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Abstract. Multi rotor systems (MRS) have shown a great potential as a future application
of wind energy. In this study, the aim is simulating the aerodynamic performance of a an
MRS using fully-resolved shrouded wind turbine blades then validating with experimental data.
MRS for wind turbine configurations have been studied using both numerical and experimental
approaches. Different case studies have been studied and the power output comparison have
been reported. The wind lens turbine (WLT) obviously shows a large increase in power output
compared to the bare rotor case. Besides, the twin side-by-side (SBS) WLT's shows even larger
power increase compared to the case of single WLT by around 20% for computational fluid
dynamics (CFD) calculations at the optimum tip speed ratio s/D of around 0.2. The increase in
power coefficient in close proximity can be explained by flow interference and gap flow behaviors.
Previously, we used simplified models for blade modeling like actuator line method (ALM) and
actuator disk method (ADM). However, currently we are improving the accuracy using CFD
with full-scale blades with higher grid resolutions. As the number of units for an MRS is
increased, the increase in power output becomes larger and larger. This is because that the gap
flows between brimmed diffuser-augmented wind turbines (B-DAWT) in a MRS are accelerated
and cause lowered pressure regions due to vortex interaction behind the brimmed diffusers.
Thus, an MRS with more B-DAWTSs can draw more wind into turbines showing higher power
output.

1. Introduction

Wind power energy is obviously attracting attention as having a great source of green energy.
The global mainstream trend of wind turbines is increasing their size to achieve higher output
power. However, as the scale of the wind turbine gets bigger, the cost is getting higher, and the
failure rate becomes larger due to associated instability and aeroelasticity problems. Therefore,
multi-rotors are a promising application in this perspective. Advantages of multirotor systems
(MRSs) concepts have been suggested by Jamieson and Branney [1,6-7]. This system consists
of many small or medium sized wind turbines in the same vertical plane with small gaps
supported by one tower [2]. Some of the merits of MRS can be summarized as follows: a
great reduction in weight, great reduction in cost consequently mass production of turbine unit.
If we apply the Wind-Lens turbine to MRS, we can expect 10 — 20% increase in total power
output due to the unique mechanism of Wind-Lens. Some of the studies of MRS that have been
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published so far covered wind tunnel experiments, numerical simulations, and field experiments
[3-16]. In order to increase the rotor performance of a conventional wind turbine, Diffuser-
Augmented Wind Turbines (DAWTs) have been developed. The aerodynamics of brimmed
diffuser-augmented wind turbines (B-DAWT), named ”wind-lens turbine, (WLT)”) has been
investigated. Generally, a WLT is composed of a downwind type wind turbine and a structure
composed of an inlet shroud, a diffuser, and a brim. Vortices are generated behind the structure
from the flow passing inside the diffuser and that behind the brim. Consequently, a low pressure
region is created behind the turbine by the vortices shedding. Thus, more air is drawn into
the turbine at a higher accelerated speed compared to the case of a conventional wind turbine
(i.e. with no diffuser). In the present research, we have studied single and twin WLT's in closely
spaced array using wind tunnel experiments and a RANS based on a finite volume method
(FVM). The results show that remarkable increase in total power output. To investigate more
about the power increase for each studies case of WLT's configuration, measurements of wind
velocity and static pressure distributions at the three locations behind the WLTs are made and
compared to CFD calculations for the same locations and configurations. RANS calculations
validate the results from wind tunnel experiments and provide a better understanding of the
flow interference among WLT's as will be shown in the following sections.

2. Methodology
In our work, we solved the problem from both an experimental and numerical approaches as
explained in the following subsections.

2.1. Experimental Approach
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Figure 1: Boundary-layer wind tunnel, Kyushu University [19]

For the experimental part, the large boundary-layer wind tunnel of the Research Institute for
Applied Mechanics, Kyushu University, was used. The wind tunnel has a measurement section of
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15m long x 3.6m widex 2m high with a maximum wind velocity of 30 m/s and is characterized
by a low turbulence intensity of 0.4% [19] as shown in Figure 1.

To reduce the blockage effects, the side walls and ceiling panels surrounding the test section
have been removed. From a total of 6 potential sections, the third to fifth sections are removed
to create a 6 m opening on the side walls, thus making it a semi-open wind tunnel. A separate
study was made to ensure the mitigation of wind tunnel blockage effects [17]. The paper showed
experimental results of five rotors where the experimental results had good agreement with
numerical results. Thus, our semi-open wind tunnel could mitigate blockage effect to such a
level even if the MRS had five rotors. Consequently, it is guaranteed for the twin side-by-side
WLTs configuration.

flow
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l Servo Amplifier
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Figure 2: Schematic of the measurement system for the power output [17]
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Figure 3: Experimental configurations for: Bare rotor (a) , Single WLT (b), and Two SBS
WLTs (c)

Experiments were done on a bare rotor, then one shrouded wind lens turbine (WLT)
configuration, and two WLTs configuration in a Side-By-Side (SBS) arrangement as shown in
Figures 1-4. For the MRS experiments, a schematic of the dimensions of the WLT configuration
in a SBS arrangement, including the shape of the shroud (brimmed diffuser) with brim height
of h. The brimmed diffuser of the WLT consists of a diffuser with a streamwise length
Ly = 0.22Dyproqt and a brim height h = 0.075D¢pr0at, called CiiB7.5 type WLT [21]. Two
WLTs are placed in SBS arrangements with gap width s for the two WLT configuration 3. The
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representative diameter of a WLT is D, i.e., D = Dp.spn. In the present experiments, the gap
ratio is s/D. The rotor diameter D,y Of the turbine model is 442mm. The approaching wind
speed is 14m/s with a Reynolds numbers of 4.2 x 10° with respect to the rotor diameter D otor-
The rotor blades were manufactured using a computer numerical control machine (CNC), and
have cross sections corresponding to MEL-type aerofoils [22].

D throat

Lt

Figure 4: Wind tunnel setup (a) and schematic of the dimensions of the WLT configuration in
an SBS arrangement (b) [19]

In order to measure the the output power, the torque is needed to be calculated firstly.
Figure 2 shows a torque meter connected to the rotor shaft and the motor. The torque T,.(Nm)
and the rotational speed f(Hz) of the wind turbine are measured for 30s at 1kHz sampling
frequency, at a constant servomotor rotational velocity, in the condition that the turbine loading
was gradually applied from zero. The output power is calculated as P(W) = T, x 2x f and shown
as a performance curve. It is worth noting that the directions of rotation of all the turbines
in all studied configurations are in a clockwise direction from an upstream point of view. All
the measured data are fed into a PC using an AD-Converter. The optimum tip speed ratio A
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is determined by setting the appropriate rotational speed of the rotor. For the measurement
period, the motor speed is held constant by the servomotor controller. In general, the power
coefficient C), of a turbine is evaluated using Equation 1:

Cp _ fturbine — - Trw (1)
3PUSA  5pUGA
where A is the swept area of the rotor for both the conventional turbine and WLT. The maximum
power coefficient, Cp,, of each turbine in stand-alone configurations is measured at their optimum
tip speed ratio .

In this specific experiment, the experimental drag force (thrust force) Fy,q4 was not measured
due to some wind tunnel reservation limitations, however an extensive study was done before by
Ohya et al. [19]. It was found that for two WLTSs, the optimum spacing ratio s/D is 0.2, thus
in the current experiment and simulations, the optimum s/D value was used. Sample data are
shown later in the Results section. Furthermore, various tip speed ratios A were tested where
the optimum one was found to be of value 3.5.

On the other hand, in order to measure velocity distribution in the turbine wake, an ultrasonic
speedometer was used as shown in Figure 2. This sensor was moved by a traversing system.
The u-velocity fluctuation was measured with with sampling frequency of 1000H z and sampling
time of 30s at each sampling point. Generally, the time-averaged nondimensional u-velocity is
u/U,, where U, is the speed of the approaching flow.

2.2. Numerical Approach

For the numerical part, unlike the previously performed simulations using ALM & ADM with
the in-house CFD code [17,18], fully resolved blades simulations were carried out using ANSYS
Fluent CEFD on a 16-core cluster as well as Kyushu University Supercomputer, ITO . Simulations
were performed on multiple turbine configurations, starting with a single blade with cyclic sym-
metric boundaries using SRF model, then full rotor analysis, afterwards inserting the WLT and
solving for single and double SBS cases using MRF model. Flow variables were calculated using
three-dimensional RANS simulation based on the FVM in Cartesian coordinates. The govern-
ing equations are the continuity and Navier—Stokes equations. A first-order explicit method is
used for time marching. A second-order upwind scheme is applied to the convective terms. The
second-order central difference scheme is applied to the diffusion terms.
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Figure 5: Single SRF rotor (a) and its corresponding computational grid (b)

To reduce any blockage effects, a large computational domain (around 3.5 million cells) is
adopted, as described in Figures 5-7. For the preliminary case of SRF model, a RANS simulation
was performed on a single blade of the rotor (due to symmetry) with the following configuration
and computational domain as shown in Figure 5. Periodic boundary conditions were used to
account for the symmetry and only third of the domain was considered as previously validated
by Halawa et al. [20]. The simulations were carried out at an inlet velocity of 14m/s and the

optimum TSR of the WLT of 3.5.
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Figure 6: Computational MRF domain for a single WLT (a) and twin SBS WLTs (b)
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Figure 7: Current CiiB7.5 type WLT (a) and its corresponding computational grid (b)

The grid is refined near the turbines surface to capture the boundary layer effect as shown
in Fig. 7. The computational were performed on a multi-core Linux cluster as well as Kyushu
University Supercomputer ITO server. The current ANSYS license computational resources
were quite challenging. The mesh needed to be finer to match the LES requirements, yet the
license resources were limited. However, the overall tendency and qualitative results showed
good agreements between the CFD simulations and the measurements from the wind tunnel
experiments as will be shown later in the results section.

3. Results

3.1. Experimental Results

For the experimental part, from our previous experiment on the CiiB10 WLT type , the two-
turbine configuration with WLTs in SBS arrangement in Figure 8-a shows an increase in the
average power coefficient for all gap ratios s/D studied, as shown by the results of ACp and
ACd in Figure 8-b. While the increase in power coefficient is notable for all gaps studied, the
largest increase in ACp, up to 8%, is achieved with the gap ratio at around s/D = 0.2. For the
average drag coefficient ACd, the largest increase is seen at around s/D = 0.15-0.3, reaching
5% [19]. Thus in our current study on the CiiB7.5 WLT type, the optimum s/D = 0.2 was used.
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Figure 8: Experimental setup (a) and variations in Cp and Cd for the configuration of two
WLTs in SBS arrangement, compared to those for the stand-alone configuration (b) [19]

For the current experimental study, various approaching wind speeds were studied. However,
in our current validation study, we decided on the 14m/s. Figure 9 shows the experimental
power coefficient distribution with tip speed ratio for all studied cases. Figure 9a depicts the
experimental power coeflicient for the bare rotor case and single WLT case while the twin SBS
WLTs case is depicted in Figure 9b.

1 ; 1 ;
—e— Single WLT —e— SBS WLT #1
N —o— Bare Rotor N —— SBS WLT #2
o 08f o 08f —o— Bare Rotor |
+ +
= =
5} 5}
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& &
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O 04} 1 0 04l |
~ I
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g g
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| | | |
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Tip Speed Ratio A Tip Speed Ratio A\

(a) (b)
Figure 9: Experimental power coefficient distribution with tip speed ratio for bare rotor case
and single WLT case (a), as well as twin SBS WLTSs case (b)

The experimental velocity distribution behind the turbines were measured at three different
locations; right behind the rotor at 0.03m, at a downstream distance of 0.5D gotor and at 1D gotor
distance downstream as shown in Figure 10.
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Figure 10: Comparisons of experimental u—\ggiocity distributions at different downstream
locations for bare rotor (a), single WLT (b), and twin SBS WLTs (c)
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3.2. Numerical Results

For the numerical part, the results for the all the studies cases are shown as following. To
visualize the flow, a cutting plane was constructed at the center height of the WLT as shown
in Figure 11. Figures 12 shows an instantaneous flow around the simulated bare rotor, single
WLT and twin SBS WLTs at s/D = 0.2. Figure 13 shows the instantaneous static pressure
field. It is obvious that the streamwise velocity « in the gap region is larger than those in the
surroundings, hence showing accelerated flow region. Correspondingly, a lowered pressure in the
gap region is reflected in Figure 13. The accelerated gab flow is due to the flow interaction with
the adjacent WLT.

Figure 11: Visualiztion plane for single WLT (a), and twin SBS WLTs (b)

==
NS

\\ 3 \ //_’\‘\\
e

Figure 12: Instantaneous u-velocity field for the bare rotor (a), single WLT (b), and twin SBS
WLTs (c), where flow is from left to right
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(c)

Figure 13: Instantaneous static pressure field for the bare rotor (a), single WLT (b), and twin
SBS WLTS (c), evaluated at 0.4Dpgotor downstream

The numerical velocity distribution behind the turbines were calculated at three different
locations; right behind the rotor at 0.03m, at a downstream distance of 0.5 D potor and at 1D gotor
distance downstream as shown in Figure 14. To validate the accuracy of CFD results, the
numerical results are compared to those from the wind tunnel experiments, as shown in Figures
10, 14 and 15. Figure 15 shows the power output increase relative to the bare rotor for each
case study of single WLT, and twin SBS WLTs s/D = 0.2 both for CFD and wind tunnel
experiment. The WLT obviously shows a large increase in power output compared to the bare
rotor case. Besides, the twin SBS WLT's shows even larger power increase compared to the case
of single WLT by around 20% for CFD calculations. Figures 10 and 14 show the instantaneous
u-velocity distributions along a horizontal line behind the turbines located at three different
locations; right behind the rotor at 0.03m, at a downstream distance of 0.5D gotor and at 1D gotor
distance downstream. For the wu-velocity distributions, the gap flows are strongly accelerated
both in CFD and wind tunnel experiments, showing u/U, = 1.23 and are in good agreement
qualitatively. From Figures 10, 13 and 14, it can be concluded that pressure behind twin SBS
WLTs is remarkably lowered compared to those for single WLT or bare rotor configurations.
This can be explained by the accelerated gap flows effect that leads to vortices near the gaps, and
thus causing the lowered pressure region behind the twin SBS WLTs. In other words, the lowered
pressure region draws more airflow into the turbines in the MRS compared to the single WLT
or bare rotor. Therefore, the power and drag values for MRS are higher compared to those of
the stand-alone configurations. The increase in the power coefficient and the drag coefficient for
MRS configuration in the close proximity can also be explained by the flow interference around
bluff bodies and gap flow behaviors [23-24]. Reference [25] shows some similarities between the
flow around three-dimensional bluff bodies (e.g. circular plates) in SBS arrangements and the
flow around multiple WLTs in SBS configuration.
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Figure 14: Comparisons of numerical u-velocity distributions at different downstream locations

for bare rotor (a), single WLT (b), and twin SBS WLTs (c)
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Consequently, the gap flow between WLT's in close vicinity plays an critical role to boost up the
power coefficient. In order to better capture the wake structures, wake shedding and interaction
between the two rotors, the current simulation is being upgraded to LES with fully resolved
wind turbine blades. Then validation will be performed with the experimental data at a later
publication.

4. Conclusions and Future Work
Multirotor systems for wind turbine configurations have been studied using both numerical
and experimental approaches. A large wind tunnel in Kyushu University is used for all the
experiments. In parallel with wind tunnel experiments, RANS CFD simulations were performed
on bare rotor, single WLT, and twin SBS WLTSs cases using fully resolved blades, based on FVM.
The WLT obviously shows a large increase in power output compared to the bare rotor case.
Besides, the twin SBS WLTs shows even larger power increase compared to the case of single
WLT by around 20% for CFD calculations at the optimum tip speed ratio s/D of around 0.2.
The increase in the power coefficient and the drag coefficient for the MRS configuration in close
proximity can be explained by the flow interference around bluff bodies and gap flow behaviours.
For all studied cases, RANS simulations showed good agreement in the power coefficient. The
lowered pressure regions were due to the accelerated gap flows effect that leads to vortices near
the gaps, and thus causing the lowered pressure region behind the twin SBS WLTs. This means,
the lowered pressure region draws more airflow into the turbines in the MRS compared to the
single WLT or bare rotor. Therefore, the power and drag values for MRS are higher compared
to those of the stand-alone configurations. As the number of units for an MRS is increased,
the increase in power output becomes larger and larger. This is because that the gap flows
between brimmed diffuser-augmented wind turbines (B-DAWT) in a MRS are accelerated and
cause lowered pressure regions due to vortex interaction behind the brimmed diffusers. Thus, a
MRS with more B-DAWTSs can draw more wind into turbines showing higher power output.
In order to obtain a better understanding of the wake structure, interference, and the
interaction between the rotors, CFD simulations will be upgraded to LES then validated against
the experimental data at a future publication. Besides, further studies are going to be performed
on more WLT's up to 7 rotors both numerically and experimentally.
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