant improvement
in the drag coefficient. However, some studies by [38–40]
observed that a high TSR value leading-edge serration leads
to more negative torque creation as they presented giant vor-
tices at blade wake compared to the clean rotor. This result
indicates that LE serration does not significantly affect the
performance of the H-rotor. Arpino et al. [7] recommended
employing the utilisation of an H-rotor equipped with addi-
tional blades. The numerical results demonstrate that even
though the wind speed was only 3 m/s, the intended H-rotor
with extra blades is still able to reach a Cp value of 0.10
and a rated Ct value of 0.07. Both Cp and Ct were investi-
gated throughout a TSR range of 1–2, with the highest value
for dynamic power being 0.18 at TSR = 1.5 and the lowest
value for Ct being 0.13 at TSR= 1.2. It has been established
that this type of design is appropriate for use in very light
wind conditions. Zamani et al. [41] analysed a new Darrieus
rotor with a J-shaped airfoil using simulations. They found
that the J-shaped airfoil significantly improved self-starting
by increasing the starting torque, which enhanced the overall
performance of the rotor. The use of the J-shaped profile also
reduced vibration and fatigue stress by decreasing the torque
amplitude, achieved through a narrower profile width. Chen
et al. [42] recommended a new design of the rotor blade pro-
file by implementing the opening on the airfoil pressure of
the suction side. Their outcomes have revealed that opening
an airfoil can augment the torque generation at a lower TSR
range and low wind speed condition. However, the improved
torque was not maintained at higher TSR ranges.

CFD investigations that are validated can be a power-
ful tool for wind turbine optimization and characterization.
However, experiments are still necessary to supplement CFD
studies. Wind tunnel experiments were conducted on H-
rotors in studies and revealed that conducting field studies
can be challenging due to varying local weather conditions
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Fig. 1 Flow chart of model
fabrication and experimental
procedure

and wind speeds. In such cases, wind tunnel testing is essen-
tial tomaintain a consistent testing environment. Li et al. [43]
conducted wind tunnel tests on dual VAWTs with different
rotor spacing as well as isolated VAWTs. The results indi-
cated that the impact of the dual VAWT design on overall
power production was minimal when compared to isolated
VAWTs. Scungio et al. [44] performed experimental work on
an innovative Darrieus-style rotor with auxiliary blades. The
results demonstrated that the innovative rotor had high start-
ing characteristics but low power performance compared to
the traditional straight-bladed Darrieus rotor.

Implementing auxiliary airfoils in lift-type VAWT neither
falls in the passive control technique nor the multi-element
airfoil. Mostly, in passive control techniques and multi-
element airfoil usages, the airfoil model will have undergone
attachment or detachment of one portion or segment to
change the flow direction. In an auxiliary airfoil case, there
are two airfoils (called main and auxiliary airfoil), the airfoil
outlines not be modified, and an extra supplementary airfoil
with a different chord length could be used at behand the
main airfoil.

Despite the extensive research conducted on airfoil opti-
mization, blade thickness ratio, and solidity, specific studies
on auxiliary airfoils and altering aspect ratio remain limited.

As such, this study seeks to address this gap in the literature
and provide a comprehensive investigation into the perfor-
mance of H- rotors with varying aspect ratios and auxiliary
blade profiles. Furthermore, this study provides precise and
detailed data on the performance of both standard and aux-
iliary H-rotors across various aspect ratios and low wind
speeds, making significant contributions to the field. The
results emphasize the crucial role of aspect ratio and aux-
iliary blade profiles in improving H-rotor performance in
terms of static and dynamic torque as well as power coeffi-
cients. These findings are particularly valuable to researchers
and engineers in the wind energy sector as they enhance
the understanding of the factors influencing H-rotor perfor-
mance.

2 Construction of H-rotor Models
and Experimental Method

The present section discusses the construction of H-rotor
models along with the procedure of wind tunnel experimen-
tation and data measuring techniques. Figure 1 illustrates the
system of approaches formodel fabrication and experimental
procedure.
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Fig. 2 Outline of NACA 0018
airfoil

Fig. 3 Fabricated H-rotors
a standard H-rotor b auxiliary
H-rotor

2.1 selection of Blade Profile

The construction of the model began with the selection of
appropriate blade profiles. According to a review of the rel-
evant literature [19, 39, 45–48], NACA series blade profiles
are widely utilised and acknowledged as among the most
effective turbine blades. The present investigation selected
the NACA 00XX series airfoil for rotor blades, i.e., NACA
0018 can be seen in Fig. 2.

2.2 Blade Preparation and Rotors Construction

The modelled turbines are standard H- rotors and auxiliary
H-rotors consisting of symmetrical NACA 0018 blades (t/c
is 18%), the best airfoil in the NACA symmetrical series
[9, 49]. Primarily the outline of a symmetrical NACA 0018
airfoil shapewas generated, shown in Fig. 2. Later, the proce-
dure outlined by the authors [11, 50–52] is utilised to create
the rotor blades. Because of its excellent strength-to-weight
ratio, portability, and rigidity in the face of high winds, Balsa
wood is ultimately selected as the blade material [53].

The fabricated models of standard and auxiliary H-rotor
are shown in Fig. 3a, b. The dimensions of the tested rotors
can be seen in Table 1. Figure 4 depicts a 2D schematic rep-
resentation of the auxiliary H-rotor. The auxiliary H-rotor is
composed of three pairs of blade profiles, each consisting of
amain and an auxiliary blade. Figure 5a displays the geomet-
rical features of the main and auxiliary airfoil arrangement,
while Fig. 5b shows the blade specification of the standard
H-rotor. The main blades have a height (H) of 30 cm and

Table 1 Specification of H-rotors

Specification Rotors

Standard H-rotor Auxiliary H-rotor

Main airfoil NACA 0018 NACA 0018

Auxiliary airfoil – NACA 0018

Main blade Chord
length (C1)

100 mm 100 mm

Auxiliary blade
Chord length
(C2)

– 50 mm

Height of the
blades (H)

300 mm 300 mm

Dia. of the rotors
(D)

330 mm, 300 mm,
270 mm

330 mm, 300 mm,
270 mm

Aspect ratio 0.9, 1.0 and 1.1 0.9, 1.0 and 1.1

Longitudinal
separation (Sl)

– 40 mm

Radial separation
(Sr)

– 30 mm

chord (C1) of 10 cm, while the auxiliary blades have a height
of 30 cm and chord (C2) of 5 cm, maintaining a C2/C1 ratio
of 0.5. According to Scungio et al. [44] and Uma Reddy et al.
[54] the longitudinal separation (Sl) for auxiliaryH-rotor sys-
tems typically ranges around 40% of the chord length of the
main airfoil, while the radial separation (Sr) typically ranges
around 30% of the chord length of the main airfoil. There-
fore, in this study, Sl is maintained equal to 0.4 × C1 and Sr
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Fig. 4 Schematic view of the
auxiliary H-rotor

Fig. 5 Blade profiles a main and
auxiliary airfoil b main airfoil

equal to 0.3×C1, consistent with these typical values. These
blades are coupled to a mild steel shaft radius of 0.6 cm and
length of 70 cm with the aid of threaded round struts. Two
struts are used for placing each blade at the bottom and top
locations. The rods were 20 cm long, 4 mm in radius, and
spaced 120° away from one another before being arc-welded
to the center shaft. For arranging auxiliary blades into the
rotor, the holes are created at the midpoint of the auxiliary
blades andfixed to the rotor shaft. The dimension between the
main and auxiliary blades was measured and adjusted with
the help of Vernier calliper and bolt and nut arrangements.

The bolt and nut assembly are used to adjust the diameter,
consequently, aspect ratio (H/D) of the H-rotors, which is
defined as the ratio of Height of the rotor blade (H) to diame-
ter of the rotor (D). Regarding auxiliary H-rotor, it should be
noted that the auxiliary airfoil is an additional airfoil that does
not significantly alter the fundamental measuring parameters
of the rotor, such as the diameter of the rotor, chord length
of main airfoils, shaft diameter, and aspect ratio. Therefore,
these parameters remain very similar to those of the standard
H-rotor.
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Fig. 6 Experimental test rig
a sub-sonic wind tunnel b rotor
setup

2.3 Wind Tunnel Testing

The experiments were conducted in an Eiffel-type subsonic
wind tunnel consisting of a contraction section, settling
chamber, test section, diffuser, and driving unit, as shown
in Fig. 6a. For laboratory-level investigations of VAWT, the
size of the measurement section of the wind tunnel deter-
mines whether experimental investigations will occur within
the test section or at the exit section. As depicted in Fig. 6b,
the H-rotors under testing were held vertically within a steel
housing, which was positioned at the wind tunnel’s exit. Two
ball bearings, one at each end of the supportive structure to
which the H-rotors were attached, kept them aligned along
their central axis or shaft. The bearings were periodically

oiled to prevent friction. The H-rotors were installed 150 cm
past the subsonic wind tunnel’s outflow, with their vertical
axis of rotation being equal to the centreline of the turbine.

The tested models are exclusively laboratory scaled mod-
els; however, the obtained results can be extended to full size
turbine by maintaining the geometric similarity between the
scaledmodel (SM) and the full-size (FS) turbine. This means
that the size and shape of the components in themodel should
be proportional to those in the full-size turbine, as shown in
Eq. (1), which includes the height of the turbine blade (H)
and the turbine diameter (D) [55].

HSM

HFS
= DSM

DFS
(1)
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Besides maintaining geometric similarity, there are other
factors that need to be considered when extrapolating experi-
mental results from scaledmodels to full-sizedwind turbines.
These factors include the Reynolds number, the tip-speed
ratio, and the aspect ratio. It is critical to match these param-
eters between the scaled model and the full-sized turbine to
ensure that the outcomes accurately represent the behaviour
of the full-sized turbine.

2.4 Instrumentation and Data Measurement

The H-rotors were allowed to spin from a zero-load con-
dition, and a digital tachometer was used to determine the
rotational speed (ω) once the rotor reached a uniform con-
dition. A Extech SDL 350 Hot wire anemometer and data
logger were used to measure the wind speed at different
locations in front of the H-rotor, and average wind speed
values were considered as the free stream wind speed. Due
to varying atmospheric pressure conditions and inflow condi-
tions, it is challenging to obtain the exact desired wind speed,
and the measured and calculated averaged wind speed was
4.05 m/s, 6.11 m/s, and 8.1 m/s, with wind speed uncer-
tainty considered in the performance calculation of H-rotors.
The rotors were gradually loaded with 50 g mass increments
from dead load to the extremity load that makes the rotor
stationary, and the mechanical force applied to the rotating
shaft and the rotational speed at various wind speed values
were recorded to calculate themechanical brake power of the
tested H-rotors. The setup used for this is shown in Fig. 6b
and consists of a weighing pan, nylon string, pulley system,
and spring balance. The spring balance index and weighing
pan are connected with a nylon thread of 1 mm radius, as
shown in Fig. 6b. The following Eq. (2) is used to determine
the braking torque (t) [11, 50, 51].

t = (wa − sbi ) × (0.5× (dp + dc)) × g (2)

here wa is applied weight in Kg, Sbi is the spring balance
index, dp is the diameter of the pulley, and dc is the diameter
of the cord.

The mechanical power can be computed using the rota-
tional speed and mechanical torque measurements as shown
in Eq. (3).

P = t × ω (3)

Static torque coefficient (Cts) [54]

Cts = ts

0.5ρU 2
f Ar

(4)

Dynamic torque coefficient (Ct) [54]

Ct = t

0.5ρU 2
f Ar

(5)

Power coefficient (Cp) [54]

Cp = p

0.5ρU 3
f A

(6)

The tip speed ratio (λ) [55]

λ = Dω

2U f
(7)

here ts, t, Uf, A, and r, are representing static torque, dynamic
torque, wind speed, swept area of the rotor and radius of the
rotor, respectively.

3 Uncertainty Analysis and Blockage Factor

“Uncertainty inmeasurements” describes the inaccuracy that
may be present in a measured quantity. Several factors can
contribute to this uncertainty, including limitations in the
measuring instrument, fluctuations in environmental con-
ditions, or errors in the measurement technique. A widely
utilized approach for determining the uncertainty associated
with a measured quantity is through the use of the propa-
gation of uncertainty formula, as demonstrated in Eq. (8).
[54]

δq =
√
√
√
√

[
(

∂q

∂x1
δ1

)2

+
(

∂q

∂x2
δ2

)2

+ · · · +
(

∂q

∂xn
δn

)2
]

(8)

where δq is the total uncertainty of the derived quantity, q
(function of x1, x2, . . . , xn), and δ1, δ2, . . . , δn are the indi-
vidual uncertainties of measured variables x1, x2, . . . , xn .

Equation (9) shows that the measured variables are com-
bined in a product form to obtain the derived quantity,
allowing the uncertainty to be expressed as a fractional uncer-
tainty. Therefore, Eq. 8 can be restated as Eq. (10).[54]

q = xa11 · xa22 · · · · · xann (9)

δq

q
=

√
√
√
√

[
(

a1
δ1

x1

)2

+
(

a2
δ2

x2

)2

+ · · · +
(

an
δn

xn

)2
]

(10)

where a1, a2, . . . , an are the degree of measured variables
of x1, x2, . . . , xn
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Table 2 Standard uncertainty values of the variables

Variable Uf (%) �

(%)
Cts (%) Ct (%) Cp (%)

Standard
uncer-
tainty

1 1.4 2.8 2.8 3.5

The overall uncertainties (δo) related with both the
tachometer (δtm) and anemometer ((δam) has beendetermined
using Eq. (11).

δo =
√

[(

δ2am
) + (

δ2tm
)]

(11)

Uncertainty presented in the measured data in Ct, Cp, and
T can be calculated using Eqs. (12 and 13)

δCt

t
=

√
(

δt

t

)2

+
(

2
δU f

U f

)2

(12)

δCp

p
=

√
(

δ p

p

)2

+
(

3
δU f

U f

)2

+
(

δω

ω

)2

(13)

The calculation of the uncertainty related to the mea-
surement of torque (δt) is calculated usinf Eq. (14). This

calculation takes into account the least count of the spring
balance (δs = 1 kg/cm2).

δt

t
= δs

s
(14)

The standard uncertainty values for wind speed (δUf),
angular rotation (δω), and spring balance (δs), are equal to
0.01 × Uf, 0.01 × ω, and 0.01 × Sbi. Finally, the standard
uncertainty of all the variables is reported in Table 2.

The blockage ratio is not considered in this experiment
since the experiment is performed outside the wind tunnel
test section, where the blockage is minimal [56].

4 Results and Discussion

The section describes the findings pertaining to the dimen-
sionless performance metrics (Cts, Ct, and Cp) of the tested
H-rotors. All experimental results presented here have been
subjected to uncertainty adjustments. The Cp and Ct are cal-
culated to the corresponding TSR. The different TSR values
are obtained through break dynamometer load conditions. In
contrast, the Cts are observed for different rotational angles
(θ = 0–360° in every 30°) concerning incoming wind direc-
tion.

Fig. 7 Coefficient of Static torque
(Cts) Vs rotational angle (θ) of
the H-rotors with various aspect
ratios and at three wind speeds

123



Arabian Journal for Science and Engineering (2024) 49:1913–1929 1921

Table 3 Maximum Cts values of
the standard and auxiliary
H-rotors

Aspect ratio Wind speed in m/s Standard H-rotor Auxiliary H-rotor % of variation

0.9 4 0.059 0.071 20.3

6 0.061 0.073 19.6

8 0.063 0.077 22.2

1.0 4 0.064 0.115 79.6

6 0.066 0.119 80.3

8 0.068 0.122 79.4

1.1 4 0.060 0.072 20.0

6 0.063 0.093 32.2

8 0.067 0.102 52.2

4.1 Static Torque Performance

The trellis plots (Fig. 7) portray that the variation of Cts w.r.t
rotational angle (θ) for various aspect ratios (0.9, 1.0 and
1.1) and wind speeds (4 m/s, 6 m/s and 8 m/s) in order to
understand the distribution of Cts at various angles of the H-
rotors in the complete rotational cycle. The rotational angle of
the rotors is measured with the aid of an angle indexing disc;
for every 30°, the Cts is calculated using Eq. (4). From the
Fig. 7, it can observe that the Cts value is increased from 0° to
30° then after 30° to 90° the Cts value is decreased, from 90°
to 120° there is a very slight change inCts value. The standard
and auxiliaryH-rotors both exhibited the same trend,with the
exception of a shift in the coefficient value. The maximum
Cts value is obtained at 30°, and from there, the maximum
values are repeated every 120° since a typical three-bladedH-
rotor has the same line patterns for every 120°. It can observe
from Fig. 7 that the Cts values for the auxiliary H-rotor are
substantially more significant at every combination of aspect
ratio and applied wind speed than those for the standard H-
rotors.

The Cts values of standard and auxiliary H-rotors with an
aspect ratio of 1.0 are found to be greater than those with 0.9
and 1.1. The highest Cts were equivalent to 0.064, 0.066, and
0.068 for the standard H-rotor (aspect ratio 1.0) when the
wind speed was 4 m/s, 6 m/s, and 8 m/s, respectively. While
the highest Cts value of the auxiliary H-rotor (aspect ratio
1.0) is equivalent to 0.115, 0.119, and 0.122, corresponding
to approximately 79.6%, 80.3%, and 79.4%of the increment,
respectively. Table 3 represents the maximum Cts values of
the standard and auxiliary H-rotors with three aspect ratios
and wind speeds. Further, the average Cts values of the stan-
dard and auxiliary H-rotor is calculated as shown in Fig. 8
where both the rotors have positive Cts values. A further
observation that can bemade fromFig. 8 is that the Cts values
of both the standard and auxiliary H-rotors increases as the
wind speed increases. Furthermore, the results depicted in

Fig. 8 Average coefficient of static torque of the rotors

Fig. 8 indicate that when comparing aspect ratios of 0.9 and
1.1 to an aspect ratio of 1.0, consistently higher average Cts

values are obtained for both rotors at all tested wind speeds.
This suggests that maintaining an aspect ratio of 1.0 is advan-
tageous in terms of achieving higher Cts values. Specifically,
at an aspect ratio of 0.9, the standard H-rotor exhibits a maxi-
mum average Cts value of 0.042 at 8 m/s, while the auxiliary
H-rotor exhibits a maximum average Cts value of 0.05 at
the same wind speed. In contrast, at an aspect ratio of 1.0,
the standard H-rotor exhibits a maximum average Cts value
of 0.049 at 8 m/s while, the auxiliary H-rotor demonstrates a
maximum average Cts value of 0.087 at the samewind speed.
Similarly, at an aspect ratio of 1.1, the standard H-rotor and
the auxiliary H-rotor exhibit maximum average Cts values of
0.044 and 0.07, respectively, at 8 m/s. These findings suggest
that maintaining an aspect ratio of 1.0 is the optimal choice
for maximizing the average Cts values of the H-rotors.
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Fig. 9 Variation of dynamic
torque (Ct) at various wind
speeds a standard H-rotor
b auxiliary H-rotor

4.2 Dynamic TorqueVariation

In Fig. 9, the results indicate the variation of Ct with respect
to TSR, where Ct is calculated using Eq. (5). The Ct val-
ues for the standard and auxiliary H-rotors are found to be
inversely proportional to TSR, decreasing linearly as a func-
tion of TSR. The TSR working range for a standard H-rotor
is 0.4–1.9, whereas for an auxiliary H-rotor it is 0.35–2.2.

This indicates that in the TSR range of 0.35–0.4, the stan-
dard H-rotor produces substantially zero torque, resulting in
zero output power. This low TSR working feature is a con-
siderable advantage of the auxiliary H-rotor.

In Fig. 9a, it can be seen that the Ct values of the standard
H-rotor reach a maximum of 0.154 at a TSR of 0.44 for an
aspect ratio of 1.0 and a wind speed of 4 m/s. However, the
auxiliary H-rotor at the same aspect ratio and wind speed
produces higher Ct values of 0.16 at a lower TSR of 0.38, as
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Table 4 Maximum, average, and
minimum coefficient of dynamic
torque (Ct) of the standard and
auxiliary H-rotors at various
wind speeds

Wind speed (in m/s) Aspect ratio Standard H-rotor Auxiliary H-rotor

Ct, max Ct, avg Ct, min Ct, max Ct, avg Ct, min

4 0.9 0.149 0.1035 0.050 0.155 0.1027 0.041

1.0 0.154 0.1045 0.051 0.160 0.1060 0.044

1.1 0.153 0.1038 0.051 0.158 0.1047 0.045

6 0.9 0.152 0.1026 0.042 0.158 0.099 0.035

1.0 0.158 0.1075 0.048 0.162 0.1057 0.036

1.1 0.154 0.1057 0.044 0.161 0.1047 0.039

8 0.9 0.180 0.1160 0.040 0.190 0.1245 0.031

1.0 0.184 0.1170 0.041 0.198 0.1290 0.042

1.1 0.182 0.1160 0.041 0.195 0.1270 0.040

shown in Fig. 9b. Similarly, atwind speeds of 6m/s and 8m/s,
the auxiliary H-rotor demonstrates higher Ct values, with
0.162 at TSR= 0.4 (6 m/s) and 0.198 at TSR= 0.42 (8 m/s),
compared to the standard H-rotor which only achieves 0.158
at TSR = 0.49 (6 m/s) and 0.184 at TSR = 0.52 (8 m/s).

The maximum, minimum, and average Ct values of the
rotors are shown in Table 4. Specifically, at an aspect ratio
of 0.9 with a wind speed of 4 m/s, the maximum, minimum,
and average Ct values for the standard H-rotor were 0.149,
0.050, and 0.104, respectively, while the corresponding val-
ues for the auxiliary H-rotor were 0.155, 0.040, and 0.1027.
This shows a 4% increase in Ct for the auxiliary H-rotor
compared to the standard H-rotor at this aspect ratio. Simi-
larly, at an aspect ratio of 1.0 and a wind speed of 4 m/s, the
maximum, minimum, and average Ct values for the standard
H-rotor were 0.154, 0.051, and 0.105, respectively, while for
the auxiliary H-rotor, the corresponding values were 0.160,
0.044, and 0.1060, resulting in a 3.8% increase in Ct for the
auxiliary H-rotor. At an aspect ratio of 1.1 and a wind speed
of 4 m/s, the maximum, minimum, and average output coef-
ficient dynamic torque of the standard H-rotor were 0.153,
0.051, and 0.104, respectively, while the corresponding val-
ues for the auxiliary H-rotor were 0.158, 0.045, and 0.1047,
indicating a 3.2% increase in Ct for the auxiliary H-rotor.
The results obtained at wind speeds of 6 and 8 m/s show that
the auxiliary H-rotor is more efficient, with an increase of
nearly 5%. The results indicate that the TSR working range
improves as the wind speed increases. Additionally, auxil-
iary H-rotors can produce torque over a significantly wider
range of TSRs than standard H-rotors. Thus, in low wind
speed conditions, the auxiliary H-rotor tends to outperform
the standard H-rotor in terms of Ct.

4.3 Coefficient of Power Performance

The Cp surface plot of the standard and auxiliary H-rotors
against aspect ratio and TSR at varying wind speeds is shown

in Figs. 10 and 11, respectively. where Cp is calculated using
Eq. (6). It can observe from Figs. 10 and 11 that the TSR
operating range of the standard H-rotor lies between 0.4 and
1.9, whereas, for the auxiliary H-rotor, the TSR range lies
between 0.35 and 2.2.AbroadTSR rangemeans the auxiliary
H-rotor can perform reliably in a variety of situations. It can
also observe that as TSR increases, the Cp increases up to a
specific range; in the further increment of TSR value, the Cp

value decreases, which signifies the Cp values are minimal
at lower and higher TSR values. Because lower TSR values
were obtained at minimum load conditions (for both rotors),
where the rotors spin too quickly, potentially producing too
much turbulent air that acts as a solid barrier against the
wind, higher TSR values were obtained at maximum load
conditions, where the rotors spin very slowly, allowing a lot
of wind to pass through the space between the blades instead
of supplying energy to the rotor. Thus, low and high TSR
values are characterized by relatively low Cp values.

The Cp surface plot of the standard and auxiliary H-rotor
with three different aspect ratios operated at 4 m/s input
wind speed is shown in Figs. 10a and 11a, respectively. It
can observe from Fig. 10a (legend of the surface plot) the
Cp of the standard H-rotor reached 0.1356, whereas, at the
same wind speed, the Cp of the auxiliary H-rotor reached
0.142 (Fig. 11a), which is about 4.5% higher than that of
the standard H-rotor. Likewise, the legend of the surface
plot shows the maximum Cp value of the standard H-rotor
(Fig. 10b, c) and the auxiliary H-rotor (Fig. 11b, c) at each
wind speed. However, the maximum Cp values shown in the
legend belong to rotors with an aspect ratio of 1.0 as themax-
imumCp obtained for aspect ratio 1.0 for both rotors at every
applied wind speed.

Among the considered wind speeds, it has been observed
that at higher wind speeds (8 m/s), altering the aspect ratio
from 0.9 to 1.0 results in an increase in Cp up to 5% for the
standard H-rotor and 4.5% for the auxiliary H-rotor. Con-
versely, altering the aspect ratio from 1.0 to 1.1 results in a
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Fig. 10 Coefficient power (Cp)
variation of Standard H-rotor
with various aspect ratio at
various wind speeds
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Fig. 11 Coefficient power (Cp)
variation of auxiliary H-rotor
with various aspect ratio at
various wind speeds
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Table 5 Maximum Cp Values of
the H-rotors Wind speed (in

m/s)
Aspect ratio Standard H-rotor Auxiliary H-rotor Variation in Cp

Maximum Cp TSR Maximum Cp TSR

4 0.9 0.12160 0.95 0.12544 0.98 3%

1.0 0.13560 1.13 0.14200 1.10 4.7%

1.1 0.12980 1.10 0.13545 1.05 4.3%

6 0.9 0.13820 1.08 0.14520 1.10 5%

1.0 0.14994 1.26 0.15732 1.14 4.9%

1.1 0.14750 1.25 0.15120 1.12 2.5%

8 0.9 0.18070 1.30 0.18963 1.29 5%

1.0 0.18995 1.45 0.19800 1.32 4.2%

1.1 0.18318 1.42 0.19257 1.31 5.1%

decrease in Cp up to 3.5% for the standardH-rotor and 3% for
the auxiliary H-rotor. At lower wind speeds (4 m/s), altering
the aspect ratio from 0.9 to 1.0 results in a significant increase
in Cp up to 11.5% for the standard H-rotor and 13% for the
auxiliary H-rotor, whereas altering the aspect ratio from 1.0
to 1.1 results in a decrease in Cp up to 4% for the standard H-
rotor and 5% for the auxiliaryH-rotor. These findings suggest
that altering the aspect ratio has a more significant impact on
Cp at lower wind speeds. At higher wind speeds, the effect of
changing the aspect ratio is relatively minimal. The reason
for obtaining themaximumCp at aspect ratio 1.0 is due to the
optimal harvesting of incoming wind energy. At this aspect
ratio, the maximum amount of incoming wind is effectively
captured and converted into useful energy, while other aspect
ratios fail to achieve this. In the case of an aspect ratio of 1.1,
the rotor diameter is smaller than the height of the blades,
which creates the possibility of poor spinning stability dur-
ing rotation. This can lead to a decrease in the performance
of the H-rotor. In contrast, with an aspect ratio of 0.90, the
rotor diameter is larger than the blade height, which causes an
increase in the blade-to-blade gap. Consequently, incoming
wind can escape from the gap without striking the blades,
resulting in the least amount of wind being converted into
useful energy [54, 57].

The maximumCp values (and corresponding TSR values)
of the standard and auxiliary H-rotor with different aspect
ratios at every applied wind speed are shown in Table 5. It
can be observed from Table 5 that the Cp values are superior
for the auxiliary H-rotor compared to the standard H-rotor at
each appliedwind speed. The superior results of the auxiliary
H-rotor were associated with two reasons [7, 44, 47]; (i) In
the presence of auxiliary airfoils in front of the main airfoil
can split the frontal area of the H-rotor, which can lead to
extracting more energy from the wind. (ii) Auxiliary airfoils
help to separate shear layers from reattaching to the main
airfoil so that the lift-drag ratio of the main airfoil blade will

improve. As a result, incorporating an auxiliary airfoil into
the H-rotor design will improve performance.

5 Conclusions

In this study, how the altering aspect ratio and adding aux-
iliary blades influence the performance quantities of the
H-rotor is examined. For that, the standard H-rotor and
auxiliary H-rotor are fabricated for laboratory wind tunnel
experiments. The most characteristic feature of fabricated
rotors is altering the aspect ratio by changing the diameter
of the rotor with the help of a special arrangement. A set of
wind tunnel tests are conducted on both the H-rotors, and
the following conclusion were drawn from the experimental
outcomes.

(a) The aspect ratio of the H-rotor has a considerable effect
on the starting behaviour and power output in all tested
wind conditions. The experimental outcomes revealed
that a well-maintained aspect ratio (height of rotor blade
= diameter of the rotor) is a promising option for
improving H-rotor’s performance. In the present study,
both H-rotors with an aspect ratio of 1.0 are exhibited
superior performance values than other tested aspect
ratios (0.9 and 1.1).

(b) Concerning the static torque, the standard and auxiliary
H-rotor exhibit positive static torque values at all tested
conditions. However, the auxiliary H-rotor possesses
a remarkable static torque coefficient, approximately
81% higher as compared to the standard H-rotor, which
shows the auxiliary airfoil has significant advantages in
self-starting improvement.

(c) Concerning the dynamic torque, the dynamic toque val-
ues are linearly decreased as increasing the TSR for both
H-rotor in all tested conditions. However, the standard
H-rotor exhibited substantially zero torque at 0.4 < TSR
> 1.9 values, whereas the auxiliary H-rotor exhibited
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positive torque at TSR = 0.35 and 2.2, which signifies
the auxiliary H-rotor is reliable work in different TSR
values.

(d) The study concludes that the maximum Cp values of
the modified H-rotor are consistently higher than the
standard H-rotor across all tested wind conditions and
aspect ratios. Changing the aspect ratio from 0.9 to 1.0
increases Cp values for both types of H-rotors, while
changing it from 1.0 to 1.1 decreases Cp values for both
types of H-rotors. These results indicate that adding
an auxiliary airfoil to an H-rotor can greatly enhance
its power performance, especially when paired with an
optimal aspect ratio of 1.0.

To advancement of the current work, a numerical sim-
ulation can be conducted to fully comprehend the flow
phenomena between the main and auxiliary rotor blades.
Secondly, though the starting torque seems effective, the
improvements in the Ct and Cp values were insignificant.
Thus, further experimental research can be carried out on an
unsymmetrical airfoil, where effective changes in Ct and Cp

values could be observed. Additionally, study the effects of
Sl and Sr on the performance of the auxiliary H-rotor, and
findings the its optimal distances could the potential avenues
for future research of the auxiliary H-rotor.
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