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1 Introduction

Wind power energy has been attracting attention as having
some great potential of green energy. In order to increase the out-
put from such a wind turbine so as to generate a sufficient amount
of electric power, supersized (very large scale) wind turbines have
become the global mainstream. Specifically, development has
been performed for such wind turbines having a diameter of
100 m or more so as to output electric power on the order of sev-
eral megawatts. Thus, the wind turbine industry has seen innova-
tions leading to growing size of turbines of currently over 140 m
in diameter. However, as the scale of the wind turbine becomes
greater, the cost gets higher, and the failure rate becomes larger
[1,2]. In addition, those supersized wind turbines lead to social
problems such as increased noise (aerodynamic noise) that occurs
due to the wind turbines, increased risk of bird strike, degradation
of the surrounding landscape due to such large-scale wind turbines
or sharp blades, and so on. Accordingly, it is difficult for local
people to accept such supersized wind turbines, and that leads
difficulties in installing such wind turbines. That is a big issue.

As pointed out by some recent studies, scaling of blades has its
limitations. Therefore, advantages of multirotor systems (MRSs)
concepts have been suggested by Jamison and Branney [3]. This
system consists of many small or medium size wind turbines in
the same vertical plane with small gaps supported by one tower
[4]. According to Jamieson [5], instead of a large single wind tur-
bine, by using a system of n smaller wind turbines, the power out-
put does not change but the weight ratio becomes 1/,n, compared
to that of a single large turbine. Saving weight leads to a reduction
of the production cost. Smulders et al. [6] analyzed a two-rotor
configuration in a wind tunnel. In 2010, the South-West Research
Institute conducted an analysis of a seven-rotor configuration in
the NASA Langley wind tunnel to test the MRS concept and
found no negative interferences among the rotors [7]. Numerical
simulations of the aerodynamic performance for the same seven-
rotor system were presented by Chasapogiannis et al. [8]. In their
computational fluid dynamics simulations using actuator disks, a
power increase of 3% was predicted for the seven-rotor system.
Yoshida et al. [9] investigated coherence effects on the power and
tower loads of a MRS. On a larger scale, structural considerations
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performance of the rotor. Multirotor systems (MRSs) have a lot of merits such as signifi-
cant saving mass and overall cost of the wind turbine system. In the present research,
B-DAWTs are studied in a MRS. In wind tunnel experiments, the power output and aero-
dynamics of three B-DAWTs placed in close vicinity have been investigated. The results
show a significant increase of up to 12% in total power output of the MRS with B-DAWTs
compared to the sum of the stand-alone (SA) same turbines. The accelerated gap flows
between B-DAWTs in a MRS cause lowered pressure regions due to vortex interaction
behind the brimmed diffusers and draw more wind into turbines.
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of a 20 MW multirotor system with 45 rotors have been presented
by Jamieson and Branney [3]. They showed that mass and cost are
reduced, in comparison with a single-rotor turbine with the same
power, and that the structure is designed based on the aerody-
namic forces rather than on the rotor loading. It can be anticipated
that a multirotor system is capable of solving such problems
involved in such supersized wind turbines at some level. How-
ever, with typical multirotor systems, such an arrangement pro-
vides only overall output without any synergistic effects, which is
simply represented by the product of the output of each wind tur-
bine and the number of wind turbines. That is to say, with the
number of wind turbines in the system as “n,” the output of the
overall system is a multiple n of the output of each single wind
turbine. It should be noted that improvement of such conventional
multirotor systems has limitations in power output increase and
provide only a small increase in efficiency on the order of at most
1-3% [10-12].

As another wind turbine concept, there is an invention of
diffuser-augmented wind turbines (DAWTSs), of which rotor is
shrouded by a diffuser [13—18]. DAWTs show power increase
compared with conventional turbines. We have been developing a
brimmed-diffuser augmented wind turbine (B-DAWT) called
wind-lens turbine (WLT) [19,20]. In the present research, we
develop a new wind turbine system that is a combination of a
MRS and WLTs. We placed two [11] or three WLTs closely in
some arrangements perpendicular to the flow and measured each
power output and drag simultaneously. In parallel with experi-
ments, we are doing computational fluid dynamics of the MRS
with WLTSs using the actuator-disk method.

2 Experimental Setup

The large boundary-layer wind tunnel of the Research Institute
for Applied Mechanics, Kyushu University, was used in this
work. The wind tunnel had a test section of 15m long x 3.6m
wide x 2m high, with a maximum wind velocity of 30 m/s, and
was characterized by a low turbulence intensity of 0.4%. To mini-
mize blockage effects, half of the test section’s side walls and
ceiling panels were removed. The previous measurement of wind
velocity and static pressure had already verified that no noticeable
blockage existed.

Figure 1 shows schematics of the dimensions of three WLTs in
a side-by-side (SBS) arrangement. Each one of the WLTs con-
sisted of a diffuser with a streamwise length L, of 0.22D ;04 and a
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Fig. 1

Table 1

Schematics of three WLTs in SBS (left) and its photo in the wind tunnel (right)

Experimental conditions in a wind tunnel

Conditions

Configuration of wind acceleration device
Inflow velocity

Reynolds number

Layouts of WLT

Gap ratio of MRS with WLTs (gap divided
by the outer diameter of a brimmed diffuser)

CiiB10 type [20]

Uy=6 (m/s)

1.7 x 10° (representative length: rotor diameter 510 (mm))
3-SBS, 3-90deg, 3-60 deg

S/Dbrim =0.0~04
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Fig.2 Procedure of measuring C, and C, in each setup (right) and schematic of the measurement system for

the power output and the drag force (left)

brim height 4 of 0.1Dy0q. called CiiB10 type WLT [19]. The
rotor diameter (D;o10r) Was 510 mm. The representative diameter
of a WLT was Dy, =696 mm in the present experiments. Three
WLTs were placed in SBS and/or triangle arrangements with gap
width s. Table 1 shows the conditions of the presented wind tunnel
experiment. The approaching wind speed, U,, was 6 m/s with a
Reynolds number of 1.7 X 10° related to rotor diameter Do The
gap ratio was §/Dyyy, (gap width/brim diameter). The range of
§/Dyrim Was between 0.01 and 0.3.

The rotor shaft and the motor were linked with a torque meter,
as shown in Fig. 2 (left). At constant rotational velocity of the ser-
vomotor, the torque was measured for 30s at 1kHz sampling
frequency. It should be noted that the rotational directions of all
the turbines in both stand-alone (SA) and MRS configurations
were the same clockwise direction from upstream view. The drag
force (thrust force) was measured with a strain gage connected to
an amplifier and low-pass filter. All the data were fed into a perso-
nal computer through an analog-digital converter. The optimum
tip speed ratio 4 was determined by setting the appropriate rota-
tional speed of the rotor. For the measurement period, the motor
speed was held constant by the servomotor controller. The power
coefficient C,, and drag coefficient C,; were calculated using Egs.
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(1) and (2). In these equations, P is the power output, T, is the tor-
que, w is the angular velocity, Fgr, is the drag force, p is the air
density, and A is the swept area of the rotor
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Figure 2 shows how the power and drag measurements were
taken in each setup. For WLTs in stand-alone configurations, the
power coefficient was defined C,o; and the drag coefficient was
defined C,; in each turbine. The averages of each coefficient of
all turbines were defined @, Cq0:- For WLTs in multirotor con-
figurations, the power coefficient was defined C,; and the drag
coefficient was defined Cy; in each turbine. The averages of each
coefficient of all turbines were defined CT,,-, Ci. In order to under-
stand how the power coefficient changed in each turbine, C,; was
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Fig.3 Experimental setup (right) and relative changes in C_p,- and C,; for the configuration of three WLTs in SBS arrangement,

compared to those for the stand-alone configuration (left)

compared to the C,;. Therefore, the relative change, AC,; was
defined as

3)

To compare the average power coefficient of the MRS with the
average power coefficient of the stand-alone WLTs, the relative
change, AC,; was defined as

@

AC,; =
r CpO[

For the drag coefficients, similar to the power coefficients, the
relative changes in C,; were calculated for AC,; and AC;.

3 Results of Wind Tunnel Experiment

3.1 Three Wind-Lens Turbines With CiiB10 in Side-by-
Side. Three WLTs with CiiB10 are arranged SBS. As viewed
from upstream, WLTs are #1, #2, and #3 from the left side (see
Fig. 3). The averages of each coefficient of all turbines were
Cpoi = 0.48, and Co; = 1.8. Figure 4 shows the results of relative
changes in power coefficient, and Fig. 5 shows relative changes in
drag coefficient. On the whole, power coefficients and drag coeffi-
cients in SBS increased at all gap ratios, and AC,; and AC; were

14%
12%
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S 8%
N #1
L')S. 6% a#2
N #3
4% @ Average
2%
0%

Fig.4 AC,; and AC,; for three WLTs with CiiB10
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larger compared with two WLTs case with CiiB10 [11]. Three
WLTs seem to accelerate the gap flow, leading to stronger shear
flow and vortex shedding. When WLTs are set up closely to each
other (e.g., $/Dpim = 0.01), relative changes in C,; and Cy were
lower. When the s/Dy;im, = 0.20, A@ increased by 12.3% at the
maximum and AC,; increased 7.8%, there seems to be an optimal
spacing for §/Dym = 0.20. Additionally, relative changes in C_,,,
were always larger compared with those in C; at all gap ratios. It
was because the power output is proportional to the cube of wind
velocity and the drag force is proportional to the square of it. As
for individual increases in C,; and C,i, #2 was the highest in
almost all cases. This was caused by biased gap flows toward
inside. The center WLT #2 in SBS arrangement was influenced
most strongly due to wake interference of three WLTs. It is noted
that unstable behavior of gap flow between wind turbines has an
effect on the performance of wind turbines similar to the studies
of Goltenbott et al. [12].

3.2 Triangle Arrangements Using Three Wind-Lens
Turbines With CiiB10. Three WLTs with CiiB10 were arranged
in two triangle arrangements. One was the right-angle triangle
configuration with the open angle of 90deg, as shown in Fig. 6.
The other was the equilateral triangle configuration with the open
angle of 60 deg, as shown in Fig. 7. As viewed from the upstream,
WLTs are #1, #2, and #3 from the left side. Figures 8 and 9
show the results of relative changes in power coefficient and rela-
tive changes in drag coefficient for the two kinds of triangle con-
figurations. At this moment, similar to the results of SBS I
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o#2
#3
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4%

2%

0%

Fig.5 ACg and ACy; for three WLTs with CiiB10 in SBS
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Fig. 7 Experimental setup of M-WLT (3-60 deg)

aforementioned, power coefficients and drag coefficients in trian-
gle configurations also increased at all gap ratios, as shown in
Figs. 8 and 9. When the s/Dyiy, was around 0.2, AG increased
by 10% at the maximum and ACy increased by 6% for both
triangle configurations. There seemed to be an optimal spacing for
§/Dirim =0.15—0.20. AC,; and AC,; were a little smaller com-
pared with three WLTs for SBS configuration. The results of indi-
vidual increases in C, and Cg4 are shown in Figs. 10-13.
Although no obvious drift appeared in ACy; (Fig. 11), AC,,, was
higher than AC,; and AC,; over $/Dyim =0.1(Fig. 10) for the
right-angle triangle configuration. This meant that the flow around
WLT #2 in the right-angle triangle configuration was influenced
most strongly from both side of WLTs #1 and #3. On the other
hand, when we set the WLTs in an equilateral triangular forma-
tion, the WLT which had the highest rate of increase was not
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Fig. 8 Relative changes in C, and C, compared to those for
the stand-alone configuration (3-90 deg)
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Fig. 9 Relative changes in C,; and Cy compared to those for
the stand-alone configuration (3-60 deg)
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Fig. 10 Individual relative changes in C,; and C,; compared to
those for the stand-alone configuration (3-90 deg)

always the same one (Figs. 12 and 13). The configuration itself
was considered to be the reason of this result; all the WLTs had
two WLTs next to themselves in this balanced position, possibly
being affected by two gap flows.

4 Numerical Analyses

Flows around a MRS with three WLTs in SBS arrangements
were numerically simulated using a three-dimensional large eddy
simulation (LES) based on the finite difference method (FDM).
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Fig. 11 Individual relative changes in C,; and C, compared to
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Fig. 12 Individual relative changes in C,; and C_p,- compared to
those for the stand-alone configuration (3-60 deg)
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Fig. 13 Individual relative changes in C, and C4 compared to
those for the stand-alone configuration (3-60 deg)

Table 2 shows the numerical conditions. We used FORTRAN
code which we had developed. The governing equations were the
continuity and Navier—Stokes equations. A first-order explicit
method was used for time marching. A third-order upwind scheme
was applied to the convective term. The wind turbine was mod-
eled on the actuator disk method [21]. The shroud bodies were
modeled on the rectangular grid approximation. To avoid any
blockage effects, a large computational domain was adopted, as
described below in Fig. 14. A grid refinement study was done to
be confirmed that no noticeable difference appeared in the numer-
ical result on twice higher accuracy grid. Consequently, the over-
all tendency and qualitative results showed good agreements with
those from the wind tunnel experiments.

Figure 15 shows an instantaneous flow around the MRS with
three WLTSs at s/Dyim = 0.05. The flow field was visualized at the

Journal of Energy Resources Technology

Table 2 Numerical conditions

Conditions

Discretization technique
Time marching method
Coupling method
Coordination system

Variable arrangement
Turbulence model
SGS model
Convection term
Reynolds number

Grid resolution
Number of grid points
Computational domain
Boundary conditions

Finite difference method

Euler explicit scheme

Fractional step method
Three-dimensional Cartesian coordinate
system

Staggered

LES

Mixed-time-scale SGS model

Third order upwind differencing scheme
3.0 x 10° (representative length: rotor
diameter)

Ax= Ay = Az =0.01Dy;iy, (near turbine)
226 x 571 x 211

1ODrolm" X 25Drolor X 1ODrolm'

Inflow velocity: uniform wind condition
Outflow velocity: Sommerfeld radiation
condition

Velocity at side wall: flee-slip condition
Velocity at body surface: no-slip condition
Pressure: Neumann condition

Fig. 14 Computational

arrangement

-5.000e-01

[RENEEREN

Fig. 15 Instantaneous

domain for three WLTs in SBS

Deflections of
gap flow

X_VELOCITY

045 0.92 1.400e+00
LLIEEEreel

streamwise wind velocity

(8/Dyrim = 0.05), flow is left to right

MAY 2019, Vol. 141 / 051211-5

Downloaded From: https://energyresources.asmedigitalcollection.asme.org on 07/11/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



Accelerations of
gap flow

X_VELOCITY
-5.000e-01 0 0.47 0.95 1.400e+00
llIIIIIII||I, LIEErrre

—

Fig. 16 Instantaneous streamwise wind velocity (s/Dyim = 0.2),
flow is left to right

center height of three turbines in SBS arrangement. The two gap
flows were biased inside in SBS arrangement. It meant that the
center WLT showed higher C,; and C,; compared to those for
both side WLTs, as shown in Figs. 4 and 5. Generally, in the wake
interference, the body with the biased side of gap flow shows
higher drag as reported by Ohya et al. [11,22-24]. The results as
shown in Figs. 4, 5, and 15 show good consistency.

Figure 16 shows an instantaneous flow around the MRS with
three WLTs at s/Dyim = 0.2. The flow field was visualized at the
center height of three turbines in SBS arrangement. The two gap
flows were strongly accelerated due to the flow interaction with a
pair of WLTs. To investigate the pressure distribution behind the
MRS with three WLTs, we evaluated a nondimensional static
pressure along the line A—A, which was just behind the turbines,
as described in Fig. 16. Figure 17 shows the time-averaged pres-
sure distribution. Here, the black line of MRS-3-180 shows the

0.2 Drotor behind rotor

Fig. 18 Grid resolution around a single WLT of CiiB10 (The
pressure distributions in Fig. 17 were evaluated along the line
A-A behind the single WLT with 0.2D,.,, separation)

Fig. 19 Nine kilowatt multilens turbine using three 3kW WLTs
at Kita-kyushu city, March 2017

pressure distribution of a MRS with three WLTs. Other three
dotted lines of SA (stand-alone configuration) mean the pressure
distributions of a single WLT in the stand-alone configuration, as
explained in Fig. 18. To compare those values and profiles of the
static pressures, the SA pressure distributions were aligned with
the same positions with three WLTs in the SBS arrangement.
From Fig. 17, it is clearly seen that the pressure behind the MRS
with three WLTs was remarkably lowered compared to those for
SA configurations. Thus, the gap flows were accelerated, leading
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Fig. 17 Cross-streamwise profiles of normalized pressure behind the MRS with three WLTs in SBS

arrangements with gap ratio of s/Dy,i,, = 0.2
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Fig. 20 The capacity factor of a 9 kW multilens turbine using three 3kW WLTs at Kita-kyushu city,
March 2017 to March 2018. The rated wind speed is 11.0 m/s.

to vortices near the gaps, causing the lower pressure regions
behind the WLTs. It meant that the lowered pressured regions
drew much more airflows into turbines in the MRS with WLTs.
Therefore, the C,,; and Cy; for a MRS with WLTs showed higher
values compared to those for the stand-alone configuration.

5 Field Test

Very recently, we have manufactured a prototype of a 9kW
MRS system using three 3kW WLTs and have installed in the
field in Kita-Kyushu city, Japan, as shown in Fig. 19. The diame-
ter of each WLT was 2.78m, and the top height of MRS was
18 m. As shown in Fig. 20, the results of power output have
already shown higher capacity factors over a wide range of wind
speed, compared to that for bigger wind turbines of MW class.
The description of field experiments here is a partial consequence.
Circumstantial methods and results will be described in our next

paper.

6 Conclusion

Multirotor systems for wind turbine configurations have been
studied for SBS and two triangle arrangements (90-deg and 60-
deg) of DAWTs which are called WLTs. First, the power coeffi-
cient and drag coefficient (thrust force) for the three MRS with
WLTs in SBS arrangements were investigated, followed by the
similar study for two triangle configurations using three WLTs. A
large boundary layer wind tunnel in Kyushu University was used
for all the experiments. In parallel with wind tunnel experiments,
we conducted LES of MRS with WLTs using the actuator-disk
method, based on FDM.

Closely spaced DAWT with brim (WLTs), i.e., the MRS with
three WLTs in SBS configuration showed a remarkable increase
in power output with the gap ratio s/Dy;,. The largest average
increase was achieved at a range of s/Dy, = 0.15 — 0.3, reaching
up to 12%. The average drag was also increased 8% for the three-
WLT configuration. It should be noted that the individual
increases in C, and C,; showed distinct differences with each
other. The higher values in C,, corresponded to higher values in
C, for both configurations in SBS. The increase in C,, was much
larger than those in C, because the power out is proportional to

Journal of Energy Resources Technology

the cube of the incoming wind velocity into the wind turbine and
the drag is proportional to the square of it. The relative changes in
C, and C; with the three-WLT configuration became larger com-
pared to those with the two-WLT configuration in SBS
arrangement.

Two MRSs of triangle arrangements using three WLTs with
CiiB10 were investigated similarly to the SBS arrangement. One
was the right-angle triangle configuration with the open angle of
90deg. The other was the equilateral triangle configuration with
the open angle of 60 deg. Power coefficients and drag coefficients
in triangle configurations also increased at all gap ratios. When
the s/Dyim Was around 0.2, AC,, was increased by 10% at the max-
imum and AC, was increased by 6% for both triangle configura-
tions. AC,, and AC, were a little smaller compared with three
WLTs for SBS configuration.

The increase in the power coefficient and the drag coefficient
for the three-WLT MRS configurations in close proximity can be
explained by the flow interference around bluff bodies and gap
flow behaviors. Similarities can be drawn between the flow around
three-dimensional bluff bodies (for example, circular plates) in
SBS and the flow around multiple WLTs in SBS. The gap flows
between WLTs with close vicinity play an important role to cause
the increases in the power coefficient and the drag coefficient.

To investigate the wake interference for MRS with WLTs,
numerical analyses of the flow around a MRS with three WLTs in
SBS arrangement were made using LES based on FDM. At
§/Dyrim = 0.05, the two gap flows were clearly biased toward the
center WLT, leading to higher C,, and C, of the center WLT. At
§/Dyprim = 0.2, the two gap flows were strongly accelerated due to
the flow interaction with a pair of WLTs. To investigate the pres-
sure distribution behind the MRS with three WLTSs, we evaluated
the nondimensional pressure just behind the WLTs in SBS. The
pressure was remarkably lowered compared to those for stand-
alone configurations. The accelerated gap flows caused the lower
pressure regions behind the WLTs. The lower pressured regions
drew much more airflows into turbines in the MRS with WLTs.
Therefore, the C,, and C, for a MRS with WLTs showed higher
values compared to those for the stand-alone configuration.

Our recent prototype is nearly to be another evidence to show
how the MRS can be a good answer to supersede of one big typi-
cal turbine.
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The total number of wind turbines used in the present research
is three. One question arises: how will a MRS behave with more
than three turbines? The focus of our future research will be
addressing these issues.
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Nomenclature

A = swept area of rotor (mz)
C, = drag coefficient
C,; = drag coefficient of each turbine in the multibody
configuration
C40; = drag coefficient of a turbine in the stand-alone
configuration
C, = power coefficient
; = maximum power coefficient of each turbine in the
multirotor configuration
Cpo; = maximum power coefficient of a turbine in the
stand-alone configuration
C,i = average drag coefficient of multiple turbines in the
multibody configuration
Ca0i = average drag coefficient of all turbines in the
stand-alone configuration
»i = average of maximum power coefficients of all turbines
in the multirotor configuration
Cpoi = average of maximum power coefficients of all turbines
in the stand-alone configuration
Dpim = brim diameter for WLT (m)
D, o1or = rotor diameter (m)
D hroat = diffuser throat diameter (m)
f = frequency (Hz)
Farag = drag force (N)
h = brim height (m)
L = reference length (m)
L, = length of diffuser (m)
P = power output (W)
r = radius of the rotor (m)
Re = Reynolds number = U, L/v
s = gap width (m)
§/Dyim = gap ratio for wind-lens turbines in the multirotor
configuration
T, = torque (N-m)
U = wind velocity in streamwise direction (x-direction)
(m/s)
Uy = approaching wind velocity (x-direction) (m/s)
X,y, z = streamwise, spanwise, and vertical directions (m)
AC,; = relative change in C; compared to C; (%)
AC,,; = relative change in C,; compared to C, (%)

a
\

ACy; = relative change in C,; compared to C; (%)

051211-8 / Vol. 141, MAY 2019

>
a
|

= relative change in C_p, compared to m (%)
A = tip speed ratio

v = kinematic viscosity (mz/s)

p = air density (kg/m>)

o = angular velocity 27f (rad/s)
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