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The current study focuses on applying duct and multi-rotor wind turbines to enhance the generating capacity of a
wind system arrangement in response to the expanding enthusiasm for using renewable energy sources in the
municipal area. The outcome of this research can be utilized to introduce optimal turbine arrangements for a
range of wind speeds related to specific regions to optimize the amount of power that can be extracted. It can
produce power on standalone or in collaboration with other systems, such as Airborne and Invelox configura-
tions. A duct speeds up the wind flow through the turbine location, while additional turbines can capture the
remaining energy in the turbine’s wake. For this aim, the impact of various configurations of multi-rotor wind
turbines mounted on a recently designed duct was explored, followed by an investigation into enhancing the
total output power. The effect of rotating direction and rotor diameter has been examined by comparing multiple
arrangements to achieve the most significant output power for wind speeds ranging from 4 to 16 m/s. The
outcomes prove that in high-speed winds of 12 m/s or more, mounting one rotor with a smaller diameter in the
middle of two larger ones within the duct while spinning in the counter-rotating situation enhances the power
efficiency by up to 95 %. Moreover, in low-speed winds of 6 m/s or lower, the three rotors with the same di-
ameters presented the highest output, almost 2.1 times compared to the single rotor mounted in the duct throat.
Considering an appropriate arrangement for multirotor wind turbines regarding privileged wind speed in the
region can significantly increase generated power.

development, the cost of manufacturing, maintenance, and repairs has
risen. These wind turbines face the cost of transmitting electricity.

1. Introduction

To reach sustainability and minimize the impacts of climate change,
nations all over the world are taking steps to use renewable energy
sources instead of conventional power generated from fossil fuels
(Ouyang et al., 2024). Plenty of countries are implementing a frame-
work for energy transition and minimizing emissions of pollutants (Shen
et al., 2024). Wind energy, as a source of green energy, can adequately
mitigate the utilization of carbon-based fuels and emissions of green-
house gases, and it is recognized as an affordable source of clean energy
(Amiri et al., 2024). Wind turbines are the primary tools used to capture
wind energy. The energy generated by wind has not yet reached its
maximum potential; however, traditional wind turbines have expanded
steadily during the last twenty-year period. Large wind turbines with
greater blades and more elevated towers were built; due to this
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Additionally, the upstream wind turbines’ wake in large-scale power
plants decreases the wind velocity. It creates a turbulent flow in their
wake, (Akhtar et al., 2024; Kim et al., 2015) which can reduce output
power (Dou et al., 2019).

The main focus of recent studies in the wind energy field is reducing
the overall cost of generating electricity due to the fast growth of wind
technology (Tao et al., 2024; Song et al., 2018a, 2018b). According to
technical terms, the objective is attempting to capture the wind as well
as possible (Cao et al., 2024). Various subjects are investigated and
considered, such as optimizing wind turbine aerodynamics, (Tayebi and
Torabi, 2024; Mangano, 2023) assessing power curves in several sce-
narios (Spiru and Simona, 2024; Yesilbudak and Ozcan, 2024; Qiao
et al., 2024), improving blade shape, (Qian et al., 2024; Firoozi et al.,
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2024; Li et al., 2024) and boosting the wind farm’s total output by
relocating wind turbines (Gao et al., 2016; Hu et al., 2024; Tian et al.,
2024). Additionally, they developed novel wind-capturing innovations,
including Invelox, (Aravindhan et al., 2024; Heidari et al., 2024) Air-
borns, (Schmidt et al., 2024; Bayati, 2024) and ducted wind turbines
(Taghinezhad et al., 2024; Mozafari et al., 2024). This current study
provides an in-depth assessment of multi-rotor ducted wind turbines to
complete the previous research on ducted wind turbines (Taghinezhad
et al., 2021a).

In the past few years, the development of duct-mounted turbines for
low-functional wind technologies has been investigated as an affordable
approach (Akhter et al., 2024). Many scientists have made an effort to
enhance the operational efficiency of these sorts of wind turbines. Allaei
(Allaei and Andreopoulos, 2013, 2014; Allaei, 2012) established the
INVELOX, a type of ducted wind turbine that produced power using a
throat shape similar to a venturi and an airflow-gathering section. Their
study findings predominantly concentrated on the simulation and con-
struction of flow ducts. Their last investigation evaluated the experi-
mental effects of adding two or three propellers in the duct throat area
(Allaei et al., 2015). Many researchers have worked on different parts of
Invelox to expand its performance; for instance, (Ayaz et al., 2023)
developed the structure of funnel and venturi parameters to improve the
power generation capacity and reported that they improved it by 3.2
times compared to the original concept. Some others (Heidari et al.,
2024; Shaterabadi et al., 2020; Shaterabadi and Jirdehi, 2020) tried to
investigate more about integrating Invelox with other energy production
systems, such as photovoltaic panels. Gavade (Gavade et al.,, 2018)
presented a novel idea for capturing wind power to generate electricity
more affordably. They reported that the wind speed rose twice at the
designed venturi and 6 m/s in the entrance area. Scientists worldwide
have identified concepts (Allaei, 2012; Allaei et al., 2015; Al-Bahadly
and Petersen, 2011; Bontempo and Manna, 2020; Saeed and Kim,
2017) that indicate customized applications for wind energy production;
for instance, the Air Born concept was developed to capture high-speed
wind from 300-500 m altitude. Several duct-mounted wind turbines
with single and multi-channel varieties are established (Al-Bahadly and
Petersen, 2011; Saeed and Kim, 2017; Hosseini and Ganji, 2020a; Bon-
tempo and Manna, 2016). Also, some concepts for shrouded wind tur-
bines require more investigation; however, in some cases, (Visser, 2024)
they spend more than 8 years developing their prototype.

On the one hand, ducts are designed in various shapes, including
wing, ring-shaped, Invelox, convergent-divergent, and others (Agha
et al., 2018; Rahmatian et al., 2023a). On the other hand, most con-
ventional, ducted, air-born, and Invelox wind turbines employ a
three-blade rotor connected to a hub at the top of a structure
(Taghinezhad et al., 2021a, 2019). Multiple investigations have already
been conducted to enhance the outcomes of single-rotor wind turbines,
studying the blades’ structure and expanding rotor and tower diameter
and height to reach more powerful wind speeds at more significant el-
evations (Teng et al., 2023; Zhou et al., 2023). Large rotors can face
various challenges, including pressure distribution along the blade sur-
face, dynamic stress loads, acoustic emissions driven by gravitational
stresses and aerodynamic forces, and the need for plenty of space and
strong winds for proper functioning (Peng et al., 2023).

Researchers suggested the multirotor idea to enhance the power
generated by wind turbines operating within the same sweeping area
while supplying affordable energy costs (Mohamed et al., 2019a; Ohya
et al., 2017). For instance, in dual rotor turbines, the power-extracting
ability for a given swept area is increased by aligning two propellers
in a sequence and back-to-back. By comparing multi-rotor (Yuji and
Koichi, 2019) and multi-blade (Wang et al., 2013) turbines with
single-rotor using experimental and numerical methodologies, several
studies have shown that their developed wind turbine can capture wind
energy more than conventional generators.

Although the idea of a multi-rotor wind turbine has become less
popular, the concept of a multi-rotor wind turbine has experienced a
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decline in favor owing to the belief that it is complicated; numerous
researchers are actively working toward developing multi-rotor wind
turbines. According to Khalefa, (Khalefa et al., 2020) the most signifi-
cant relationship between output power and wind speed determines a
wind turbine’s efficiency. Since ducted wind turbines are designed to
increase the velocity of the wind, using multi-rotors in the ducts pro-
vides a new concept to improve their efficiency. Allaei [33] reported a
noticeable increase in power rating as an array of propellers was
installed in their Invelox. Furthermore, empirical investigations indicate
that combining two or three turbines in a convergent-divergent duct for
wind turbine setup can outperform a single turbine configuration,
achieving 52 % and 72 % efficiency gains, respectively. Despite their
experimental study, several data are missing in their reports. For
instance, the dimension of the throat section and its specification were
not mentioned, making it impossible to compare with future studies.
Also, their study did not mention the exact location of the rotors and the
distance between them. Mohamed (Mohamed et al., 2019a, 2019b)
investigated a two-rotor wind turbine with a lens and reported that the
Cp could reach more than 1.0 for the equivalent entering airflow in a low
wind velocity zone compared to a single-rotor turbine. Their study used
CFD analysis using a third generator, and experimental analysis was not
included in their research scope. In the current study, we tried to include
all the required information to design a multi-rotor wind turbine to
mount in a duct. All parameters are described and expanded for further
studies to define comprehensive evaluation criteria for the experimental
testing of ducted wind turbines. Also, a wide range of wind speeds was
used to discover wind speed’s effect on various arrangements of
multi-rotor wind turbines.

The previous technique may require considerable time and make it
hard to find the ideal situation since there are several interactions. The
traditional method might result in uncertainty, inaccurate outcomes,
and lengthy processes. Furthermore, it cannot recognize the interactions
between two or more variables and fails to provide the ideal situations.
A 3D Responsive Surface, as a statistical technique, is a valuable tool for
analyzing variables by requiring only a tiny amount of examinations for
multiple factors and various variables (Walia et al., 2015). It is
frequently employed in multi-level optimization algorithms, optimal
condition assessments, and connectivity analysis because it can effi-
ciently evaluate the impact and interactions of numerous factors across
various levels. Compared to traditional procedures, this approach re-
quires fewer treatments and less time to achieve optimum efficiency and
dependability of test accuracy; (Srivastava et al., 2017) it is frequently
employed for developing wind energy technologies, including wind
energy recovery in the wake of turbines, (Tabatabaeikia et al., 2016) the
efficiency of Invelox diffusers, (Hosseini and Ganji, 2020b) The config-
urations of the controls of an adjustable-rate wind turbine’s frequency
adapter (Hasanien and Muyeen, 2012).

So far, no investigation utilizing the 3D surface technique has been
conducted on duct-mounted turbines to consider the three-rotor inter-
action effect, including rotor size and their rotating direction, on
generated power. The presented study aims to investigate several factors
that affect the output of duct-mounted turbines. Parameters for the duct
and impellers are described in detail to be available for other research to
conduct in future studies. Rotors were fixed in the pre-designed part of a
duct to test the concept that the number, size, and rotating direction of
rotors significantly affect the efficiency of ducted wind turbines. This
study’s primary objective was to design, create, and examine 10
different kinds of multirotor wind turbines that would be installed in a
pre-fabricated duct. After designing and fabricating the propeller blades
and rotors, the turbines are mounted within the duct’s throat. A labo-
ratory assessment of each type of turbine performance inside the duct
was conducted. The main objective of this study was to identify which
multirotor wind turbine could operate most effectively within a duct.
The introduced equipment can be used as an individual system to pro-
duce power from wind flow or as the heart of the power-producing setup
in some recently developed wind turbine structures such as Airborn and
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Invelox.

Compared to previous studies such as Allaei et al. (2015) and
Mohamed et al. (2019a, 2019b). explored ducted multi-rotor turbines,
their studies lacked precise data on rotor spacing, wake interactions, and
power extraction efficiency. The current study provides a detailed
experimental assessment, quantifying power output variations across
ten multi-rotor configurations. Unlike conventional parametric studies,
(Taghinezhad et al., 2019; Mohamed et al., 2019a) which relied on
limited experimental setups, we applied a 3D response surface meth-
odology to analyze the interaction of rotor size, spacing, and rotational
direction, offering a systematic optimization approach for power effi-
ciency. Compared to the 52 % and 72 % efficiency gains reported by
Allaei et al. (2015)). for dual and triple rotors, respectively, our findings
indicate that a counter-rotating three-rotor setup (CR-BSB) enhances
power efficiency by up to 95 % at high wind speeds (16 m/s). This
significantly surpasses previous performance benchmarks. Previous
studies often focused on a narrow range of wind speeds (typically
4-12m/s) (Allaei et al., 2015; Taghinezhad et al., 2019; Mohamed et al.,
2019a). Our work examines wind speeds from 4 to 16 m/s, allowing for a
more comprehensive understanding of how rotor arrangements respond
under various conditions. Many earlier studies focused on numerical
simulations, (Mohamed et al., 2019a, 2019b) whereas this research
provides experimental validation with precisely defined rotor configu-
rations and duct specifications, making it a valuable reference for future
real-world applications. This study bridges gaps in the existing literature
and lays the foundation for designing high-efficiency ducted multi-rotor
wind turbines tailored to specific wind conditions.

2. Material and methods
2.1. Specification for blade profiles

Identifying a proper blade shape with the best aerodynamic perfor-
mance is the first step in designing a wind turbine blade for a duct-
mounted turbine. Furthermore, the turbines’ compact size necessitates
that the blades be strong enough to withstand powerful winds. Conse-
quently, NACA 4424 airfoil has been employed to get the blades ready to
use (Wern, 2016). The NACA 4424 airfoil was selected for the rotors due
to its high lift-to-drag ratio, making it suitable for compact rotor designs
where efficient power extraction at low to medium wind speeds is crit-
ical. Its symmetrical profile offers stable aerodynamic performance
across various angles of attack, which is advantageous for ducted tur-
bine configurations. A conventional type wind generator with three
blades and 0.15 m rotor diameter for the big rotors and 0.075 m rotor
diameter for the smaller turbines had been proposed for laboratory
evaluations, and the blades, hub, and other components of the setup
were fabricated based on the duct throat section characterization and
turbines setup position. Fig. 1 (A) presents the airfoil’s chord length,
while the applied pitch angle to the blades is shown in Fig. 1 (B). The

Chord (mm)

20 30 40 50 70 80

r (mm)

(A)
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chord length has an upper bound value of 20 mm along the blades and
around 5 mm at the blade tip.

Fig. 2 displays the simulated blade in Siemens NX PLM CAD and CAM
software. Accurate data about blade details are available in a previous
study (Taghinezhad et al., 2021a). This data can be utilized to determine
the whole blade configuration. The blades were fabricated with a
mounting block that enabled them to be attached to the hub through a
stereolithography apparatus (SLA) with a resin substance matching the
BEM structure.

2.2. Rotors arrangement specification

Independent and dependent factors are considered to examine how
the arrangement of the rotors affects the total power of a combined
turbine. As an independent variable, the enhanced airflow velocity
through the duct was recorded in seven levels of 4, 6, 8, 10, 12, 14, and
16 m/s to cover low, medium, and high-rate ranges. The dependent
variables are the shaft’s rotational speed and the power generated by the
first, second, and/or third rotors. Table 1 outlines the specifications of
the rotors utilized in the experimental assessments. As indicated in
Fig. 3, the smaller rotor on the compound of rotors has a diameter of
75 mm, while the big rotors have a diameter of 150 mm. Distance be-
tween rotors is selected based on, (Taghinezhad et al., 2021a) while Dy is
the throat section diameter. The rotors can rotate clockwise and coun-
terclockwise. Ten different configurations were considered for installa-
tion in a duct’s throat section located in the wind tunnel’s test section.
Six configs with two rotors were considered for turbine combination,
and four others were defined for three-rotor turbines. A rigid shaft
connected each rotor to a DC generator in each compound of turbines.

Turbine arrangements which are used in this study are shown in
Table 2. The type of rotors and their rotation direction are defined.

Based on the techniques researchers have used to create various wind
tunnel sections, the developed and constructed duct by (Taghinezhad
et al., 2021b) was utilized in this study. Fig. 4 represents the duct
framework, constructed in three parts for duct-mounted turbine setups.
The intake component was fabricated using the method that Morel
provided (Shi et al., 2021; Zanoun, 2018). The primary position of the
turbines was the middle component between the convergent and

(a)
f

(b)

Fig. 2. Fabricated blades front (a) and top (b) perspectives.

30

25 4

20 4

20 30 40 50 60 70 80

r (mm)

(B)

Fig. 1. A diagram showing the chord length of the blade concerning the blade’s length (A), Applied pitch angle across the blade (B).
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Table 1
Parameters of the rotors employed in this study to make multirotor turbines.

Specification Big Rotor Small Rotor

Blade Quantity 3 3

Rotor Sweep Span 150 mm 75 mm

Design Solution Upwind Upwind

Blade Profile NACA 4424 NACA 4424

Blade composition ABS ABS

Rotating direction Clockwise/Counter Clockwise/Counter

divergent sections of the duct. The divergent discharge component is
proposed to release flow and recover the remaining flow impact from the
turbines. As this model design aimed to conduct wind tunnel experi-
mental tests, several characteristics of industrial turbines, including a
yaw support bearing and weather-resistant components, were ineffec-
tive and left out. The duct, shown in Fig. 4, was constructed using ABS
polymer and polyurethane coating to provide a completely smooth,
finished layer.

2.3. Examination method

The open-circuit wind tunnel in the Faculty of New Sciences and
Technologies’ Experimental Aerodynamics Lab was used for all the
research lab tests at the University of Tehran. We calibrated the wind
tunnel’s flow stream speed using the pitot technique. Fig. 4 depicts the
arrangement of the experimental study. To be calibrated by the wind
tunnel’s airflow, a hot-wire anemometer probe was initially positioned
in the middle point of the test chamber of the wind tunnel. The proposed
setup, including the duct and multi-rotor turbine, was mounted in the
chamber test, with the validated hot-wire sensor attached to the duct’s
throat to detect the wind velocity online. The most significant wind
velocity it can achieve in the Atmospheric Boundary Layer (ABL) is
45 m/s. The specifications for the suction-based wind tunnel are a
horizontal fan, a diffuser, a testing location, a nozzle, a bell-curved
intake, and an expansion chamber with multiple mesh screens. An
exterior glimpse of the wind tunnel setup, including the flow suction fan,
is shown in Fig. 4The uniformity of the wind was unable to be tracked.
The test part is 1.5 m long, while the tunnel structure is 12.5 m long.
Additionally, the test part is one meter wide and 0.7 m tall. The wind
tunnel’s test area normal-level turbulence intensity was computed to be
0.4 %.

A fan with 6000 hp power provided independent control of the flow
stream’s wind velocity. A portable anemometer with one probe recorded
the wind velocity. It demonstrates an average fluctuation of +1 % in the
fluid flowing to the mounted turbine. It was found that the flow field
turbulent movements varied by 5-10 % across the entire range of
entrance wind velocity. The blockage ratio of the developed setup was
checked in the test area and found to be 11.4 %. The blockage did not

“75mm "l
~ 150mm

(A)
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affect the test outcomes [25]. The setup was examined in an open-duct
configuration without any rotating turbine. The rotor was mounted to
the duct setup, and further runs were conducted after gathering a suit-
able amount of data through multiple runs. The generated voltage and
measured current for generators were recorded throughout the evalua-
tion process. The obtained data was subsequently submitted to a
computing device for processing and evaluation. By multiplying the
reported current (Iy) by each rotor’s output voltage (Vy), we can
determine the level of extracted power provided by the DC generators
(Pape and Kazerani, 2020). The sum of the produced power by all the
mounted rotors in the duct throat was considered the total output power
for each combination of rotors, Eq.1.

Pow =YL x Vr ¢h)

To conduct the tests, 10 different configurations of wind turbines
were installed inside a prefabricated duct. The turbines were tested in
three ranges of wind speed, Low Wind Speeds (4-6 m/s), Medium Wind
Speeds (8-12 m/s), and High Wind Speeds (14-16 m/s) to evaluate their
power performance in different conditions. A 3D response surface
methodology (RSM) was used to analyze the interaction between rotor
size, spacing, and rotational direction. This statistical technique allowed
for the optimization of rotor configurations with fewer experimental
trials than traditional methods.

3. Results and discussion
3.1. Generated power equality
To ensure that all generators produce the same amount of electricity

under the same input, load, and environmental circumstances, all three
turbines were tested according to the method introduced by 28.33. The

Table 2
Turbine details and characterization.
Turbine 1tRotor  2"rotor 3" Rotor  Rotation Status
Configuration
BBB-CO Big Big Big co
BSB-CO Big Small Big Cco
BBB-CO Big Big Big Cco
BSB-CR Big Small Big CR
BS-CO Big Big - Cco
SB-CO Small Big - (¢0)
BB-CO Big Big - co
SB-CR Small Big - CR
BS-CR Big Small - CR
BB-CR Big Big - CR
BB-CR Big Big - CR
Single Big - -
oy
X =0.25xD,

(B)

Fig. 3. Rotors are mounted within the duct front view (A) and section view (B), and variables are set as shown.
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Throat

\

160
227

1049

Duct Dimensions

Fig. 4. Configuration of the testing procedure for evaluating the generated power.

output of each DC motor was the same. Fig. 5 shows the output voltage
and generated power for utilized DC generators independently, as
determined by the turbine spin rate. To confirm similar output, the
generators were tested under equivalent environmental conditions, such
as wind load and intake wind velocity. At around 3800 rpm, the
maximum output power that could be achieved was 2.1 W, and the
maximum voltage achieved was 270 mV. The DC generators in this

300

—@— Generator 1
o Generator 2
B0 0 ___ ] —¥— Generator 3
7
A
Vi
200 - ———— e ]
s P
£
Q 150 e e W ]
S
2
100 ——————mmm e
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Z
7
50 f———— g ]
0 T T T
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RPM
A. Each generator's voltage ratings when run separately
2500
—&— Generator 1
O Generator 2
—-¥— Generator 3
2000
S 1500 1
£
g
£ 1000
500 4
0

1000 3000 4000

B. Each generator's power ratings when run separately

Fig. 5. Generators output voltage (A) and their generated power (B) in a
controlled situation.
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study can be replaced with each other in a multi-rotor arrangement, as
the voltage and power outputs for both generators are the same.

3.2. Evaluation of multi-rotor turbines generated power

The consideration became provided for using two or three rotors in a
duct throat and the impact of the turbine rotating pattern on the amount
of generated power. Abbreviations are utilized in the rotor labels and
configurations to make them simpler. Letters S and B represented small
and large rotors, respectively. For instance, when referring to the first
upwind rotors for a set of turbines, the BS sets up a large rotor in the
leading position and a small blade rotor at the back. This process pro-
ceeds from the left side. Additionally, the co-rotating turbine rotation
was identified by the code "CO" and the counter-rotating rotation by the
code "CR". A classic instance of a Three-rotor generator is the BSB-CR,
which has a counter-rotating small rotor at the midpoint of two big
rotors.

3.2.1. Evaluation and comparison of two and three rotors ducted wind
turbines

To make a sensible comparison among single, double, and triple
rotor installations in ducted wind turbines, we consider ten different
arrangements, half operating in a similar direction while the others were
rotating in counter mode. The rotors were tested in three levels of high
(14 m/s), mid-range (10 m/s) and low (6 m/s) wind velocity, and the
outcomes are illustrated in Figs. 6-8, respectively. By analyzing Fig. 61t
is estimated that counter-rotating wind turbines perform better at high-
velocity winds than co-rotating turbines; BSB, BBB, and SB counter-
rotating generators with almost 1.88, 1.84, and 1.76 power ratios
were the top performers at high wind velocity. The interaction of the
counter-rotating rotors’ wakes causes a more uniform wind flow over
the second and third turbine blades. This arrangement can mitigate the
flow turbulence, which leads to overall performance increases.

However, counter-rotating wind turbines perform better at midrange
wind velocity (Fig. 7); three big rotors performed better when a smaller
rotor was mounted in the middle of two big rotors. The BBB rotor output
power ratio increased by almost 3 %, while the BSB rotor performance
was reduced by about 14 % by decreasing airflow velocity from 14 m/s
to 10 m/s. It shows that installing a small wind turbine between two big
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Power Ratio

[ 1st Turbine
2nd Turbine
B 3rd Turbine

Turbine Configurations

Fig.

6. Comparison of measured power ratio for two and three rotor arrangements at 14 m/s airflow.

2.0

Power Ratio

[ 1st Turbine
2nd Turbine
B 3rd Turbine

Turbine Configurations

Fig. 7. Comparison of measured power ratio for two-rotor and three-rotor wind turbines at 10 m/s airflow.

rotors can improve the total output power of ducted wind turbines.
There are two reasons for this situation: First, more flow can go through
the throat section by reducing the resistance to inlet flow at the high-
speed wind. Second, installing a small turbine can improve the flow
quality at the wake of the first rotor, reduce the interaction among
turbines, and extract more output power.

The last comparison for all ten types of turbines for low-speed wind
turbines is shown in Fig. 8. Three big counter-rotating rotors show the
highest power ratio with a rate of 2.11 compared to the single big rotor,
three big co-rotating rotors, and two big counter-rotating rotors with
almost 1.79 and 1.7 power ratios were the following high-performance
rotors. Due to a cut in speed and small blades, small wind turbines
cannot operate at the behind of big rotors at this wind speed. Then,
rotors with a combination of big and small rotors do not have an
acceptable output compared to big rotors.

3.3. Effect of installing three rotors at the throat section

We investigated their performance in a separate section to better
compare three-rotor wind turbines. The total extracted power for four

1484

different arrangements of generators at various wind velocities is shown
in Fig. 9. The effect of installing a small rotor in both the same and
opposite-rotating conditions in the middle of two oversized rotors was
investigated. In the low-speed winds, the output seems similar for
different arrangements. At the same time, for speeds higher than 10 m/s,
counter-rotating generators show a higher power output than co-
rotating wind turbines. By considering the single-rotor generator as a
reference for comparison between arrangements, the rate of extracted
power for each type of arrangement is estimated for each wind velocity
and is shown in Fig. 10. It is shown that three oversized counter rotors
show stable output power in all wind speeds as the output rate in all
speeds does not reduce to lower than 1.81 rates of single rotor generator.
While for wind speeds above 12 m/s, installing a small rotor in the
middle of two big rotors shows a higher output, at the end of the trend
(16 m/s), it reaches the power ratio of 1.95. By comparing three big
counter-rotating rotors with a small rotor counter rotor at the midpoint,
it was found that by replacing a small rotor for wind speeds 12, 14, and
16 m/s, we extracted 5, 6, and 11 percent more power. On the other
hand, the highest power ratio occurred for three big rotors at 6 m/s wind
velocity, with a rate of 2.11 compared to a single generator.
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Fig. 9. Total power (mW) extracted from three generators installed in the throat section compared to a single generator.

3.4. Sensitivity analysis

The sensitivity analysis evaluates the rate of change in power ratio
concerning wind speed variations for different turbine configurations.
This helps in assessing the robustness of each setup under varying wind
conditions. Single Big Rotor served as a baseline for comparison. For the
CO-BBB configuration, the highest sensitivity is observed in the low-to-
mid wind speed range (4-8 m/s), with values decreasing as wind speed
increases. The sensitivity values fluctuate, indicating that this configu-
ration is affected by changes in wind speed but lacks a consistent trend.
At higher wind speeds (10-16 m/s), sensitivity decreases, suggesting a
potential saturation effect where further wind speed increases yield
diminishing returns in power output. CR-BBB configuration exhibits a
relatively high sensitivity at lower wind speeds, peaking around 6-8 m/
s before stabilizing. Compared to CO-BBB, this configuration maintains a
more consistent power ratio increase across wind speeds. The lower
variability suggests improved performance robustness under varying
wind conditions. CO-BSB displays negative sensitivity values in some
regions (6-8 m/s), indicating a drop in power ratio with increasing wind
speed. This suggests that aerodynamic losses or inefficiencies may
reduce the overall power gain at certain wind speeds. However, at
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higher wind speeds (12-16 m/s), sensitivity becomes positive, showing
improved performance. CR-BSB configuration shows a gradual and
stable increase in sensitivity with wind speed. Unlike CO-BSB, this
configuration maintains a positive sensitivity across all wind speeds,
highlighting better adaptability to wind variations. The relatively high
sensitivity at higher wind speeds suggests it benefits more from
increasing wind velocity than other configurations. Sensitivity analysis
shows that CR-BBB and CR-BSB configurations demonstrate the most
consistent and favorable sensitivity trends, making them more robust for
real-world applications. Therefore, we conducted an intensive study on
these two configurations in the next section.

3.5. Analyzing of rotors interaction for counter-rotating BBB and BSB
turbines

To investigate more details about the performance of three big
counter-rotating generators (Fig. 11) and compare it with a replaced
small rotor in the midpoint (Fig. 12), we fit a 3-D surface to the extracted
data to find the interaction of rotors and their effect on the extracted
power ratio in both compounds of rotors. In Fig. 11 (A-C), the interac-
tion of the output power ratio of each generator versus the total outpour
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Fig. 10. Extracted power ratio for mixed three generators in comparison to single rotor.

power ratio is shown. The interaction between G1 and G2 in Fig. 11 (A)
revealed that the second generator is more sensitive to the output power
ratio than G1. Also, from Fig. 11 (D and E), it is estimated that the
highest output for the G1 power ratio occurred in low-speed wind tur-
bines. However, the range of suitable outcomes for G2 was wider, and
the best output was reported in the low-speed winds.

The interaction between G1 and G3 in Fig. 11(B) shows a hyperbolic
parabola relationship between the two generators. Fig. 11(D and F)

reveals that the highest total power ratio occurs in low-speed winds for
G1 and G3. As the speed increases to 16 m/s, the total extracted power is
reduced by about 30 % in the worst case. On the other hand, from Fig. 11
(B), the highest output power was reported in the lower outcome of
generators 1 and 3; from this analysis, it can be concluded that in lower
wind speeds, better performance is possible for the compound of tur-
bines. Also, it is shown that if we focus on improving the performance of
only one of the generators, its effect on the two other generators will
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Fig. 11. Investigation of the interaction of factors for Three big counter-rotating generators for the power ratio in Generators 1 & 2 (A), 1 & 3 (B), and 2 & 3 (C), also
wind speed and each generator power ratio on total extracted power for G1 (D), G2 (E), and G3 (F).
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Fig. 12. Investigation of the interaction of factors for three counter-rotating generators with a smaller one in the midpoint for the output power rate in Generators 1
& 2 (A), 1 & 3 (B), and 2 & 3 (C), also wind speed and each generator power ratio on total extracted power for G1 (D), G2 (E), and G3 (F).

show a significant reduction in the rate of total output power. The
interaction between G2 and G3 and their response to total extracted
power at different wind speeds is shown in Fig. 11(C, E, and F). It can be
seen that G2 is more sensitive than G3, and positive change in G2 causes
a better performance in G3. In the same way, both generators show their
best output rate at the lowest wind speed. Overall, from the analysis of
Fig. 11, it is demonstrated that G2 has a sensitive role in total output
power, and by improving its efficiency, it is possible to optimize the
amount of power rate extraction in two other generators. Generators G1
and G3 show a parabolic relation on total extracted power, so we cannot
focus only on optimizing one to find a better output rate. The most
restrictive rule among all generators is that when they are working in a
complex of three big counter-rotating arrangements, the highest per-
formance for all generators can be reached at the lowest speeds of wind,
for instance, at 4 m/s airflow, the highest rate of change in output power
rate with almost 12 %, 8 %, and 13 % excess for G1, G2, and G3 is
possible, respectively.

Fig. 12(A-C) shows the interaction of generators’ output power ra-
tios on the total output power ratio when a small counter-rotating rotor
is replaced at the midpoint of two big rotors. Considering Fig. 12(A) for
G1 and G2 interaction, the total output ratio is estimated to be more
sensitive to the G2 power ratio. At the same time, from Fig. 12(D-E), it is
reported that G2 is reacting quicker to the changes in wind speed. As the
airflow velocity increases, the power extraction in G2 is increased. In
this situation, more output power can be reached. On the other hand,
from G1 in Fig. 12(D), It is apparent that the highest total output power
ratio was achieved when around 90 % of energy was harvested in G1.
The interaction between G1 and G3 is presented in Fig. 12(B). From
Fig. 12(F), it is clear that the changes in G3 are not so sensitive to the
wind speed compared to G1 and G2. Also, in contrast with the two other
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generators, the output rate in G3 increased by enhancing the wind
speed, and the highest output occurred when this turbine’s production
reached its maximum value. By exploring the interaction between G1
and G3, we found that the optimum condition for maximizing the output
can be reached at around 90 % for G1 and 0.42 for G3. The interaction
between G2 and G3 is shown in Fig. 12(C), where perturbation analysis
shows that G2 affects the total power ratio more. Also, by increasing the
extracted power from each generator, the rate of total power increased
significantly.

Fig. 13 shows the measured values for three big counter-rotating (A)
and two big ones with a small rotor at the midpoint (B). As the only
change is that a small opposite spinning rotor is installed at the midpoint
of two big generators, it is possible to investigate the effect of this change
on other generators compared to three counter-rotating big generators.
In low-speed winds (4 and 6 m/s), the small rotor does not work due to
its higher cut-in speed. This causes the third Generator, G3, to extract
more power ratio than the other turbine (A), reaching a 51 % power rate
at 4 m/s. However, the rate for G1 shows more value in the BSB
compared to the CR-BBB turbine; the reported total output power for
BBB is almost 40 % higher than the BSB counter-rotating. It reveals the
effect of cut-in speed on output power, where lower cut-in speed for big
rotors caused a higher outcome in low airflow velocities; for instance,
4 m/s, the second big rotor at BBB arrangement enhanced the total
output power by about 40 % in comparison to BSB and reached to a peak
of 70 % at 6 m/s. At 8 m/s of wind speed, the 2nd small generator
contributes to power extraction, and it can raise the total power ratio to
almost 40 % compared to 6 m/s wind speed. However, the rate for CR-
BBB remained stable at 10-16 m/s wind speeds; for CR-BSB, the rate
rose as the wind speed increased, reaching 1.89 and 1.95 at 14 and
16 m/s wind speeds, respectively. These results prove that CR-BSB wind
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Fig. 13. Comparison between three big counter-rotating generators (A) and replacing a small rotor at the midpoint (B).

turbines have the best performance in wind speeds higher than 14 m/s,
while CR-BBB arrangements have a better performance in wind speed
from 4 to 12 m/s. It is important to note that these values for wind speed
are reported for ducted wind turbines. Then, we should consider the rate
of wind speed enhancement caused by the duct to consider suitable
conditions for selecting the best arrangement for wind turbines. For
instance, according to, (Taghinezhad et al., 2024) the duct used in this
study can enhance the wind speed to 2.9 times that of the free stream.
Then, in regions with 5.5 m/s wind speed, we can reach 16 m/s flow
speed at the throat section.

The optimum conditions to reach the maximum output power at
different wind speed levels are reported in Table 3.

In this study, multi-rotor wind turbines with different kinds of rotor
arrangements were tested. The comparisons between investigated fac-
tors and responses and those from earlier studies are shown in Table 4.
This study’s reported power ratio for multi-rotor arranged turbines
exceeded that of earlier studies. This research demonstrates that, in
addition to the duct impact on generated power, the number and di-
rection of rotors in duct-mounted multi-rotor turbines can enhance the
extracted power ratio. In contrast, the performance of multi-rotor wind
turbines in duct-mounted turbines can be fine-tuned using 3D surface
models as an optimization approach because they can identify the
impact and interaction of rotors on total output power. Prior studies
have identified many techniques to enhance the efficiency of dual or
multirotor wind turbines in specific domains. Compared to two- and
single-rotor wind turbines, the generated power gained for three-rotor
wind turbines was considerably higher. Meanwhile, there is no set
approach to examine the efficiency of the various multi-rotor turbine
designs located in a duct, so this paper can test and compare multi-rotor

Table 3

The best-fitted values for the design variables and outcomes.
Variable Range Low Mid- High

Speed Speed Speed
Airflow Velocity (m/s) 4-16 4-8 8-12 12-16
Space Between Rotors Throat 0.25 1. 0.25
Diameter
Rotors Arrangement As Described CR-BBB CR-BBB CR-BSB
Max. Power Ratio Maximum 21 1.89 1.95
Speed at Maximum In range 6 8 16
power ratio

Power (mW) Maximum 1048 2422 9597
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wind turbines to expand their use for ducted wind turbines.
4. Conclusion

The aerodynamics of multi-rotor arrangements, which include two
or three wind turbines spaced 0.25 of the duct throat diameter in a row
and in front of a uniform flow, were investigated in wind tunnel
experimental tests. The effect of size and direction rotation of rotors on
output power was studied. Most opposite-spinning multi-rotor turbines
are advantageous against same-direction-rotating turbines as they
generate more power in the same condition. The reported results for 10
models of turbine type at different wind speeds showed that the rotor
arrangement significantly affects the generated power. The CR-BBB
configuration presented the highest power ratio of 2.1 at low wind
speeds (6 m/s), producing 1048 mW. At moderate wind speeds
(10-12 m/s), the CR-BBB arrangement maintained a power ratio of
1.89, generating 2422 mW. At high wind speeds (14-16 m/s), the CR-
BSB configuration outperformed others, reaching a peak power ratio
of 1.95 and generating 9597 mW at 16 m/s - approximately 95 % higher
efficiency compared to a single-rotor setup. The interaction of rotors
regarding the individually generated power was investigated for CR-BSB
and CR-BBB turbines. The optimum condition overview shows that CR-
BBB could show the best acceptable power output in all wind speed
ranges. In contrast, for the high-range wind velocities, the generated
power by CR-BSB rocketed, and in wind speeds of about 16 m/s, it can
produce almost 12 % more than CR-BBB. Then, it is worth studying the
wind maps of zones where you want to install a ducted wind turbine, and
considering that the right arrangement can show a valuable increase in
output power. The result of this article is a complete guide on selecting a
suitable arrangement of wind turbines based on the prevailing wind in
the area and the wind expansion ratio in the designed duct. For instance,
by finding 6 m/s as the most delivered wind speed to mounted turbines
in the duct throat section, you can select CR-BBB by a generated power
ratio of 2.1 times compared to a single rotor. The presented study is
beneficial in finding the optimized extracted power of multi-rotor wind
turbines to meet specific experimental objectives. Then, the complexity
of doing repeated practical trials and the associated expenses are mini-
mized, and quick decision-making is created for developing multi-rotor
applications in ducted wind turbines. In addition to lowering costs,
standardization in production might also be beneficial for desired-size
rotors used in multi-rotor systems. While this study provides a
detailed experimental assessment of ducted multi-rotor wind turbines,



J. Taghinezhad et al.

Table 4
A comparison of the current project’s findings with those of earlier research.

Energy Reports 14 (2025) 1479-1490

No. References Optimum Parameters Enhanced Output Ratio
Airflow Velocity (m/s) Space Between Rotors Rotor Arrangement
1 (Shen et al., 2007) 5-20 0.1-0.8 Turbine Radius CR-BB 43.5 %
2 (Allaei et al., 2015) 4-12 N/A CO-BB 52 %
3 (Allaei et al., 2015) 4-12 N/A CO-BBB 72 %
4 (Agung Bramantya et al., 2016) 4.2 0.44 Turbine Radius CR-SB 24 %
5 (Wang et al., 2018) 6.5 0.25 Throat Diameter CR-SB, CO-SB 7.2%
6 (Didane et al., 2018) 5 0.16 m CR-BB 40 %
7 (Taghinezhad et al., 2021a) 20 0.25 Throat Diameter CR-BB 55 %
8 (Rahmatian et al., 2023b) 5-7.1 0.2-0.6 m CO-BB 23 %
CO-SB
9 Current Study 4-12 0.25 Throat Diameter CR-BBB 110 %
10 Current Study 14-16 0.25 Throat Diameter CR-BSB 95 %

future research can explore additional factors to enhance efficiency and
real-world applicability. Potential future directions include full-scale
testing, advanced aerodynamic modeling, wake interaction studies,
and hybrid renewable energy systems integration.
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