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Abstract

The present paper describes control of wingtip vortices generated by vertical
type wind turbine. The wind turbine consists of three circular cylinders. Each
cylinder rotates on its own vertical axis and moves in orbit. It is known that
wingtip vortices give rise to decrease of power generation performance as well
as aerodynamic noise. Therefore, the goal of the study is to control wingtip
vortices and to improve power generation performance. Numerical study was
conducted for 14 models to find out control factors to suppress wingtip vor-
tices. Numerical simulation visualized wingtips by streamlines as well as
pressure distribution on the circular cylinder for evaluating Magnus effect. As
a result, the following findings were obtained: 1) Installation of fully covered
protection plates at both ends of the circular cylinder blades is greatly effec-
tive to suppress the wingtip vortices. 2) Curved wings attached to each cy-
linder are more effective to enhance power generation efficiency than flat
ones, due to great increase in Magnus effect caused by large pressure differ-
ence on both sides of the curved wing. The power efficiency of the optimized
model was improved up to 2.8%, which means 11 times that of the original
model.
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1. Introduction

Wind-power generation is one of the most introduced energies regarding re-
newable energies across the world. However, wind power generation has not yet

been widely used due to low power efficiency and poor strength [1] [2]. Hori-
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zontal propeller type wind turbines do not have sufficient strength especially for
strong wind, for example, caused by typhoons.

To solve these problems, a new type of wind turbine equipped with circular
cylinders is recently increasing in number. Takahashi et a/ [3]-[8] had investi-
gated the theory of rotating the circular cylinder blade of a wind turbine using
the lift force generated by the longitudinal vortex. This new type of wind turbine
consists only of the circular cylinder blade and a ring plate behind the cylinder
blade. Therefore it has a very simple structure and sufficient strength, compared
with the conventional propeller blades.

The wind turbine in interest consists of three circular cylinders. Each cylinder
rotates on its own vertical axis and moves in the orbit. Compared with wind tur-
bines with propellers, wind turbines with cylinder blades have sufficient higher
rigidity. However, it is known that wingtip vortices give rise to decrease of power
generation capacity as well as aerodynamic noise. Wingtip vortices shedding
from a front cylinder interfere with a rear cylinder and the interference cause
surface pressure distributions on the rear cylinder as shown in Figure 1. This
leads to lowering Magnus forces which cause deteriorating the power efficiency.
Although there are many papers regarding wind turbines with circular cylinders,

few papers describe the configuration of circular cylinders to improve the power

performance.
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Figure 1. Wingtip vortices visualized by streamlines for vertical type Magnus wind tur-
bine. Wingtip vortices shedding from the front cylinder interact with the rear one as
shown in (a) Side view and (b) Top view.
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Therefore, the paper aims to improve the power generation efficiency by con-
trol and suppression of wingtip vortices on vertical type wind turbine with cir-

cular cylinders.

2. Numerical Analysis
2.1. Numerical Method

Numerical study uses the software STAR-CCM+ with software V11.04.012. The
numerical simulation was performed by unsteady airflow analysis. The study
employs turbulent model of RANS (Reynolds Averaged Navier-Stokes) and LES
(Large Eddy Simulation). The numerical simulation was conducted by DES
(Detached Eddy Simulation) [9] which consists of RANS and LES. In the flow
region in the vicinity of an obstacle, RANS was used to reduce the simulation
time, neglecting small eddies by averaging the unsteady separated flow close to
the object. In the other simulation region LES was used to calculate the unsteady
vortical flow directly.

2.2. Prism Layer Mesh

The prism layer mesh model [10] is employed with a core volume mesh to gen-
erate orthogonal prismatic cells next to wall surfaces or boundaries. This layer of
cells is necessary to improve the accuracy of the flow solution. Prism layers can
resolve near wall flow accurately, which is critical in determining flow features
such as separation. Separation in turn affects integral results such as drag or
pressure drop. Accurate prediction of these flow features depends on resolving
the velocity gradient normal to the circular cylinder surface. The gradient is
much steeper in the viscous sublayer of a turbulent boundary layer than would
be implied by taking gradient from a coarse mesh.

Figure 2 shows the prism layer in the vicinity of the circular cylinder surface.
The number of prism layer is 2 and its thickness is 2 mm. The prism layer meets
two criteria; one is that the turbulent viscosity ratio has its peak value within the
prism layer and the other is that the prism layer has smooth connection with

outer mesh region.

Figure 2. Prism layer in the vicinity of the circular cylinder surface.
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2.3. Analytical Condition

For unsteady analysis, time step is 0.05 s and the number of an internal iteration
is ten. The Magnus wind turbine was installed in the uniform flow whose speed
is 10 m/s. This is due to the fact that although the speed is a little high when
compared with the average wind speed in Japan, the wind turbine is expected to
operate even in the circumstance of attack of typhoon.

Reynolds number is defined in Equation (1), where uniform velocity U = 10
m/s, diameter of a circular cylinder D = 89 x 10~ m, and kinematic viscosity of
air v=15.15 x 10® m?*/s and results in R, = 5.9 x 10* This implies that the flow

around the circular cylinder is laminar flow.
R =— (1)

The driving force of the wind turbine is caused by Magnus effect. When the
rotating cylinder is immersed in the uniform, lift force is generated. The lift
force is generated by the pressure difference between one side of the cylinder
and the other side due to Bernoulli’s principle. To generate the Magnus effect,
the three each cylinder has to be rotated. In the study the rotating speed is set as
200 rpm, based on the previous paper [1]. Considering that the circumferential
speed becomes 1.86 m/s at the rotational speed of 200 rpm, representative veloc-
ity Uamounts to 11.86 m/s at the maximum speed on the surface of the circular
cylinder where Reynolds number is 6.99 x 10*. Figure 3 shows that streamlines
around the clock wisely rotating circular cylinder at the speed of 200 rpm. It in-
dicates that the separation point can be seen at the red circle mark less than 90°.
According to the experimental results with respect to the separation point,
where 10° < Re < 10°, the flow still remains laminar and laminar separation oc-
curs near 80° from the front stagnation as shown in Figure 4 [11] [12]. It there-
fore follows that laminar separation point numerically obtained quite well agrees

with the experimental results.

rss (Pa)
_Z_}}; -162.77 -117.07  -71.373  -25.672 20.029  65.730

Figure 3. Streamlines around the clock wisely rotating circular cylinder at the speed of
200 rpm. It indicates that laminar separation point can be seen at point S less than
90°.

DOI: 10.4236/0jfd.2018.83021

334 Open Journal of Fluid Dynamics


https://doi.org/10.4236/ojfd.2018.83021

S. Ogawa, Y. Kimura

Turbulent separation point
0 N :
N SRTEN
\N B
\ L. 1
\\\\\\ separ:glc:ggoint . A
al Q -1 \\\ \ /ﬂ 1 \C ]
N LN v
N '/ X- F" ---
N4 A
\ /
\\/
2 \ .

\ -
\
. N Reattachment
Ideal fluid /{\ \ \/‘/ point
i 7 tb
Laminar separation point
3 o A | ]

0 20°  40° 60° 80° 100° 120° 140° 160° 180°
0

Figure 4. Pressure distribution around cylinder [11]: A Re = 1.1 x 10° < Re B Re =
6.7 x 10° > Reg; C, Re = 8.4 x 10° > Rec. The Reynolds number Re = 3.8 x 10° at which
the boundary layer becomes turbulent is called the critical Reynolds number Re.

2.4. Mesh Generation

Figure 5 shows numerical mesh layout. Calculation domain consists of 4 areas;
the test area, the medium, the small, and the tiny area. These areas were divided
to calculate efficiently. Therefore they do not directly indicate boundary layers
although fine meshes are made in the vicinity of circular cylinders. The test area
accounts for the largest calculation area with the roughest mesh size of the four
regions since the area does not need fine calculations.

The test area was selected as reference size. The mesh size is 0.1 mm. When
the reference mesh size is taken as 0.05 mm, the relative percentage becomes
200%. Other three areas, medium, small, and tiny area are 100%, 50%, 25%
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Figure 5. Numerical mesh layout.

respectively. The tiny test area has the finest mesh to simulate the shedding wing
tip vortices accurately.

The study adopted the overset mesh region [13]. Overset mesh can be espe-
cially useful in cases involving large relative motion between components.
Compared to remeshing, overset mesh allows greater control of local mesh cha-
racteristics as the geometry moves through the domain, because individual mesh
zones need not deform to accommodate moving geometry. Overset mesh can
allow optimization of local cell types and quality, reduce computation time, or
simplify model setup. Owing to this function, generated mesh region can move
independently without any restriction on the background mesh. Figure 6 shows
the overset mesh region close to the cylinder. The overset mesh covers Area Cy-
linder 1, 2, and 3 which has 0.009 m. When the reference mesh size is taken as

0.01 m, the relative percentage becomes 90%.

2.5. Analytical Model

To find out control factors which can suppress wingtip vortices, fourteen nu-
merical models from A to Q were produced. Figure 7 indicates configurations of
14 models used. The sizes of models are almost equal to those of model A. All
models consist of three circular cylinders, based on model A. Therefore model A
is defined as reference model. Figure 8 shows the dimension of the reference
model A. Specification of model A as the reference model is 89 mm in diameter
and 500 mm long. Each circular cylinder has 250 mm as a rotating radius. Mod-
els D and Q are typical in terms of power generation efficiency. Model D is
produced by combining B and C. This type of model D is being commercialized
in the market. Model D installs circular protection plates to reduce wingtip vor-
tices on the both ends of the cylinder in addition to a wing plate attached along
the cylinder. Based on model D, model Q was improved in terms of reduction of
wingtips and enhancement of rotating forces. Detailed information will be ex-

plained in the discussion section.
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Figure 6. Overset mesh region close to the cylinder.
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Figure 7. Numerical models used for performance evaluation from A to Q.

Figure 8. Dimension of reference model A.
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3. Numerical Results and Discussion

3.1. Performance Evaluation Equation

¢ Output W

STAR CCM+ program can calculate the rotational energy as a function of
time £ based on the rotational motion of the cylinder. Using this function, after
calculating rotation energy for 10 seconds, average output (W) was obtained. In
the simulation of power generation, both mechanical loss and electric generator
loss are not taken into account.
* Number of revolution n

STAR CCM+ can also calculate the rotational angle 8 (deg.) just like rotation-
al energy. Based on Equation (2), the number of averaged revolution was ob-

tained.

n=-——x60[rpm| (2)

* Torque T
Torque 7 can be obtained as the function of W and 12 in the following Equa-
tion (3).

o L1000 W,

= N-
2 60 n m] ®)

* Power efficiency g
Power efficiency 7 is given as Equation (4) by dividing output W with motion

energy Q of the wind.

1o W
0=3pSU% =7 @)

3.2. Numerical Results and Discussion

Figure 9 shows performance curves for all models. The performance curves are
classified into two groups. One is higher group and the other lower one. Higher
group consists of C, D, H, I, P, and Q while Lower group A, B, F, G, ], K, L, and
O. Higher group has either protection plates or wings. Model Chas flat wings, D
circular protection plates and flat wings, H large flat wing, Jsmall wing, P circu-
lar protection plates and curved plates, Q fully covered protection plates and
curved wings. Of 6 models in Higher group Q is the highest. Q is better than P.
This is because fully covered protection is more effective than circular one in
reducing wingtips. Lower group shows that 8 models concerned have no or little
effect on performance even if they have either protection plates or wings due to
wingtips vortices. As a result, model Q obtained largest numbers of revolution of
the 14 models. The power efficiency of model Qis 2.8% which is 11 times that of
the original model A.

Model Q installs fully covered protection plates at both ends of the circular
cylinders as well as curved wings along the circular cylinders. The large protection

plate contributes greatly to flow control of wingtip vortices. Wingtip vortices
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Figure 9. Performance curve of models A to Q.

shedding from the front cylinder has no interference with the rear cylinder. This
leads to the maintenance of high Magnus force.

Further the curved wing can produce the wind resistance. Compared with the
flat plate wing, the curved wing can generate large pressure difference on both
sides of the curved plate wing. This large pressure difference causes the great ro-
tating force along with Magnus force.

Table 1 indicates list of quantitative values in terms of output, revolution
number, torque, and power efficiency. It is found that model Q1is almost the best
of four performances. The performance of model Q was greatly enhanced. The
reason of the effects was investigated in detailed in terms of flow field and pres-
sure. Model Q@ installed two countermeasures; protection plates and curved

wings.

4. Performance Improvement
4.1. Effect of Protection Plates

Figure 10 shows the effect of protection plate by streamlines. Compared with
models B, D and P, protection plates installed on both ends of the cylinder were
enlarged so that the plates can fully cover all three cylinders. Regarding protec-
tion plates, circular protection plates of models B, D and P are too small to sup-
press wingtip vortices shedding from the end of the cylinder. On the other hand,
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Figure 10. Effect of fully covered protection plates of model Q.

Table 1. Performance table of models A to Q.

output [W] Rotation speed [rpm] torque [Nm]
A 0.33 11.27 0.28
B 0.37 29.96 0.12
C 2.67 169.65 0.15
D 2.86 134.39 0.20
E 0.00 0.46 0.02
G 0.57 -10.93 -0.50
H 2.89 150.98 0.18
I 2.88 181.77 0.15
] 0.66 -11.05 -0.57
K 0.42 -8.55 -0.46
L 0.58 39.84 0.14
(0] 1.34 37.19 0.34
P 3.68 199.32 0.18
Q 4.06 197.12 0.20

power efficiency [%]
0.19
0.21
1.50
1.60
0.00
0.32
1.62
1.61
0.37
0.23
0.33
0.75
2.06

2.28

for model Q it is recognized that the fully covered protection plates successfully

prevent wingtip vortices from interfering with the end of the circular cylinder.

Since pressure loss on the wing surface was not induced by wingtip vortices, suf-

ficient lift forces due to Magnus effect can be obtained.

4.2. Effect of Curved Wings

Figure 11 shows the effects of curved wings. Curved wings have two effects. One

is effect of drag forces caused by the wing. Compared with the flat plate of models

C and D, curved wings efficiently gain drag forces due to curved configuration
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Figure 11. Effect of curved wings of model Q.

shown in the figure. The other effect is to enhance Magnus force. Airflows im-
pinging the curved wing cause the increasing positive pressure which leads to
greater pressure gap on the cylinder surface. Solution time indicates the time
when the most representative situation was obtained. Solution time of the fig-

ures is different since it depends on the simulation results.

5. Conclusions

The paper aims to control wingtip vortices to improve power generation capaci-
ty. As a result, following findings were obtained.

Numerical study was conducted for 14 models to find out control factors to
suppress wingtip vortices. Numerical simulation visualized wingtips by stream-
lines as well as pressure distribution on the circular cylinder for evaluating
Magnus effect. As a result, the following findings were obtained.

1) Installation of fully covered protection plates at both ends of the circular
cylinder blades is greatly effective to suppress the wingtip vortices.

2) Curved wings attached to each cylinder are more effective to enhance pow-
er generation efficiency than flat ones, due to great increase in Magnus effect
caused by large pressure difference on both sides of the curved wing.

The power efficiency of the optimized model was improved up to 2.8%, which

means 11 times that of the original model.
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