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ARTICLE INFO ABSTRACT
Keywords: In vertical axis wind turbine (VAWT) research, amount studies have been conducted about the flow field around
Vertical axis wind turbine the blades, but the effect of blade tip vortex was not revealed clearly. The present study emphasized on the effect

Entropy production theory
Power coefficient

Wake energy loss

Energy loss coefficient

of blade tip vortex on energy loss in wake region and employed entropy production theory to determine where
and how energy loss generates quantitatively. The numerical simulation was conducted for the VAWTSs versus
various tip speed ratio (TSR) conditions, and the numerical results were analyzed by entropy production method.
The energy loss calculated by entropy production theory in VAWTs flows increases with TSR increasing. The
distribution of entropy production rate (EPR) in wake region was asymmetrical due to the influence of blade tip
vortex diffusion downstream and two fluctuation peaks appeared on EPR curves. The energy loss coefficient was
defined to represent the energy deficit and kinetic energy recovery in wake region quantitatively. Generally, the
energy loss coefficient was reduced to 0.1 between 8D to 9D in wake region and was equal to 0.1051 at x = 8D
under optimal condition TSR = 2.19. The present study can guide configuration optimization of VAWTs to
improve wind energy utilization and revenue of wind farms.

all kinds of factors that affect the aerodynamic performances of VAWTs.
Li et al. [2] studied the effects of blade numbers of VAWTs on the
aerodynamic forces acting on a single blade. Li et al. [3] made the
experimental measurements of the straight-bladed VAWTs with
different blade pitch angle, Reynolds number as well as wind velocity,
and obtained the optimal blade pitch angle and wind velocity. Zamani
et al. [4] proposed a novel blade of VAWTs with porous media and found
the enhancement of power and torque coefficient near optimum tip
speed ratio equipped with porous media blades. Arpino et al. [5] dis-
played the details of VAWTS flow field by PIV (particle image velocim-
etry) and put forward a validation benchmark for computational fluid
dynamics (CFD) models through PIV measurements. The effects of the
blade tip of VAWTSs on aerodynamic performance as well as flow regimes
were studied by Miao et al. [6] by comparing them with twenty blade
tips. As for the trailing edge of the blade, the performance of the semi-
flexible trailing edge of VAWTs was measured by experiments [7].
From the point of flow control, an adaptive flap was added to the blade
that can mitigate the flow separation in trailing edge region, and the
effects of flap length as well as location were studied by Hao et al. [8].
Chen et al. [9] used the high-fitting neural network to predict the mean

1. Introduction

The exploitation of clean energy resources is the inevitable way for
society to support the development of the industry. A form of clean
energy, wind energy has the advantages of being sufficient, economical,
renewable, and with no pollution and can be used as an alternative to
fossil energy [1]. To improve the energy coefficient of VAWTs, plenty of
research has been conducted about the local flow field around blades to
optimize the aerodynamic performance of hydrofoils. However, the
blade tip vortex was inevitable in VAWTs operation, but few studies
focused on the influence of blade tip vortex on the performance of
VAWTSs. Moreover, wake characteristics were also important for wind
turbines and wind farms and it was also important to study the energy
deficit as well as kinetic energy recovery in wake region.

Plenty of achievements obtained for VAWTs focused on aerodynamic
performance, control systems, dynamic stall, wake flow field through
using theoretical, experimental, and numerical methods. To improve the
efficiency of wind energy conversion, the aerodynamic performance of
the VAWTS is the point of research. Therefore, it is worth to investigate
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Nomenclature Sp entropy production by direct dissipation [W/K]
Sp entropy production by turbulent dissipation [W/K]
X,Y,Z Cartesian spatial coordinates m Sp entropy production by wall shear stress [W/K]
0 azimuth angle [°] Pp power loss by EPTD [W]
p blade pitch angle [°] Pw power loss by EPWS [W]
H span length [m] S instantaneous specific entropy [J/(kg-K)]
Cpower power coefficient 5 time-average specific entropy [J/(kg-K)]
u,v,w instantaneous velocity [m/s] s fluctuated specific entropy [J/(kg-K)]
u,v,w time-averaged velocity [m/s] Q rotor torque [N-m]
u.,v,w fluctuated velocity [m/s] Wy angular velocity [rad/s]
p density [kg/m?]
€ turbulent dissipation rate [m?/s%] Abbreviation 3
2 tip speed ratio EPDD entropy production rate by direct dissipation [W/(m”-K)]
k turbulent kinetic energy m%/s%] EPTD entgropy production rate by turbulent dissipation [W/
u dynamic viscosity [N-s/m?] (m*-K)] . 9
7y Reynolds stress tensor EPWS  entropy product%on rate by wallzshear stress [W/(m*-K)]
q heat flux [W/m?] EPR entropy production rate [W/(m*-K)]
T absolute temperature [K] TEPR total entropy production rate [W/(m?K)]
D, dissipation functions TSR tip speed ratio
Pp power loss by EPDD [W] VAWT  vertical axis wind turbine
Ac area of computational domain inlet [m?] CFD computational fluid dynamics
Ve volume of computational domain [m3] LE leading edge
D runner diameter [m] TE trailing edge
Hc Height of cornpl.ltational‘ doma;n [m] Subscripts
A swept area of wind turbine [m~] t turbulent
R rotor radius [m] eff effective value
w wall shear stress [Pa] i,j,k direction of Cartesian coordinates
U free-stream wind velocity [m/s] Num. numerical simulation
C energy loss coefficient Exp. experiment
[oR vorticity in z direction [s™4

TSR of VAWTSs based on CFD data. Zhang et al. [10,11] proposed a novel
blade with bionic airfoil and found that the power performance of bionic
airfoil was improved in dynamic stall.

The published achievements in energy analysis of VAWTs were
conducted toward external characteristics as well as internal charac-
teristics. The external characteristics are the fundamental physical
quantities such as torque, power coefficient, lift force, and drag force
which can evaluate the performance of VAWTs macroscopically [12].
The internal characteristics were presented in the form of flow field to
display the details of flow regimes and further analyze the spatial dis-
tribution of energy loss through such as velocity field, vorticity field,
pressure field and vortex identification [3,13,14]. Many reports studied
the flow field to reflect the energy loss of VAWTs but the flow field
cannot reveal the spatial energy loss of VAWTs directly. The entropy
production theory is an excellent method to calculate energy loss
quantitatively in flows and can determine where and how the energy
loss occurs intuitively. Mamouri et al. [15,16] used entropy production
method to analyze the performance of different airfoils and studied the
relation between entropy generation integral and drag coefficient. The
entropy production method is an effective criterion for design, optimi-
zation of VAWTS, and evaluation as well as calculation of energy loss of
VAWT flows. Soltanmohamadi et al. [17] used the entropy generation
method to evaluate the performance of Wells turbine between a sug-
gested design and a constant chord and proved the superiority of the
new design with decreasing of 26.02 % in entropy generation. Nazeryan
et al. [18] compared the performance of Wells turbine with a constant
thickness blade and a variable thickness blade by entropy generation
analysis. Ghisu et al. [19] made re-examination the mechanisms of the
entropy generation in flows and analyzed the details of entropy gener-
ation in isolated airfoils as well as Wells turbines. Therefore, the exergy
method was used in wind turbine to evaluate the exergy efficiency of
wind turbine and energy characteristics.

Plenty of studies focused on the local flow field around blades of
VAWTSs and the velocity recovery in wake regions. However, the adverse
flow in blade tip region also had an impact on VAWTs performance and
the energy loss mechanisms in blade tip region have not been revealed
clearly. The objectives of the present research are to reveal the distri-
bution of energy loss due to blade tip in wake region and the energy loss
evolution in wake region.

In this study, a numerical simulation was conducted for a VAWT with
two blades versus various TSRs. This research aims to employ the en-
tropy production theory for energy loss analysis in VAWT flows and
reveal the regularity of energy dissipation in VAWT fields versus various
TSRs. First of all, the validation of simulation was verified and the
performance of VAWT was analyzed. Then, the entropy production in
runner was calculated and the local flow field around blades was
analyzed. Finally, the energy loss in blade tip wake region was revealed
by entropy production method and an energy loss coefficient was
defined.

2. Governing equations and entropy production theory

The RANS method was adopted in this simulation, and the governing
equations are shown as follows:
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where u is time-averaged velocity [m/s], t is time [s], p is density
[kg/m?], p is average pressure [Pal, y is molecular dynamic viscosity
[N-s/m?] and y, is the eddy viscosity [N-s/m?], 7; is Reynolds stress
tensor [Pa],

& is the Kronecker delta operator. The subscripts (i, j, k) represent
three directions in Cartesian coordinates.

From the perspective of thermodynamic system, the freestream wind
undergoes the VAWT where the partial kinetic energy converts into
mechanical energy. This energy conversion process is an irreversible
thermodynamic process that leads to entropy generation inevitably
based on the second law of thermodynamics. The entropy generation
corresponds to the exergy loss can be used to calculate energy loss in
VAWT flows quantitatively. The entropy transport equation in incom-
pressible flows is shown as follows [20]:

p(%-i—ug-&-vg—;-&-wg—z) = _div<%> +§+% 5)
where u, v and w are instantaneous velocity, s is specific entropy per
unit mass [J/(kg-K)1, g is heat flux [W/mz], Tis local temperature [K], ®
and &g are dissipation function.
Based on the Reynolds time-average method, the instantaneous
variables can be divided into time-average part as well as fluctuating
part:

s=S5+s (6)

u=tu+u 7

where 5 is time-average specific entropy, s is fluctuating specific
entropy, U is fluctuating velocity.

Employ Reynolds time-average method, the Eq. (5) can be trans-
formed into follows [20]:
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where in the right side of Eq. (8), the dissipation function term I
represents the EPR induced by fluid viscosity effects and the dissipation
function term II represents the EPR induced by heat transfer irrevers-
ibility. The temperature variation in VAWT flows is negligible so that the
thermodynamic system was treated as constant temperature system.

The dissipation function term I can be written as follows [20]:
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Employ Reynolds time-average method, Eq. (9) can be written as Eq.

(10) and can be divided into time-average part (Eq. (11)) as well as
fluctuating part (Eq. (12)) [20]:
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where S;" is the entropy production rate by direct dissipation

(EPDD) [W/(m3~K)], which is induced by time-averaged velocity, S;r is
the entropy production rate by turbulent dissipation (EPTD) [W/
(m3-K)], which is induced by fluctuating velocity.

However, in Reynolds time-average method, the fluctuating velocity
is not calculated directly so that the EPTD was identified by approxi-
mation function coupling with turbulence model. As for k-w turbulence
model, the EPDD can be calculated by the function as follows [21,22]:

: k
§p = 0.09’% a4

where o is turbulent eddy frequency [s’l], 0.09 is constant [23,24],
k is turbulent kinetic energy [m?/s%].

The wall function proposed by Duan et al. [25,26] to calculate en-
tropy production rate by wall shear (EPWS) is shown as follows:

S/ _ Ty Vw

w T (15)

where 7, is wall shear stress [Pa], and vy, is first grid cell velocity
near wall [Pa].

The entropy production can be obtained by EPR integrating with the
computational domain.

S5 = / $5"dVs,y = / Sy dVSy = / S dA (16)
Vv 14 A

where S5 is entropy production by direct dissipation [W/K], Sy is
entropy production by turbulent dissipation [W/K], Sy is entropy pro-
duction by wall shear stress [W/K].

The power loss can be written as follows:

Py = T-S5Py = T-Sy Py = T-Sy )

where P is the power loss by direct dissipation [W], P}y is the power
loss by turbulent dissipation [W], Py is the power loss by wall shear
stress [W].

Therefore, the total entropy production and the total power loss can
be written as follows:

Prows = P5 + Pp + Py (18)

SToral :S5+SD' +SW (19)

According to the theory mentioned before, the energy loss can be
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Fig. 1. H-type VAWT structure.

obtained by integration quantitatively and the spatial distribution of
energy loss can be captured by entropy production method.

3. Geometric model and numerical method
3.1. VAWT model

This simulation was conducted to reveal the energy dissipation de-
tails of an H-type VAWT based on experiments by Li et al. [3]. The H-
type VAWT model was shown in Fig. 1 and was composed of wind
blades, generator, shaft, and other auxiliary equipment. The geometric
parameters in this simulation were consistent with experiment VAWT
model [3] and the specific parameters were listed in Table 1. The VAWT
contains two straight blades with a symmetric airfoil profile NACA0021
and the chord length is 0.265 m. The rotor diameter is D = 2 m and the
blade height of the VAWT is H = 1.2 m. The blade pitch angle was set at
B = 6° because the VAWT can achieve maximum power coefficient by
experimental validation [3].

The performance of wind turbine was defined by power coefficient
whose expression is shown as follows:

Q(‘ol‘

_ = 20
0.5pAU, (20)

Coower =
where Cpoyer is the power coefficient, Q is rotor torque, @, is angular
velocity of VAWT, p is air density, A = DH represents the swept area of
wind turbine, U, is the free-stream wind velocity.
The TSR is defined as:
1= 21

where A is TSR, R is rotor radius.

3.2. Computational domain and mesh independence

The three-dimensional CFD approach was conducted for the

Table 1

Parameters of H-type VAWT.
Parameter Value
Blade airfoil NACA0021
Blade number 2
Chord length [m] 0.265
Span length H[m] 1.2
Rotor diameter D[m] 2.0

Pitch angle g[°] 6

simulation of VAWT flows versus various TSRs through the software
ANSYS CFX and contrasted with experimental data to reveal the energy
dissipation details in VAWT flows [3]. The computational domain was
shown in Fig. 2, which contains rotating inner domain and static outer
domain. The origin of the coordinate system is located at the center of
the inner domain. As shown in Fig. 2, the length of the computation
domain is 20D = 40 m, and the width of the computation domain is ¢ =
20 m, and the height of the computation domain is 1.2D = 2.4 m
[11,14]. As for the rotating inner domain, the rotating domain has a
distance of 5D with the inlet and 15D with the outlet, 5D in front of the
back boundary, 5D behind the front boundary, 1H above bottom
boundary, 1H below the upper boundary. The diameter of the rotating
domain is 1.2D = 2.4 m and the height is equal to the blade height 1.2 m.

The boundary condition has a significant effect on the convergence,
as shown in Fig. 2, velocity inlet was set at the inlet of computation
domain, and the pressure outlet was set at outlet of domain outlet. The
symmetry condition was selected on upper, bottom, front and back
surfaces of computational domain and no-slip condition was set on
blades as well as shaft walls.

According to the experiments, the freestream wind velocity was 8 m/
s and the outlet pressure was set at a relative value with 0 Pa. In VAWT
simulation, the shear stress transport (SST) k- was widely adopted in
recent studies [10,11,14] so that SST k- was employed for simulations
under all conditions. As for the unsteady simulation, the time step was
set as the time scale in which the wind turbine rotor rotates per 1° to
balance the computational resource consumption and numerical accu-
racy. And the validation of the time step in which VAWT rotates by 1°
was verified by Zhang et al. [10].

To adjust the shape of the blade surface, the mesh was hexa-
structured and generated by ANSYS ICEM. As shown in Fig. 3, the
rotating inner domain was refined entirely and especially further refined
in the surrounding region of straight blades. Considering the significant
gradient in the boundary layer near wall, prismatic layer was generated
around blades. The computational domain was split into 5.35 million
elements with inner rotating domain 2.41 million elements as well as
outer domain 2.94 million elements. Under this mesh strategy, the
calculation was conducted and the distribution of y© was shown in
Fig. 4. It can be seen that the y" has a large value in leading edge (LE)
region of VAWT blades due to flow separation and the region of trailing
edge (TE) is small than LE area. But the value of y+ of entire blade wall
was controlled below 3.17 approximately and most area was controlled
below 1.0, which meets the requirement of viscous sub-layer (y*© > 5).
Therefore, this mesh scheme achieves the requirement of SST k-w tur-
bulence model and it is reasonable and acceptable for resolution in this
simulation.
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Fig. 5. Comparison of experimental measurements and numerical results for
power coefficients Cpoyer versus TSR conditions.

4. Results and discussions
4.1. Numerical validation

The fundamental variable power coefficient Cpoper of VAWT was
selected to make the comparison between experimental and numerical
results. Fig. 5 displayed the power coefficient Cpoyer of the VAWT versus
various TSR conditions and general agreement between numerical
simulation and experimental measurements were obtained. The largest
deviation between experimental measurements and numerical results
appeared on 4 = 1.38 condition with a relative error of 30.90 % for
power coefficient. In addition, the relative error of other conditions to
experimental value was less than 8 % where relative error was calcu-
lated by Eq. (22). The difference between experiments and simulations
were affected by geometric model simplification, RANS method, mesh
quality. However, the deviation of this simulation was acceptable and
this numerical framework was credible.

_ }Cpawcr,Exp - power.Num.|

14 (22)

Cpnwer‘Exp.

4.2. Analysis of energy loss in runner

The local flow field around blades can reflect the aerodynamic and
stall performances of VAWTs. And the VAWT has different aerodynamic
performances under different operating conditions. In this study, four
TSR conditions were conducted numerically and the local vorticity field
around Bladel on the middle section (z = Om) in one rotation cycle was
shown in Fig. 6. At the upstream region (0° < ¢ < 180°), the attached
vortex near blade surface occupied the main part of vorticity and the
detached vortex mostly appeared in blade trailing region. The detached
vortex under A = 1.38 condition was more intense than other TSR con-
ditions. In velocity triangle, the little tangential velocity resulted in a
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Fig. 6. Vorticity field w, around Bladel middle section in one cycle versus different TSR conditions.

large angle between relative velocity and absolute velocity, which
induced large flow separation on suction side of blades under 1 = 1.38
condition. Among all of TSR conditions, the area as well as intensity of
vorticity under A = 2.19 condition was little than other TSR conditions
and the VAWT had the maximum energy coefficient under 1 = 2.19
condition. It can be concluded that the local distribution of vorticity had
significant effect on rotation region and it affected the output power of
runner directly. However, the influence of local field around blade on
wake region of VAWTs was also worth exploring.

To study the energy loss in runner of VAWTS, Fig. 7 gave the energy
loss calculated by entropy production theory and the proportion of en-
ergy loss contributed by entropy production terms EPWS, EPTD, and
EPDD. It can be concluded from Fig. 7 that energy loss keeps increasing
with TSR value rising from 1.38 to 2.58. The interpretation of this result
is that the speed of impeller becomes larger under a high value of TSR
condition, and in velocity triangle analysis the increase of tangential

74544 M EPWS Il EPTD [l EPDD

59.63 -

44.72-

29.82—-

14.91 -

0.00-
1.38 2.19 236 2.58

TSR

Energy loss P,

Fig. 7. The distribution of three different entropy production terms in runner
versus various TSR conditions.

velocity caused an increase of relative velocity and further induce ve-
locity shear as well as vorticity and the adverse flow caused significant
energy loss. As shown in Fig. 6, the vorticity field varied from vorticity
separation to attached vorticity near blade wall with TSR increasing,
which meant that a more severe shear effect on blade wall appeared
under higher TSR condition. So that the proportion of EPWS increased
with TSR increasing and which meant energy loss due to wall shear
effect increased. Among all the entropy production rate terms, the EPDD
is the largest one than EPTD and EPWS versus any TSR condition. This
indicated that time-averaged velocity gradients made a major contri-
bution to energy loss in VAWT flows. And the EPWS has the least pro-
portion of total entropy production rate (TEPR) compared with EPDD
and EPTD for four TSR conditions.

Fig. 8 compared the torque of single blade and wall energy loss of
single-blade induced by EPWS versus four TSRs for azimuth angle from
6 = 0° to = 360°. The energy loss near blade wall was induced by wall
friction. The energy loss Py in Fig. 8 was calculated by Eq. (17). It can be
seen that the energy loss curve decreased entirely from 6 = 0° to 6§ =
180° and grew from 6 = 180° to & = 360°. The torque curve increased to
its maximum value approximately at 6 = 90° and then decreases.
Generally, the level of energy loss became larger with TSR increasing,
which kept the same trend as blade torque curve. At low TSR (1 = 1.38)
condition, the trend of energy loss curve was different from other con-
ditions where the energy loss has little growth before 90°. It was because
the flow separation appeared earlier than other conditions (as shown in
Fig. 6 6 = 0°) and then changed into attached vorticity flow (as shown in
Fig. 6 8 = 60°) and flow separation induced more energy loss. The
minimum value of energy loss Py appears at about § = 180° where blade
torque curve reached to local minimum approximately. This can also be
verified from Fig. 6 that the local vorticity weakened to its minimum
value at @ = 180° compared with other azimuth angles. And at this az-
imuth angle & = 180° the blade cannot generate positive torque for
VAWT.

4.3. Analysis of energy loss in wake region
As mentioned before, the local vorticity field around blades had a

significant influence on rotation domain. Further to reveal the in-
ducements of energy loss in wake region of VAWTs, Figs. 9-12 displayed
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Fig. 8. The distributions of single blade wall energy loss as well as single-blade torque versus various TSR conditions.

the local EPR (EPDD and EPTD) on the YZ plane from x = 1D to x = 10D
in one rotation cycle T, and the vortex structure identified by Q-crite-
rion was also shown in Figs. 9-12. The entropy production theory can
calculate the energy loss directly in the fluid domain and the distribution
of EPR revealed the energy loss in wake region of VAWT directly.
Generally, the strength of EPR in wake region increased with TSR
increasing and the area of EPR also expanded as TSR increased, which
meant that the large TSR induced a large amount of energy loss. The
energy loss in wake region was mainly caused by detached vortex as well
as blade tip vortex generating near blades. It can be found from Figs. 9-
12 that high-level EPR mainly appeared in top and bottom region on YZ
plane and the location was corresponding to blade tip in runner. So that
the blade tip vortex originating from blade tips was the dominant
inducement to cause high-level EPR in wake region. And the detached
vortex originating from blade surface has a lighter effect than blade tip
vortex on energy loss in wake region. Zhang et al. [14] and Lei et al. [27]
also captured the blade tip vortex by Q-criterion in their research and
length of blade tip vortex was longer than the detached or attached
vortex, whose results were consistent with this research. The intense
blade tip vortices occurring in blade tip induced significant energy loss
in wake region. And the EPR kept strong in wake region before x = 7D
under four TSR conditions.

It can be concluded that the distribution of EPR in wake region was
asymmetrical toward the z axis of YZ plane. It can be seen that the EPR
occurred mainly on the front side of YZ planes from x = 1D to x = 10D.

This can be interpreted from the perspective of vortex dynamics. From
the vortex identified by Q-criterion in Fig. 9-Fig. 12, it can be found that
the blade tip vortex originated and developed in upstream region (0° < ¢
<180°) and then weakened in downstream region (180° <6< 360°).
Considering the rotation effect, the blade tip vortex mainly had influ-
ence on the front side (0° <6< 180°) in wake region. Furthermore, the
detached vortex has larger area within upstream (0° < 6 < 120°), so that
it also has significant effect on front side of wake region. The feature of
this asymmetrical distribution of energy loss can be used to guide the
design of wind farm configuration.

J o ferw (2)dz

1/2pAc U, H
V.T ¢

where C; was energy loss coefficient, fgpr(2) was the EPR function
versus z variation, A. was the area of inlet of computational domain, V.
was the volume of computational domain, H. was the height of
computational domain, T was the temperature.

As discussed before, the spatial distribution of energy loss in wake
region from x = 1D to x = 10D was presented, and the conclusion of the
influence of blade tip vortex on energy loss was concluded qualitatively.
To further study the energy loss features in wake region in z direction
quantitatively, ten control lines were set in wake region along z direction
as shown in Fig. 13. Fig. 14 depicted the averaged EPR value variation
within one rotational cycle on control lines from 1D to 10D. Generally,
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Fig. 9. The local distribution of EPR on YZ planes of wake region under 4 = 1.38 condition.
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Fig. 10. The local distribution of EPR on YZ planes of wake region under 4 = 2.19 condition.

the amplitude of EPR was enhanced with TSR increasing, which meant
the energy loss increased with TSR increasing. Two fluctuation peaks
can be observed on any control lines in Fig. 14 especially from x = 1D to
x = 5D. Owing to the recovery of kinetic energy gradually in far wake
region, the features of peaks were weakened and EPR curves tended to
flatness. It can be concluded that the two fluctuation peaks as well as
blade tips were at the same height approximately. Therefore, it was
obvious that the energy loss in wake region was mainly induced by blade

tip vortex. The blade tip vortex originated from blade tips and the in-
fluence propagated downstream with main flow. Note that the ampli-
tude as well as area of EPR curves from x = 3D to x = 5D were larger
than EPR curves from x = 1D to x = 2D except 1 = 1.38 condition. This
was because the blade vortex diffusion under the shearing effect be-
tween main flow and tip vortex flow. In this process, the general strength
of vortex was weakened and the area of vortex was enlarged. Under 1 =
1.38 condition, it can be found from Fig. 6 that the flow separation on
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. 11. The local distribution of EPR on YZ planes of wake region under 4 = 2.36 condition.

' NNRRRRERN
 NNRRRYHRRN

Fig. 12. The local distribution of EPR on YZ planes of wake region under 4 = 2.58 condition.

suction side was severe. Combine with Fig. 9, the detached vortex as
well as blade tip vortex were slighter compared with other conditions
and it was not able to diffuse to downstream and it weakened down-
stream gradually.

To further study the energy loss quantitatively, the energy loss co-
efficient was defined in Eq. (23). Considering the EPR was calculated by
integrating over the total computational domain, the input power was

defined as the total power of inlet 1/2pA U3 ﬁng ferr(2)dz was the

integral area of EPR curves for any control lines, and the shaded area
shown in Fig. 14 was the integral area, which represented the local
energy loss. So that the energy loss coefficient C; represented kinetic
energy deficit, the proportion of local energy loss in input energy, and
the value of C for any control line under four conditions were shown in
Table 2. It can also be concluded that the energy loss coefficient
increased with TSR increasing. Under optimal condition A = 2.19, the
energy loss coefficient C; decreased to 0.1051 until x = 8D in wake
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Fig. 13. The control lines along z direction in wake region from 1D to 10D.
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Fig. 14. The distribution of averaged EPR on control lines in wake region versus four TSR conditions.
Table 2
The energy loss coefficient from 1D to 10D under four TSR conditions.
TSR (@]
x=1D x=2D x=3D x=4D x = 5D X =6D x =7D x=8D x =9D x = 10D
1.38 0.0275 0.0085 0.0099 0.0091 0.0077 0.0051 0.0043 0.0033 0.0029 0.0024
2.19 0.0226 0.0623 0.1182 0.1525 0.1596 0.1528 0.1330 0.1051 0.0784 0.0561
2.36 0.0306 0.0933 0.2240 0.2937 0.2790 0.2331 0.1765 0.1262 0.0884 0.0593
2.58 0.0311 0.1108 0.3057 0.3901 0.3356 0.2401 0.1620 0.1051 0.0590 0.0225

region. Generally, the energy loss coefficient reduced to 0.1 between 8D
to 9D except for 1 = 1.38 condition. Owing to the low power coefficient,
the maximum energy loss coefficient was 0.0275 at x = 1D under A =
1.38 condition. Therefore, the defined energy loss coefficient can reflect

10

the energy deficit as well as kinetic energy recovery in wake region
quantitatively and reflect what and where energy loss intuitively. The
energy loss coefficient C; can be used to guide the configuration opti-
mization of VAWTSs to improve the wind energy utilization as well as
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revenue of wind farms.
5. Conclusions

In this study, the energy loss characteristics of an H-type VAWT were
conducted by numerical simulation method under four TSR conditions.
The simulation was carried out under optimum blade pitch angle g = 6°
and the maximum power coefficient appeared on TSR = 2.19 condition.
The entropy production theory was introduced to calculate energy loss
in VAWTSs flows versus various TSR conditions quantitatively. The en-
ergy loss in runner was analyzed and the spatial distribution of energy
loss in wake region was revealed. The main conclusions can be drawn as
follows:

(1) The local vorticity field around blades indicated that the flow
regimes varied from flow separation to attached flow with TSR
increasing. The EPDD was the dominant variable reflecting how
and where the TEPR varies. The minimum TEPR can be set as the
objective function to calculate optimum TSR of VAWTs and
promote the development of wind power.

The blade tip vortex was the dominant factor to induce energy
loss in wake region and two fluctuation peaks of EPR curves
appeared at blade tips z = 0.5H as well as z = -0.5H. Under low
TSR 4 = 1.38 condition, the energy utilization and deficit were
lower than other conditions. The distribution of EPR in wake
region was asymmetrical and the high-level EPR was distributed
on front side in wake region due to the influence of blade tip
vortex. The features of asymmetrical distribution can be used to
determine the distance for stagger arrangement VAWTS.

The energy loss coefficient was defined to represent the extent of
energy deficit as well as the proportion of energy loss in total
input energy. Generally, the energy loss coefficient reduced to 0.1
between x = 8D to x = 9D in wake region. And the energy loss
was equal to 0.1051 at x = 8D under optimal condition 4 = 2.19.
The energy loss coefficient can reflect what and where energy
deficit and kinetic energy recovery and it can guide configuration
optimization of wind farms.

(2

(3
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