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Abstract: Considering requirements such as enhanced unit capacity, the geometric size of wind
turbine blades has been increasing; this, in turn, results in a rapid increase in manufacturing costs.
To this end, in this paper, we examine the aerodynamics of co-planar multi-rotor wind turbines to
achieve higher unit capacity at a lower blade length. The multiple wind rotors are in the same plane
with no overlaps. The ALM-LES method is used to investigate the interaction effect of the blade tip
vortices, by revealing the regulation of aerodynamic performance and flow field characteristics of the
multi-rotor wind turbines. The simulated results suggest an observable reduction in the blade tip
vortices generated by blades located closely together, due to the breaking and absorption of the blade
tip vortices by the two rotors. This results in increased aerodynamic performance and loads on the
multi-rotor wind turbine. The influence between the blade tip vortex is mainly located in the range of
0.2 R from the blade tip, with this range leading to a significant increase in the lift coefficient. Thus,
when the wind rotor spacing is 0.2 R, the interaction between the blade tip vortices is low.

Keywords: multi-rotor wind turbine; co-planar; aerodynamic performance; near-wake flow; CFD
numerical simulation

1. Introduction

To date, research on wind turbine aerodynamic performance has generally focused
on grid-connected horizontal axis wind turbines. Both increasing the capacity of a wind
turbine and lengthening its blades are conducive to improving the wind energy harvesting
ability of a single-rotor wind turbine (SRWT) [1]. However, these approaches may cause
novel issues in manufacturing and maintenance, such as increased manufacturing costs
and higher requirements for the material properties. Interactions between the aerodynamic
performances of individual wind turbines are also a challenge for the development of
multi-rotor wind turbines [2,3].

In light of the limitations of SRWTs, the multi-rotor wind turbine (MRWT) concept has
begun to attract attention in the field of wind energy harvesting. Verma [4] has reviewed
the development history of MRWTs. The earliest one appeared in Denmark in 1873, which
consisted of a twin-rotor wind turbine with six blades per rotor [4]. Later, Percy H. Thomas
presented a patent design for a 7500 kW two-rotor wind turbine, with each having two
blades, through comprehensive consideration of the efficiency and cost [4]. Henk Lagerweij
of Lagerwey Wind has constructed some MRWT prototypes to expand understanding of
key issues in multi-wind turbine engineering, such as the MRWT yaw problem [5]. More
recently, in 2016, Vestas has set up a four-rotor MRWT prototype in collaboration with
the Technical University of Denmark, claiming the advantages of MRWT compared with
SRWT [6].

In contrast to large-scale SRWTs, MRWTs consist of small- and medium-sized blades,
thus presenting advantages such as long blade life, low weight, and fast speed. More-
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over, various investigations have shown that MRWTs, with smaller blades, are capable
of capturing more wind energy, compared with SRWTs. Laan et al. [7] have conducted
a numerical study on the power production of a MRWT wind farm, indicating that the
MRWT wind farm could generate 0.3–1.7% more electricity annually, when compared with
an equivalent single-rotor wind farm. Störtenbecker et al. [8] have achieved optimal design
of multi-rotor wind turbines and rapid calculation of different support structure designs by
varying the number of rotors, space frame topology, space frame depth, and yaw bearing
position. Zhao et al. [9] have conducted a study on the blade loads of multi-wind turbine
wind power systems under wind shear conditions. Their analytical results demonstrated
that the amplitude and frequency of load variation during blade rotation increases with
both the blade size and wind shear coefficient; in this context, replacing a single large
wind turbine with multiple small wind turbines can effectively reduce the effect of wind
shear. Lu et al. [10,11] have investigated the power generation performance of a multi-rotor
wind turbine-based wind power system. First, they examined the vibration characteristics
of three wind turbine horizontal axis wind turbine towers. Then, they selected ten 2 kW
horizontal axis wind turbines to form multi-rotor wind turbines, and compared the actual
power generation performance with a 20 kW single wind turbine horizontal axis wind
turbine system. Both their numerical and experimental results indicated that the power
generation capacity of the multi-rotor wind turbine-based wind power system, using the
rudder yaw method, was higher than that of the single wind turbine with active yaw.

Considering the complexity of multi-rotor turbine systems, the issue of their man-
ufacturing and maintenance has been widely concerned. Jamieson and Branney have
analyzed the support structure of a 20 MW multi-rotor wind turbine concept design and
its possible weight. Their conceptual design, consisting of 45 small 440 kW wind turbines,
was compared with four 5 MW and a single 20 MW design, showing that the 20 MW
multi-rotor wind turbine offers significant cost advantages, in terms of reducing turbine
and drive train costs [12]. Kale has roughly compared the advantages and disadvantages
of various multi-rotor wind turbine technology routes, in terms of feasibility, reliability,
and safety [13]. Verma has analyzed a 5 MW multi-rotor wind turbine consisting of three
1.66 MW turbines, and showed that the total system cost could be reduced by 13%, com-
pared to a single-turbine 5 MW wind turbine [4]. Mate has studied a multi-rotor wind
turbine support structure, and compared its cost with that of a 5 MW single-wind turbine in
order to develop a design methodology for multi-rotor wind turbine support structures [14].
Jamieson [12,15] conducted many studies focused on the concept of large multi-rotor wind
turbines. In particular, Jamieson has proposed the area–volume relationship, which in-
dicates that multiple small wind turbines have better mass efficiency than a single large
wind turbine under the same capacity conditions; moreover, the mass advantage of multi-
ple wind turbines is reflected in both wind turbine and transmission components, which
provides strong theoretical support for the technical route of multi-rotor wind turbines.

One of the most important factors in wind turbine design is aerodynamics. In partic-
ular, multiple wind turbine systems require more careful analysis of their aerodynamic
characteristics, due to the influence of multiple turbines forming arrays on each other. Smul-
ders et al. have performed wind tunnel tests with two adjacent turbines (no superposition),
and found that the average power output of two turbines together was slightly higher than
the sum of the power outputs of two individual turbines [16]. Analogously, Southwest
Research Institute (SwRI) for Ocean Wind Energy Systems (OWES) wind tunnel tests of
a 400 W seven-wind turbine found that a 2% blade size wind turbine clearance resulted
in little or no blade interaction [17]. Yoshida and Goltenbott et al. [12,18] have analyzed
the load and fatigue of a 14 MW multi-rotor wind turbine consisting of seven 2 MW wind
turbines in different wind models, and concluded that special attention needs to be paid to
the consistent decay constants of the wind model when designing large size multi-rotor
wind turbines.

Despite the potential advantages of multi-rotor turbines, little is known about the com-
plex interactions of the associated multi-rotor wakes, which occur immediately behind these
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turbines. Understanding of multi-rotor turbine wakes is of both practical and fundamental
importance. Many researchers have studied the wake characteristics of multi-rotor wind
turbines. Ghaisas et al. [19] have found that the wake of a multi-rotor turbine recovered
faster and the turbulence intensity in the wake was less than that of a conventional turbine;
furthermore, this difference was increased as the spacing between the tips of the rotors in
the multi-rotor configuration increased. These differences are also sensitive to the thrust
coefficients adopted for all rotors, with more pronounced differences under larger thrust
coefficients. Speakman et al. [20] have studied the effect of wake steering on wind farm
wake. A key finding of this analysis was that the divergent and crossed rotor configurations
were able to produce a significantly larger wake expansion than the baseline, and generated
much lower velocity deficits. Bastankhah et al. [21] have explored the effect of different
geometric configurations on the multi-rotor turbine wake characteristics. The recovery rate
of the multi-rotor turbine wake increased with an increase in rotor pitch, while the effects
of rotor number and rotation direction on wake recovery were not significant. However,
these studies used relatively coarse grids (i.e., up to 40 grid points over rotor diameter),
which is not sufficient to accurately resolve the near wake flow structures.

In addition, some researchers have used the aeroelastic method to study the dynamic
response of multi-rotor wind turbines. Ismaiel et al. [22] found that an additional rotor
will increase the tower-top deflection, and the tower-base bending moment in the fore-aft
direction will be more than doubled. As an extension to previous research conducted by
the authors, ref. [23] found that the weight of the rotor is dominant over the fluctuating
aerodynamic loads in the in-plane direction, while the deflection is highly affected by the
turbulence in the out-of-plane direction. Filsoof et al. [24] analyzed the linear aeroelastic
response of the DTU 30 MW tri-rotor wind turbine using a high-fidelity linear time-invariant
aeroelastic model. The results show that the tri-rotor wind turbine does not have any
aeroelastic instabilities. Ferede et al. [25] studied the nominal load at normal wind speed
profile, load at fatigue normal turbulence and ultimate load at extreme turbulence for
a 6 MW quad-rotor wind turbine. These researches used the classical blade element
momentum (BEM) theory to calculate the aerodynamic forces of wind turbines, ignoring
the tip vortex interactions between adjacent wind rotors. However, the blade tip vortex
interaction is a key factor in the improvement of multi-rotor wind turbines aerodynamic
performance [26].

The aerodynamic analysis of multi-rotor wind turbines is mainly performed using
blade element momentum (BEM) theory combined with a wake model, the free vortex wake
method (FVM), and computational fluid dynamics (CFD) approaches. BEM combined with
the wake model and FVM has the advantage of being convenient and efficient, but lacks
the ability to provide detailed information about the velocity field around the rotor [27,28].
To the contrary, CFD methods can provide detailed flow field information by solving the
Navier–Stokes equations over the entire computational domain, including the interaction
blade tip vortices of multi-rotor wind turbines. In CFD methods, large-eddy simulation
(LES) is a numerical technique that resolves the large-scale flow motions with small-scale
eddies through the use of sub-grid scale models [29]. Stevens et al. [30] applied LES
to study the effect of wind turbine placement on power generation in a large wind farm.
Ghasias et al. [31] used LES to demonstrate a faster wake recovery and lower wake turbulent
kinetic energy for a MRWT as compared to an equivalent SRWT. It was hypothesized that
a larger entrainment led to these effects, as the rotor perimeter to swept area ratio for a
MRWT is twice that of a SRWT.

It is worth noting that LES imposes a large computational cost when solving wind
turbine aerodynamic performance and wake flow problems [32]. To this end, a generic actu-
ator approach for rotor modeling has been proposed, in order to reduce the computational
cost, such as the actuator line method (ALM). In ALM, each blade is replaced by a line of
force that rotates through the flow field. The reduced cost of the ALM makes LES a more
applicable approach for turbulence modeling in the wind turbine wake simulation. The
ALM is mostly based on the RANS solver, a method proposed by Sørensen and Shen [33].
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Keck [34] and Ameur [35] have surveyed the wind turbine wake characteristics by combin-
ing a Reynolds-averaged turbulence RANS model with the actuation line model. In order
to improve the solution regarding the turbulent properties of the flow field, Ivanell [36] has
introduced a large eddy simulation method to deal with turbulence, which was combined
with the actuation line method to analyze the development and stability problems of the
wake structure for a single wind turbine. Some extended work regarding the utilization
of the combined ALM-LES method to simulate the atmosphere boundary layer effect has
been conducted by Lu and Porté-Agel [37], with turbulence modeled through a Lagrangian
scale-dependent subgrid-scale (SGS) model. Hebbar et al. [38] has studied the effect of
incoming turbulence on shear layer breakdown and the wake recovery effects of multi-rotor
wind turbines using the ALM-LES method. Martínez-Tossas et al. [39] compared four large
eddy simulation research codes and the effect of model coefficients on wake flow in actuator
line based wind turbine modeling. The results show that for LES of wind turbines and wind
farms using ALM, detailed implementation and extensive cross-validation between codes
can produce highly reproducible predictions. Moreover, the characteristics of the inflow
turbulence appear to be more important than the details of the subgrid-scale modeling
employed in the wake.

To date, there have been a number of studies on the structure, aerodynamic perfor-
mance, and wakes of multi-rotor wind turbines, but a lack of detailed studies on the tip
vortex interactions between adjacent wind rotors should be noted. Many aerodynamic
methods were trialed for the simulation of tip vortex interactions with high accuracy.
We first considered Smoothed Particle Hydrodynamics (SPH) and the Lattice Boltzmann
Method (LBM) particle method for aerodynamic performance simulation of multi-rotor
turbines, but the convergence of the results was not good and the results were prone to
oscillation. The BEM method is fast in calculation, but there is no relevant method to char-
acterize the influence of tip vortices on each other. Therefore, none of the above-mentioned
methods can be considered well-suited for the simulation. CFD simulation using full-size
blade modeling requires detailed modeling of the blade surface and a large pre-processing
effort. The mesh motion and multi-reference frame methods require the rotational domain
to be set, which will overlap when several wind turbines are close to each other; at present,
no solution has been found for this problem. In order to avoid these problems, the actuator
line method with LES turbulence model was found to provide a suitable solution. The
main structure of tip vortex and their interactions can be simulated well, as shown in this
paper, with a reasonable setup.

In this study, the ALM-CFD method is used to study the interactions of the blade
tip vortices of a co-planar multi-rotor wind turbine. The multi-rotor wind turbine is
studied using structured meshing technology and the ALM-CFD method, and the relevant
methods and settings are introduced in Section 2. The results and analysis are discussed
in Section 3. Our conclusions are provided in Section 4. Overall, the regularity of the
aerodynamic performance and flow field characteristics of co-planar multi-rotor wind
turbines are revealed.

2. Method: ALM-CFD Simulation
2.1. Governing Equation and Turbulence Model

The CFD 3D simulation was carried out on the OpenFOAM software, which is a
famous and widely adopted platform for computational fluid dynamics. In the simulation,
both incompressible continuity and large eddy simulation were utilized. The development
and characteristic features of the vortex system were captured using LES with a dynamic
one-equation sub-grid scale model. The governing 3D spatial filtered incompressible
Navier–Stokes equations can be formulated as [40]:

∇ · ū = 0, (1)

∂ū
∂t

+ (ū · ∇)ū = −1
ρ
∇ p̄ + ν∇2ū−∇ · τ +

fεi

ρ
, (2)
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where fε denotes the forces on the wind turbine rotor calculated by the actuator line
model; ν is the kinematic viscosity coefficient; the third term on the right-hand side of
the momentum Equation (2), τ = uu− ūū, is the so-called sub-grid scale stress, which
represents the interactions between the unresolved scales of eddies; and ū denotes large-
scale resolved part of u.

As mentioned above, the presence of the wind turbine rotor was replaced by body
forces, based on the actuator line model developed by Sørensen and Shen [33]. The
ALM module is combined through the use of an unsteady incompressible solver. The
time-varying turbine loads were modeled by a suitable distribution of body forces along
the blade, determined under sectional inflow conditions and the interpolation of force
coefficients from a lookup table of airfoil properties [41]. The body forces were distributed
radially along the actuator lines. The local velocity of the blade element point was obtained
using linear interpolation through the neighbor cells. Corrections for the tip loss were also
applied. To smooth the distribution of the rotating forces and avoid numerical oscillations,
Gaussian projection was employed to transform the line force into a volumetric force field,
described as

fε = f ⊗ ηε, (3)

ηε(d) = ε−2π−3/2 exp

[
−
(

d
ε

)2
]

, (4)

where d is the distance between the cell-centered grid point and the point at the actuator
line, and ε denotes the Gaussian width parameter to adjust the concentration of the load
on the blade. Troldborg [42] has recommended setting ε/∆x = 2, where ∆x is the grid cell
length near the actuator line.

2.2. Computational Domain And Meshing

In 2000, the unsteady aerodynamics experiment Phase VI was conducted by the U.S.
National Renewable Energy Laboratory (NREL) at the NASA Ames low-speed wind tunnel.
This experiment was conducted to investigate the wind turbine aerodynamic characteristics
under different operating conditions, such as yaw and pitch, by measuring the parameters
of blade pressure, wind turbine power, and thrust, which have become a sample commonly
used to verify wind turbine aerodynamic numerical calculation methods. The geometric
inputs and the solver parameters of Phase VI are listed in Table 1.

Table 1. Parameters of phase VI [40].

Parameter Phase VI Rotor

Number of blades 2
Rotor radius/m 5.029

Rated rotate speed/(r ·min−1) 72
Time step/s 0.002318

Number of actuator points 60

The aerodynamic performance of a single wind turbine was evaluated experimentally.
The dimensions of the computational domain were 100 m × 36.6 m × 24.4 m, and the length
of the wake flow area of the wind turbine was 80 m. The rotor center coordinates were
(0, 0, 12.2 m), 20 m from the inlet, and the rotation plane was located at x = 0 m. Considering
the influence of the wall surface on the calculation results for twin- and tri-rotor wind
turbines, the length and width of the calculation domain were increased. The dimensions of
the computational domain for the twin-rotor wind turbine were 80 m × 46.6 m × 24.4 m, as
shown in Figure 1, while the dimensions of the computational domain for the tri-rotor wind
turbine were 80 m × 46.6 m × 28.2 m. In order to calculate the wind turbine wake flow field
accurately, the grid was refined in an area with width and height 24 m × 20 m and length
ranging from −15 m to 55 m. In this study, we mainly consider the near-wake flow. Thus,
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the grid near the wind turbine was divided in a more detailed way. The computational
domain consisted of hexahedral structured meshes. The wind rotors were placed in the
same plane, with an outer contour distance of 0.07 R between rotors (a distance less than
0.1 R indicates that two rotors are very close under working conditions), and the rotation
angle had no phase differences. The position relationships in the twin- and tri-rotor setups
are shown in Figure 2.

Figure 1. Illustration of the computational domain.

Figure 2. Layout diagram of co-planar twin- and tri-rotor wind turbine setups.

The LES-SGS single-equation model was employed for the computation, which re-
quires 360 time steps in one rotation cycle, with each time step being 0.002318 s, corre-
sponding to a blade rotation azimuth of 1◦. The pressure–velocity coupling equation
was solved by the PISO algorithm and the flow field was calculated in the second-order
difference format.

2.3. Boundary Condition

The boundary conditions of computational domain were set as shown in Figure 1:

• Inlet (x = −20 m). The rectangular plane was set as the velocity-inlet boundary
condition, which is upstream of the wind turbine. According to the wind tunnel



Energies 2022, 15, 6422 7 of 13

experiment, this inlet wind velocity was set as 10 m/s, with turbulence intensity of
0.2% and temperature of 25 ◦C.

• Outlet (x = 60 m). The rectangular plane downstream of the wind turbine was set as
the free outflow boundary conditions.

• Wall. The side boundary (y = ±23.3 m), the top boundary (z = 24.4 m), and the bottom
boundary (z = 0 m) were set as no-slip solid wall boundary conditions.

2.4. Model Validation and Grid Independence Analysis

In order to verify the accuracy of the computational model, the aerodynamic perfor-
mance of the phase VI wind turbine was first simulated. The calculation result is depicted
in Figure 3, marked as a blue solid line for Mesh1. Three meshes were initialized, in
order to validate the grid independence: Mesh3 with 900 million hexahedrons, Mesh2
with 1900 million hexahedrons, and Mesh1 with 2500 million hexahedrons. The aver-
age power with Mesh1 was 9.75 kW, within 6.3% of the experimental value of 10.4 kW.
Therefore, the computational model was confirmed to satisfy the accuracy requirements.
With this validated computational model, the aerodynamic performance of the phase VI
wind turbine was simulated in the twin-rotor wind turbine calculation domain. The cal-
culation results are presented in Figure 3, marked as green and red solid lines for Mesh2
and Mesh3, respectively. The average power with Mesh1, Mesh2, and Mesh3 was 9.75,
9.77, and 9.64 kW, respectively, all of which were within 7.5% of the experimental values.
This comparison indicates that an increase in the computational domain width with the
twin-rotor wind turbine had a small impact on the simulation results while still meeting
the computational requirements.

Generally, using a finer grid makes the numerical results more accurate, but it also
requires higher storage memory and a longer amount of time. Referring to Figure 3,
the monitored power output did not change appreciably (maximum relative error was
within 3%). In this paper, we study the tip vortex interactions between adjacent wind
rotors, which requires observation of the vortex core structure in the near-wake. The mesh
number of Mesh1 was larger, and the vortex core structure in the wake could be clearly
identified. The minimum mesh size ∆x for Mesh1 was between 0.0625 and 0.067, leading to
slight smoothing parameters ε = 2∆x. Therefore, the results and analysis below are based
on Mesh1.

Figure 3. Comparison of simulation and experimental results.

3. Results and Analysis
3.1. Near-Wake

Figure 4 shows the velocity contour in the x–y plane of the near-wake of the twin-rotor
wind turbine at z = 12.2 m (the wake is about 4 R). In the figure, a significant velocity loss
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can be observed after the wind flow passes the wind turbine, which gradually recovers as
it moves away from the rotor. Due to part of the blades absorbing the largest aerodynamic
energy, the largest velocity loss in the wake area is located in the rotor plane. The high-
speed zone in the center part of the rotor results from negligence of the nacelle during
the simulation; moreover, the compression of the fluid by the blade root and the sudden
reduction in area also contributed to an increase in wind speed. On the upper and lower
sides, due to the tip vortex, regular high speed zones also appeared.

Figure 4. Velocity contour in the x-y plane of the twin-rotor turbine near the wake at z = 12.2 m.

To improve the visibility of the blade tip vortices, the flow field was analyzed using the
Q criterion. Figure 5 shows the vortex contour at z = 12.2 m with Q taking values ranging
from 20 to 50. In the figure, the vortex core structure can be clearly observed. The vortex
quantity in the rotor plane was the largest, mainly concentrated near the tip and root of the
blade. During the progression of the blade tip vortex and root vortex after shedding from
the blade, the intensity of vortex quantity at the center of the vortex nucleus became smaller,
while the vortex nucleus gradually became larger. The reason for this vortex propagation
is that fluid viscosity causes the fluid around the concentrated vortex to be involved into
it, resulting in spreading of the concentrated vortex and an increase in the vortex radius.
As the wake continued to progress downstream, the large-scale vortices broke up to form
small-scale vortices. Comparing the results for the single-rotor wind turbine with those of
the twin-rotor wind turbine, it can be seen that the single-rotor wind turbine led to obvious
vortex generation at the tip of the blade, while the vortex in the middle part (near y = 0) of
the twin-rotor wind turbine was significantly decreased.

In order to show the development of the blade tip vortex in the wake flow more clearly,
the 3D flow field was rendered. The wake vortex is shown in Figure 6, where the blade tip
vortex and the blade root vortex with spiral-type structure can be clearly observed. In the
figure, the blade tip vortex at Q = 20 to Q = 50 in the middle part of the twin-rotor wind
turbine can be seen to almost disappear. A similar result can be seen with the tri-rotor wind
turbine flow field.



Energies 2022, 15, 6422 9 of 13

Figure 5. The vortex contour at z = 12.2 m: (a) Single-rotor; and (b) twin-rotors.

Figure 6. Near-wake: (a) Twin-rotors; and (b) tri-rotors.

3.2. Aerodynamic Performance

The torque variation patterns for the single-, twin-, and tri-rotor wind turbines with the
rotor rotating over one week are shown in Figure 7. In the figure, Single represents single-
rotor wind turbine, MRS2 represents the twin-rotor wind turbine, and R1∼R3 represents
Rotor1∼Rotor3. Compared with the single-rotor wind turbine, the torque of the twin-rotor
wind turbine had two peaks near 90◦ and 270◦ azimuth, with the maximum torque being
enlarged by about 1.2%. Additionally, MRS3 had two more fluctuations in one rotation
cycle of the individual wind turbine for the one extra rotor. In these conditions, the torque
extremes occurred at the points where the rotating blades of the two wind turbines were
close. Compared to the single-rotor wind turbine, the torque of the tri-rotor wind turbine
was increased by 1.1% to 2.0%. Similar to MRS2, a slight increase in torque can be observed
during each rotation cycle.

To clarify the source of this torque increase, torque values of the twin-rotor wind
turbines at 90◦ azimuth, along the blade spread and at each discrete point, were extracted, as
exhibited in Figure 8a). In the figure, the torque can be seen to be enhanced at r/R = 0.8∼1,
which is 0.2 R closer to the blade tip. The lift coefficients for the blade tip in this range
are presented in Figure 8b). The coefficients of MRS2_R1B1 and MRS2_R2B2 had larger
values than those of MRS2_R1B2 and MRS2_R2B1. This enhancement in aerodynamic
performance near the tip at 0.2 R, combined with the near-wake analysis in Section 3.1, was
reasonably attributed to the interaction of the blade tip vortices.
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Figure 7. Torque–Azimuth angle: (a) Twin-rotor; and (b) tri-rotor wind turbine.

Figure 8. Comparison of torque and CL of single- and twin-rotor wind turbines in blade spreading
direction: (a) Torque; and (b) CL.

3.3. Aerodynamic Load Analysis

The thrust variation patterns of the single-, twin- and tri-rotor wind turbines with
the rotor rotating over one week are shown in Figure 9. Compared with single-rotor
wind turbine, the thrust of the twin-rotor wind turbine also had two peaks near 90◦ and
270◦ azimuth, with the maximum torque being enlarged by about 0.8%. The increase in
thrust amplitude of the tri-rotor wind turbine was greater, with the maximum thrust being
enlarged by about 1.7%; furthermore, there were four fluctuations within one week of rotor
rotation. This means that, as the number of rotors increases, the risk of structural strength
and fatigue damage also increases.

Figure 9. Thrust–Azimuth angle: (a) Twin-rotor; and (b) tri-rotor wind turbine.

3.4. Effect of Rotor Spacing

From the results of the previous analysis of the blade tip vortex, it could be calculated
that the maximum spacing between the wind rotors where the blade tip vortex affects
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each other is 0.2 R. To verify this result, we designed the working condition with a rotor
spacing of 0.2 R, in order to calculate the aerodynamic performance of the twin-rotor wind
turbine. The near-wake result is shown in Figure 10. It can be seen, from the figure, that
the wake presented a small interaction after the third week. Furthermore, the torque result
is shown in Figure 11. Compared with the single-rotor wind turbine, there was a small
increase in torque under the 0.2 R rotor spacing working condition, about 0.54%. The
torque fluctuation for the rotor spacing of 0.2 R was lower, compared to the results with the
rotor spacing at 0.07 R.

Figure 10. Near-wake with rotor spacing of 0.2 R.

Figure 11. Torque–Azimuth Angle.

4. Conclusions

In this study, the aerodynamic behaviors of MRWTs were investigated using the ALM-
LES method. Both twin- and tri-rotor cases were taken into account. The CFD simulation
results indicated that the aerodynamic performance of MRWTs can be improved by using a
regular blade size. Our detailed conclusions can be summarized as follows:

1. The local blade tip vortex generation in MRWTs can be reduced by considering
the interaction of the blade tip vortices, resulting in an increase of wind turbine torque.
The influence between the blade tip vortices is mainly located in the range of 0.2 R of the
blade tip; this range led to a significant increase in the lift coefficient. When the wind rotor
spacing was set at 0.2 R, the interaction between the blade tip vortices was small.

2. The simulation results suggest that, when multiple wind turbines are arranged in
the same plane in close proximity (the closest distance between the blade tips at operation
is about 0.07 R) with the same speed and initial azimuth, a rapid increase in torque (of 1%
to 2%) can be observed at the closest ±15◦ azimuth between the two blades.

3. When two wind turbines in the same plane are arranged in close proximity, the
fluctuation of the aerodynamic load can be increased, as attributed to the mutual influence
of the vortices at the blade tips. With a growing number of rotors, the aerodynamic load
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fluctuation also increases, mainly concentrated in the close proximity of two blades. These
aerodynamic load fluctuations will potentially put higher demands on the design and
fatigue life of the multi-rotor wind turbine drive train. Therefore, the regulation operation
needs to be paid attention to, in order to cope with this effect.
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