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ABSTRACT

Offshore wind resources are abundant. Vertical axis wind turbines (VAWTs) are suitable for working in the sea environment because of
their low cost and high reliability. In this paper, an offshore floating inverted cone vertical axis wind turbine (ICVAWT) is proposed. The 3D
unsteady computational fluid dynamics (CFD) method is utilized to model the ICVAWT. The turbulence model SST k� x is used to solve
the Navier–Stokes equation, and the setting parameters of the solver and the independent grid are determined. The scale experimental
prototype is designed using the similarity theory and the wind tunnel experiment is carried out. The experimental results verify the validity
of the CFD model. The aerodynamic performance of nine ICVAWT configurations is analyzed by using the CFD model, and the effects of
inverted cone angle and blade number on the power coefficient and operation stability of the ICVAWT are studied. It is found that when the
inverted cone angle is 45�, and the number of blades is three (called the optimal configuration), the power coefficient is the highest at 0.309
(the optimal tip speed ratio is 3.5). With the increase in inverted cone angle and blade number, the fluctuation of wind turbine operating
torque decreases. According to the distribution of each physical quantity in the flow field, the changes in aerodynamic performance are
explained. Further research on the optimized configuration is carried out.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0145195

I. INTRODUCTION

With the development of modernization, the demand for energy
is getting higher and higher. However, the shortage of fossil energy
and the resulting environmental problems are becoming increasingly
serious. In responding to the requirements of climate change and
energy demand, promoting energy transformation has become an
important topic facing the whole world.1 As a mature clean energy,
wind energy is ideal energy for sustainable development. Large-scale
development and utilization of wind energy have become an impor-
tant way for countries to adjust their energy structure and achieve
energy conservation and emission reduction goals.2,3 The offshore
wind resources are abundant, the annual average wind speed is higher
than that on land, the turbulence intensity is low, and the wind shear
effect is not obvious. It is very suitable to develop and utilize offshore
wind energy, so it has attracted extensive attention from companies
and research institutions in various countries.4 The Global Wind
Energy Report 2022 released by the GWEC showed that in 2021,
the newly increased installation capacity of offshore wind reached

21.1GW, creating a record for newly increased installation capacity of
offshore wind and the total installed capacity of global offshore wind
has reached 57GW. The development potential of offshore wind
energy is huge.5

The wind turbine is the main equipment that transforms wind
energy into electrical energy. Based on the relationship between the
rotation axis of the rotor and the wind speed direction, wind turbines
can be classified into horizontal axis wind turbines (HAWTs) and ver-
tical axis wind turbines (VAWTs). Nowadays, HAWTs have the larg-
est number of installations and the widest range of applications in the
world and occupy a dominant position in the wind market. VAWTs
have good adaptability to different wind directions and can be installed
on offshore planes. Compared with HAWTs, they have a low center of
gravity and high reliability, which can greatly reduce the cost of instal-
lation, operation and maintenance. Therefore, they have great cost
advantages. Many companies and research institutions have con-
ducted research on offshore floating VAWTs.6–9 The DeepWind pro-
ject is a 5MW offshore floating VAWT led by Risø DTU in
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collaboration with 12 other universities, research institutions and
industry, funded by the European FP7 program, aiming to cut down
the development cost of deep-sea wind energy. DeepWind turbine
consists of a two-blade Darrieus rotor and a floating platform fixed on
the seabed by mooring, as shown in Fig. 1(a).10,11 The European FP7
program also funded VertiWind 2MW floating vertical axis wind tur-
bine project. VertiWind VAWT consists of three groups of inclined
blades, which can reduce blade stress and improve startup perfor-
mance. The VAWT is fixed on the semi-submersible platform, as
shown in Fig. 1(b).12 MODEC Inc. of Japan has proposed a hybrid
floating VAWT. The overwater part is a straight blade Darrieus
VAWT placed on a floating platform, and the underwater part is a
double-layer Savonius vertical axis wind turbine, which can provide
starting torque and utilize water flow energy. The rated power of this
VAWT is 50 kW, as shown in Fig. 1(c).13,14 Sweden’s company,
SeaTwirl, has launched a 1MW offshore floating VAWT. It uses
straight blade VAWTs, which can work in sea areas with a water depth
of 100 m and below and in extreme environments, and has advantages
of high reliability and low cost as shown in Fig. 1(d).15

The offshore floating VAWTs have great advantages in utilizing
offshore wind energy. The current floating VAWTs, including the pro-
totypes, require long connecting arms and spindles, which brings diffi-
culties for installing and maintaining and it is difficult to control the
aerodynamic performance by variable pitch. At the same time, the
alternating stress acting on the structure produces fatigue and reduces
reliability. Qu et al.16 proposed an innovative offshore floating VAWT,
which removes the connecting arms and the main shaft. The blades
are directly connected to the hub and the hub is equipped with a vari-
able pitch mechanism which can independently control each blade.
The center of gravity of the wind turbine is very low, which is suitable
for installation and work at sea level. It can be transported to the off-
shore wind farm after installation at the shore, which improves its reli-
ability. The purpose of this wind turbine is to reduce cost and obtain a
high power coefficient. Because the blades of this VAWT rotate to
form an inverted cone, this wind turbine is called an inverted cone ver-
tical axis wind turbine (ICVAWT).

At present, the research on the aerodynamic performance of
VAWTs mainly includes the analytical model method, computational
fluid dynamics (CFD) method and wind tunnel experiment method.

Among them, the CFD method can simulate the running process of a
wind turbine, obtain the aerodynamic performance and flow field
changes, and could be employed to study the aerodynamic perfor-
mance of a new VAWT and optimize its structure configuration. Vita
et al.11 the optimized blade shape of the DeepWind 5MW VAWT
through the aerodynamic performance calculation code HAWC2, and
obtained the power output and coefficient of the DeepWind of the two
blades, with a maximum power coefficient of 0.41. Bedon et al.17 cal-
culated aerodynamic performance of the DeepWind through the blade
element momentum theorem (BEM), studied the effects of blade num-
bers and blade airfoils on the aerodynamic performance of the
DeepWind, and optimized the chord distribution in the blade length
direction. Finally, the best structural configuration of the DeepWind
was obtained, and the maximum power coefficient was increased to
0.45. Carrigan et al.18 used the CFD method combined with the finite
difference evolution algorithm to optimize the blade thickness and
solidity of the VAWT, which improved the starting ability by 6%.
Bourguet et al.19 also adopted the CFD method to optimize the blade
with multiple constraints, aiming at reducing the weight of the blade
and improving the aerodynamic performance. The finally obtained
blade airfoil is very close to NACA0025. Golloy and Honra20 used the
CFDmethod of SST k� x model to simulate the aerodynamic perfor-
mance of the VAWT with front swept surface wings, and compared it
with the experiment results. The outcome indicated that the maximum
power coefficient increased by 7.2% when the tip speed ratio (TSR)
was 2.6. Almohammadi et al.21 discussed the effect of different mesh
grids on the aerodynamic performance of the straight blade VAWTs
by solving 2D Navier–Stokes equations (RNG and SST k� e models,
respectively) using the CFD method, and obtained the power coeffi-
cient independent of mesh grids. Lam and Peng22 studied the near-
field and far-field wake of the two straight blades VAWT, respectively,
through 2D and 3D CFD methods and compared them with the parti-
cle image velocimetry (PIV) experiment test results. The velocity
recovered 75% in the far field at a distance of ten times the diameter.
Wang et al.23 simulated the aerodynamic performance of adaptive
blade Darrieus VAWT using the CFD method, and studied the effects
of blade numbers and solidity on the power coefficient. The results
showed that the power coefficient of the VAWT with deformable three
blades increased by 14.56% at the low solidity. Zhang and Qu24 used

FIG. 1. Offshore floating VAWT concepts (a) DeepWind (b) VertiWind (c) SKWID (d) SeaTwirl.
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the BEM method to carry out the theoretical model of a hybrid
VAWT and compared it with CFD simulation results. The results
were in good agreement. They studied the aerodynamic performance
under different wind turbine structural parameters and found that the
hybrid VAWT greatly improved the starting ability and had a high
power coefficient. This paper will use the 3D unsteady CFD method to
simulate the aerodynamic performance of ICVAWT. Meanwhile, it
will study the effects of different wind turbine structural parameters
on the aerodynamic performance, optimize the ICVAWT structural
parameters, analyze the flow change law of the ICVAWT, and reveal
the reasons affecting the aerodynamic performance of VAWT.

II. GEOMETRY MODEL

Figure 2 is the structural schematic diagram of offshore floating
ICVAWT, which is composed of blades, hub, cables, cable adjuster,
nacelle, support structure, floating platform and mooring system. The
blades are directly connected to the hub. The included angle between
the blade and the rotating shaft is defined as the inverted cone angle,
which is expressed by c. The top of each blade is connected to the cable
adjuster with a cable to resist the blade deformation caused by centrif-
ugal force and own weight. The rotor and the nacelle including the
gearbox and generator are placed on the floating platform through the
support structure, and the floating platform is fixed on the seabed
through the mooring system. ICVAWT is suitable for working in the
deep-sea environment.

This paper mainly studies the effects of the inverted cone angle
and the number of the blades on the aerodynamic performance of
ICVAWT. Therefore, the simple blade shape, constant cross section
blade, is used to study the aerodynamic performance of ICVAWT in
this paper as shown in Fig. 3. Symmetrical airfoil NACA0012 has been

adopted, the blade chord is 20 m and the blade length is 120 m. The
design-rated power of the offshore floating ICVAWT is 2MW.

Table I describes the design parameters of the offshore floating
ICVAWT.

III. CFD SIMULATION MODEL
A. Computational domain and mesh grid

ICVAWT has different sections at different heights, so 3D mod-
els have been used for numerical calculation. The size of the hub and
cables relative to the blade is small, which has little impact on the aero-
dynamic performance of the ICVAWT. Therefore, the hub and cables
were ignored in the geometric modeling, and only the blades were
retained. Thus, the mesh quality would be improved, and the calcula-
tion speed would be accelerated, without affecting the result accuracy.

The computation domain of the ICVAWT is divided into two
parts: the stationary domain and the rotating domain as shown in
Fig. 4. The stationary domain size is 6R� 13R� 26R, and the rotating
domain is /5R� 2R.

The Stationary domain refers to the remote free incoming flow
and the airflow change area after flowing through the VAWT. The sta-
tionary domain is obtained by subtracting the rotating domain from
the whole computational domain. Taking the influence of the bound-
aries into consideration, the distance between the inlet of the station-
ary domain and the rotor center is 6.5 times the rotor radius, and the
distance between the rotor center and the outlet is 19.5 times the rotor
radius, which could well simulate the flow variation and the recovery
process after flowing through the rotor. The diameter of the rotating
domain is 2.5 times the diameter of the VAWT so that the flow
around the rotor can be well simulated. The rotating domain is a

FIG. 2. Offshore floating ICVAWT geometry model.

FIG. 3. Geometry model of the rotor.

TABLE I. The main parameters of the ICVAWT.

Description Value Unit

Rated power 2000 kW
Number of blades 2–4
Blade chord length 20 m
Blade span 120 m
Blade airfoil NACA 0012
Angle 30–60 deg
Diameter of rotor 230 m
Cut in speed 5 m/s
Rated speed 10 m/s
Cut out speed 60 m/s

FIG. 4. Computation domain and boundary conditions of the rotor.
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moving domain, including moving parts such as blades rotating with
the rotating domain.

The airflow in the wind field belongs to subsonic incompressible
flow, so the boundary conditions (Fig. 4) are adopted. For the inlet, the
initial condition is the incoming flow velocity of 10 m/s, and the station-
ary domain boundary ABCD is set as the inlet boundary. The outlet
pressure and velocity are unknown, so no initial condition needs to con-
sider. Set the boundary surface EFGH as the pressure outlet boundary,
and specify the atmospheric static pressure as 101.3 kPa. This computa-
tional domain is one of the same calculation domains in the real wind
field, so the sides (face ADHE and face BCGF) are set as symmetry
boundaries. The top (face ABFE) is set as symmetry boundary and the
bottom (face CDHG) is set as no-slip wall boundary. Because the grids
inside and outside the rotating domain need to be treated separately and
the rotating domain rotates at a certain angular speed, the boundary of
the cylindrical region containing the rotor is selected as the interface.
The blades inside the rotating domain are set as the wall boundaries and
rotate together with the rotating domain. The stationary domain and
the rotating domain exchange data via the interfaces.

The software ICEM CFD was used to generate mesh grids in the
computation domain. The unstructured mesh was used in the compu-
tational domains, and densification was carried out near the blades
(Fig. 5), which can better reflect the airflow and force around the
blades. Since the flow belongs to the low Reynolds number flow and
flow detachment exists on the blades, the height of the first layer mesh
of the blade is 4� 10�5m, the normal growth rate is 1.25 and the
number of boundary layers is 15. After calculation, yþ value is 0.932
(less than 1). 833 715 elements are used on each blade and 3 123 517
elements are used in the computational domain.

B. Turbulence model

The mass, momentum and energy transfer process in the fluid
flow can be expressed by a set of differential equations and converted

into different forms. Then, the physical quantities of the flow field can
be obtained by solving a group of algebraic equations and correspond-
ing boundary conditions simultaneously.

The continuity equation of incompressible fluid is expressed in
the following equation:

@

@xi
ðquiÞ ¼ 0: (1)

The momentum Navier–Stokes equation is expressed in the fol-
lowing equation:

@

@t
ðquiÞ þ

@

@xj
ðquiujÞ ¼ �

@P
@xi
þ qfi þ

@

@xj
ð%sÞ; (2)

where P represents the static pressure, qfi represents the gravity force
and %s represents the stress tensor (described below). By assuming
Stokes’ hypothesis for Newtonian fluids, the stress tensor is given by
the following equation:

%s ¼ l r~v þr~vT � 2
3
r~vI

� �
; (3)

where l represents the dynamic viscosity.
Reynolds-averaged Navier–Stokes (RANS) equation is expressed

in the following equation:

@

@t
ðq�uiÞ þ

@

@xj
ðq�ui�ujÞ ¼ q�f i �

@�p
@xi
þ @

@xj
l
@�ui

@xj
� qu0iu

0
j

 !
: (4)

The flow around the rotor blades is incompressible, and there is a
laminar-turbulent transition process. To simulate the fluid flow
around the rotor in detail, the SST k� x turbulence model is
selected.25,26

The turbulence kinetic energy k is obtained from the following
transport equation:

FIG. 5. (a) Computational domain mesh
(b) front view of the rotor mesh (c) top
view of the rotor mesh and blade mesh.
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@

@t
ðqkÞ þ @

@xi
ðqkuiÞ ¼

@

@xj
Ck

@k
@xj

 !
þ Gk � Yk þ Sk þ Gb: (5)

The specific dissipation rate, x, is obtained from the following
transport equation:

@

@t
ðqxÞ þ @

@xi
ðqxuiÞ ¼

@

@xj
Cx

@x
@xj

 !
þ Gx � Yx þ Sx þ Gxb:

(6)

The effective diffusivities for the SST k� x model are given by
the following equations:

Ck ¼ lþ lt

rk
; (7)

Cx ¼ lþ lt

rx
: (8)

The turbulent viscosity is computed by combining k and x as
follows:

lt ¼ a�
qk
x
: (9)

C. Solver settings

ANSYS Fluent 2021R1 software was used for the numerical cal-
culation of ICVAWT. An unsteady implicit double precision pressure
solver was used to solve the incompressible N–S equation. The solver
adopted the separation type, the velocity and pressure coupling algo-
rithm adopted SIMPLEC, the pressure interpolation adopted the
second-order format, and the second-order upwind format was
adopted for discretizing the momentum equation. The standard inter-
polation method was adopted for the grid surface pressure calculation
and the transient time was discretized by the second-order discrete
scheme. The rest of the discrete formats were all in second-order for-
mat. The aerodynamic performance of the ICVAWT was analyzed by
the interface mesh technique.

The transient solver was adopted in the simulation. Every 2�

rotation of the ICVAWT is set as a time step, and the time step is
Dt ¼ p

90x. When the residuals reach the convergence criterion 10�6,
the converged state is considered to be reached at each step. The num-
ber of convergence steps for the converged-state calculation is set to
40. Ten cycles are picked for the study, and the variation with the
whole moment coefficient of the ICVAWT is shown in Fig. 6. The
oscillation of the moment coefficient has a high value in the first four
cycles called a transient period. After four cycles, the moment coeffi-
cients show a periodic variation and the amplitude tends to converge,
which is called the fully developed period. Thus, the tenth cycle is used
to study the ICVAWT performance when analyzing the transient
data.

D. Mesh independence test

Refine the mesh grid to different degrees, input the same parame-
ter settings, respectively, and observe the variation of the moment
coefficient of the VAWT. When the moment coefficient does not
change significantly quantitatively with the change of the grid level,
the grid refinement level at this time is called the Grid Independent

Limit (GIL). Using grid independent limit grid size for numerical cal-
culation, on the one hand, can reduce the calculation amount of CPU
and save the calculation time, on the other hand, can ensure the calcu-
lation accuracy and consistency. Table II shows the different refine-
ment levels of the computational grids. The Variation of torque
coefficient with number of elements was obtained by inputting the
same parameters and solver settings for different numbers of elements,
as shown in Fig. 7.

Figure 7 shows that with the number of elements increases, the
moment coefficient of the ICVAWT shows an increasing trend. When
the number of elements reaches 3.12� 106, the torque coefficient basi-
cally does not change with the increase in the number of elements.
Therefore, the mesh grid size with the number of elements of 3.12
� 106 is the Grid Independence Limit of this case and this mesh grid
size is adopted as the optimal grid for numerical calculation.

E. Aerodynamic performance indicators

The aerodynamic performance of the ICVAWT was studied by
changing the rotation speed of the ICVAWT. The rotation speed of
the wind turbine can be expressed by the tip speed ratio (TSR), which

FIG. 6. Variation of moment coefficient for flow time, i.e., the period of rotation.

TABLE II. Details of refinement levels of the computation grids.

Refinement level Number of nodes Number of elements

1 1 860 569 873 460
2 2 347 669 1 382 799
3 2 479 057 1 741 764
4 3 301 025 2 181 088
5 3 791 457 2 500 136
6 4 322 954 2 850 612
7 4 735 240 3 122 479
8 6 833 553 3 950 125
9 7 753 674 4 806 871
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is defined as the ratio of the velocity of the blade tip of the VAWT to
the free incoming wind velocity, expressed by the following equation:

k ¼ xR
V1

; (10)

where R represents the maximum radius of the ICVAWT, x repre-
sents the angular speed and V1 represents the free incoming wind
velocity.

The moment of the whole rotor is obtained by integrating the
surface pressure of the blade grid in ANSYS Fluent. The moment coef-
ficient CM can be calculated by Eqs. (11) and (12). The performance of
the ICVAWT is expressed by the power coefficient CP , which is
defined as the ratio of the energy obtained by the rotor and the energy
carried by the free wind flow, that is, Eq. (13). The relationship
between CP and CM is shown in Eq. (14)

CM ¼
M

1
2
qAV1

2R
; (11)

CM ¼
1
2p

ð2p
0
CMðhÞdh; (12)

CP ¼
P

1
2
qAV1

3
¼ M

1
2
qAV1

2R

xR
V1

; (13)

CP ¼ k � CM; (14)

where R represents the maximum radius of the ICVAWT and A rep-
resents the swept area.

F. Validation methodology of CFD numerical model

Wind tunnel experiments are used to verify the validity of the
established CFD model. Using scale wind turbines to simulate actual
full-scale wind turbines in the wind tunnel is a very effective way to
study the aerodynamic performance of megawatt wind turbines
through similarity theory. According to the similarity theory of fluid
dynamics,27 to ensure the similarity of the airflow process, it is

necessary to meet the geometric, motion and dynamic similarity. For
ICVAWT, it can be expressed in the following equation:

L
Lm
¼ ci

cim
¼ Ri

Rim
¼ mL;

V1
V1m

¼ V
Vm
¼ x

xm
mL ¼ mv;

dFt
dFtm

¼ dFn
dFnm

¼ mF ;

(15)

where L represents the blade length, c represents the blade chord, Ri

represents the rotor radius, mL represents the geometric similarity
constant, V1 represents the free incoming wind velocity, v represents
the blade velocity, x represents the rotating angular speed, mv repre-
sents the velocity similarity constant, dFt represents the tangential
force, dFn represents the normal force,mF represents the force similar-
ity constant.

Moment and power similarities are expressed in the following
equation:

dM
dMm

¼ RidFt
dFtm

¼ qv2

qmvm2
mL

3;

dP
dPm
¼ dM=dt

dMm=dtm
¼ qv3

qmvm3
mL

2:

(16)

Energy conversion efficiency of VAWT is expressed in the fol-
lowing equation:

CP ¼
Mx
Ptotal

; (17)

where, Ptotal represents the power of the free incoming wind.
In combination with Eqs. (16) and (17), the similarity of power

coefficient is obtained as follows:

CP

CPm
¼ Rx=V1

Rmxm=V1m
¼ k

km
: (18)

Equation (18) shows that the power coefficients of the two are
the same when the TSR is equal. In this experiment, the geometric
similarity constantmL ¼ 182 is selected to ensure that the experimen-
tal machine and the full-scale machine operate at the same TSR.
Table III shows the parameters of the experiment machine.

Figure 8 shows the designed scale wind turbine and components.
The scale ICVAWT consists of blades, the dome, inverted cone angle
adjusters, pitch motors, the collector ring, the transmission

FIG. 7. Variation of torque coefficient with the number of elements of computational
domain.

TABLE III. The parameters of the experiment machine.

Description Value Unit

Rated power 65 W
Blade chord length 0.11 m
Blade span 0.66 m
Blade airfoil NACA 0012 � � �
Rotor diameter 1.16 m
Wind tunnel speed 10 m/s
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mechanism, the speed and torque sensor, the adjustable speed motor
and so on.

Figure 9 shows the wind tunnel experiment principle and plat-
form. The frequency converter controls the speed of the artificial wind
source to generate different wind speeds. Uniform wind speed is
formed at the outlet of the wind tunnel through the rectification. The
dimension of the wind tunnel outlet is 2:5� 2:5m2. In this experi-
ment, the wind speed at the outlet of the wind tunnel measured by the
wind speed sensor is a uniform 10 m/s and the turbulence intensity is
3%. The center of the rotor and the outlet center of the wind tunnel is
on the same horizontal line and the distance between the wind tunnel
outlet and the experiment wind turbine is 1 m. The IPC is responsible
for controlling the speed of the adjustable speed motor and collecting
real-time data on the speed and torque sensor.

During the experiment, the wind speed at the outlet of the axial
flow fans was unchanged at 10 m/s, and the rotating speeds of the
ICVAWT were changed to 412, 494, 576, 659, and 741 rpm, respectively.

The power coefficients of the ICVAWT at the TSRs of 2.5, 3, 3.5, 4 and
4.5 were studied. The Reynolds number is 7:8� 105.

The numerical simulation of the ICVAWT with two blades and
the inverted cone angle of 45� was carried out using the CFD model
established. The ICVAWT’s size and inflow conditions of the simula-
tion are the same as those of the wind tunnel experiment exactly.

Figure 10 shows that the trend of the power coefficient of the
CFD results changing with the tip speed ratio is consistent with the
experimental results. In the low TSR part, the difference between their
power coefficients is very small, while in the high TSR part, the differ-
ence between the two becomes larger.

The reasons for the difference between the CFD results and the
experimental results may be: (1) In the simulation analysis, the
ICVAWT structure is simplified, only the blades are retained, the hub
is removed, so the aerodynamic performance is better; (2) The power
of the simulation is the actual shaft power of the wind turbine, while
the experimental power is measured through the speed and torque

FIG. 8. Experiment machine and compo-
nents (a) Blades (b) Inverted cone angle
adjuster (c) The rotor (d) Experiment
machine.

FIG. 9. Wind tunnel experiment platform. FIG. 10. Comparison between the numerical result and the experiment result.
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sensor. Due to the presence of losses, the experimental results are inev-
itably lower than the simulation results.

The curve of the power coefficient obtained by the CFD model
accurately evaluates the experimental results. we consider it sufficiently
satisfactory to validate the CFD model and the CFDmodel validated is
suitable to study and analyze the aerodynamic performance of
ICVAWT with different rotor configurations.

IV. RESULTS AND DISCUSSION

The effects of the inverted cone angle and the number of blades
on the aerodynamic performance of ICVAWT have been studied by
the CFDmethod, and the optimal configuration of the ICVAWT rotor
has been selected. 30�, 45� and 60� were selected for the inverted cone
angle and 2, 3 and 4 were selected for the number of blades, so there
are nine types of rotor configurations, as shown in Table IV. For each
type of rotor configuration, the aerodynamic performance of the

ICVAWT was obtained by changing rotating speed of the ICVAWT.
The reasons for these changes have been analyzed through the distri-
bution and change of various physical quantities in the flow field.

A. Effect of inverted cone angle on the aerodynamic
performance of the ICVAWT

To obtain the effect of the inverted cone angle on the aerody-
namic performance of ICVAWT, we ensured that the number of
blades remained unchanged and changed the inverted cone angle
from 30� to 45� and 60�, and obtained the variation of the power coef-
ficient with the TSR. ICVAWTs with different inverted cone angles
have different maximum radius. Therefore, in order to ensure that
ICVAWTs with different inverted cone angles have the same TSR, it is
required to calculate the angular speed of ICVAWTs separately. For
example, when the TSR is 3.5, the ICVAWTs with inverted cone of
30�, 45� and 60� needs to rotate at 0.389, 0.304, and 0.261 rad/s
separately.

It can be concluded from Fig. 11 that with the increase in the
TSR, the power coefficient first increases and then decreases. The TSR
corresponding to the maximum power coefficient is called the optimal
TSR. For the two blade configurations [Fig. 11(a)], the maximum
power coefficients are 0.293 (TSR¼ 3.5) and 0.285 (TSR¼ 4) when
the inverted cone angle are 30� and 45�, respectively. The maximum
power coefficient is 0.206 (TSR¼ 4) when the inverted cone angle is
60�. For the three blades configurations [Fig. 11(b)], the maximum
power coefficient is 0.309 (TSR¼ 3.5) when the inverted cone angle is

TABLE IV. Labels of nine rotor configurations.

Number of blades (N)

Inverted cone angle (c)

30� 45� 60�

2 2–30 2–45 2–60
3 3–30 3–45 3–60
4 4–30 4–45 4–60

FIG. 11. Variation of power coefficient with
TSR at the different inverted cone angles
(a) Two blades (b) Three blades (c) Four
blades.
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45�, and 0.275 (TSR¼ 3) and 0.271 (TSR¼ 3.5) when the inverted
cone angle is 30� and 60�, respectively. For the four blades configura-
tions [Fig. 11(c)], the maximum power coefficients are 0.302
(TSR¼ 3) and 0.285 (TSR¼ 3) when the inverted cone angle is 45�

and 60�, respectively, and the maximum power coefficient is 0.267
(TSR¼ 2.5) when the inverted cone angle is 30�. Therefore, for differ-
ent blade numbers, when the inverted cone angle is 45�, the maximum
power coefficients are all larger. The optimal TSRs at the inverted cone
angle of 45� and 60� are larger than that at 30�, which indicates that
the higher the inverted cone angle is, the faster the rotor speed is.

The effect of the inverted cone angle on the running stability of
the ICVAWT with three blades was studied. Figure 12 shows the vari-
ation of the torque coefficient of a single blade and the whole rotor
with the azimuthal angle when TSR is 3.5.

Figure 12(a) shows that with the increase in the inverted cone
angle, the maximum CM of a single blade in the upwind area
decreases, while the maximum CM in the downwind area increases
and the load fluctuation amplitude of the blade decreases.

Figure 12(b) shows that with the increase in the inverted cone
angle, the instantaneous CM fluctuation amplitude of the wind
turbine decreases significantly. The instantaneous CM fluctuation
amplitude of the ICVAWT configuration 3–30 is 0.106, the instanta-
neous CM fluctuation amplitude of the ICVAWT configuration 3–45
is 0.0663, and the instantaneous CM fluctuation amplitude of the
ICVAWT configuration 3–60 is 0.0304. If the inverted cone angle of
the rotor configuration is increased from 30� to 45� and 60�, the CM

of the ICVAWT decreases by 37.5% and 71.3%, respectively. The
same rule also applies to other VAWT configurations with a different
blade number.

B. Effect of number of blades on the aerodynamic
performance of the ICVAWT

To obtain the effect of the number of blades on the aerodynamic
performance of ICVAWT, we ensured that the inverted cone angle
remained unchanged and changed the number of blades from 2 to 3
and 4, and obtained the variation of the power coefficient with the
TSR.

It can be concluded from Fig. 13 that with the increase in the
number of blades, the optimal TSR decreases, indicating that the
rated speed of the ICVAWT decreases, and the power coefficient
decays faster at the high TSR, indicating that the stall phenomenon
of a multi-blade ICVAWT is more obvious at high speed. For the
rotor configurations with an inverted cone angle of 30� [Fig. 13(a)],
the maximum power coefficient is 0.293 (TSR¼ 3.5) and 0.275
(TSR¼ 3) when the blade numbers are two and three, respectively.
The maximum power coefficient is 0.267 (TSR¼ 2.5) when the
blade number is four. For the rotor configurations with an inverted
cone angle of 45� [Fig. 13(b)], the maximum power coefficients are
0.309 (TSR¼ 3.5) and 0.302 (TSR¼ 3) when the blade numbers are
three and four, respectively. The maximum power coefficients are
0.288 (TSR¼ 4) when the blade number is two. For the rotor config-
urations with an inverted cone angle of 60� [Fig. 13(c)], the maxi-
mum power coefficients are 0.271 (TSR¼ 3.5) and 0.285 (TSR¼ 3)
when the blade numbers are three and four, respectively. The maxi-
mum power coefficients are 0.206 (TSR¼ 4) when the number of
blades is two. Therefore, for different inverted cone angles, when
the blade number is three, the maximum power coefficients are all
larger.

The effect of the number of blades on the running stability of the
ICVAWT with the inverted angle of 45� was studied. Figure 14 shows
the variation of the torque coefficient of a single blade and the whole
rotor with the azimuthal angle when TSR is 3.5.

Figure 14(a) shows that with the increase in the number of
blades, the CM of a single blade in the upwind area decreases, but to a
small extent. The CM in the downwind area increases, but to a small
extent too. Figure 14(b) shows that, with the increase in the number of
blades, the instantaneous CM fluctuation amplitude of the wind tur-
bine decreases significantly and is closer to a straight line. The instan-
taneous CM fluctuation amplitude of the rotor configuration with two
blades is 0.207, that of the rotor configuration with three blades is
0.0671, and that of the rotor configuration with four blades is 0.0294.
That is, if the blade number is increased from two to three and four,
the CM fluctuation amplitude of the ICVAWT decreases by 67.6% and
85.8%, respectively. The same rule applies to other rotor configura-
tions with different inverted cone angles. Therefore, appropriately

FIG. 12. Single blade and whole rotor torque coefficient for different inverted cone angles at TSR 3.5 (a) Single blade (b) Whole rotor.
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increasing the blade number of the ICVAWT can greatly reduce the
fluctuation of torque and output power during the operation.

C. Flow field distribution and analysis of nine ICVAWT
configurations

The flow field distribution of nine different wind turbine configu-
rations is shown in Figs. 15, 16 and 17, which are, respectively, the

velocity contours, pressure contours and turbulence intensity contours
at the middle height of the rotor when the ICVAWT is at the azi-
muthal angle of 90� and the TSR is 3.5. The ICVAWT rotation direc-
tion is counterclockwise.

Figure 15 shows that with the decrease in the inverted cone angle
and the increase in the blade number, the induction factor of the
incoming velocity of the blades becomes larger, and the velocity mag-
nitude in the downwind area and behind the rotor decreases. With the

FIG. 13. Variation of power coefficient
with TSR with the different number of
blades (a) Inverted cone angle 30� (b)
Inverted cone angle 45� (c) Inverted cone
angle 60�.

FIG. 14. Single blade and whole rotor torque coefficient for different blade numbers at TSR 3.5 (a) Single blade (b) whole rotor.
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increase in the inverted cone angle and the number of blades, the flow
fields in the upwind and downwind areas are more similar, so the run-
ning stabilities under different rotor configurations are explained.

Figure 16 shows that with the increase in the inverted cone angle
of the ICVAWT, the high-pressure area on the blades moves to the

behind edge, and the included angle between the aerodynamic force
generated by the pressure difference and the radial direction becomes
smaller, leading to the reduction of the moment on the blade. With
the increase in the blade number, the pressure difference on the blades
decreases, and the torque of a single blade decreases.

Figure 17 shows the instantaneous turbulence intensity of differ-
ent ICVAWT configurations at a typical position. Meanwhile, the
averaged turbulence intensity data for one cycle is obtained for each
ICVAWT configuration.

The turbulence intensity is calculated from one cycle mean data
by dividing the variance of the wind velocity through the mean wind
velocity28

tBT ¼
ru

u
: (19)

Figure 17 shows that with the increase in the inverted cone angle
of the ICVAWT, the turbulence intensity of the flow field inside the
wind turbine decreases. With the increase in the number of blades, the
turbulence intensity of the flow field inside the ICVAWT increases,
and the turbulence intensity around the blades increases, so the torque
on a single blade decrease.

D. Aerodynamic performance analysis
of the optimized ICVAWT rotor configuration

Considering power coefficient, running stability, the manufactur-
ing cost of wind turbine and other factors, the inverted cone angle of
45� and three blades were selected as the optimized configuration of
ICVAWT and the aerodynamic performance of the optimized config-
uration was studied.

Since ICVAWT is installed at a low place close to the sea plane,
the offshore wind shear effect and the variation of turbulence intensity
with height are considered.

FIG. 15. Velocity magnitude contours for nine different rotor configurations.

FIG. 16. Static pressure contours for nine different rotor configurations.

FIG. 17. Turbulent Intensity contours for nine different rotor configurations.
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Considering the offshore wind shear effect, the inflow velocity is
given by

VðyÞ ¼ VBT
z
zBT

� �a

; (20)

where VBT represents the velocity at the top of the wind turbine and
VBT ¼ 10m=s, zBT represents the height of the top of the wind turbine
and a represents the offshore wind shear coefficient and a ¼ 0:08.

The variation of turbulence intensity with height is shown in
Table V.

The aerodynamic performance of the optimized ICVAWT was
studied using the above inflow velocity and turbulence intensity.

The CFD results and the experiment results are compared. The
power coefficient curve and output power are shown in Fig. 18.

Figure 18(a) shows that the trend of the experimental results is
consistent with the CFD results. In the low TSR part, there is little dif-
ference between the two. In the high TSR part, the difference between
the two becomes larger. The optimal TSR is 3.5, the corresponding
maximum CP simulation result is 0.307, the experimental result is
0.295, and the error is 3.91%. Figure 18(b) shows that when the TSR is
3.5 and the inflow speed is 10 m/s, the numerical simulation result of
output power is 2110.6 kW, and the experimental result converted by
the power coefficient of the experiment is 2028 kW, with an error of
3.91%.

The variation of the torque coefficient with the azimuthal angle
of a single blade and the ICVAWT at different TSRs was studied to
discuss the stress of the ICVAWT in a cycle.

Figure 19(a) shows that, with the increase in the TSR, the CM of a
single blade in the upwind area decreases and the CM of a single blade
in the downwind area is maximum when the TSR is optimal. The azi-
muthal angle related to the maximum CM is maximum when the TSR
is optimal. At that time (k ¼ 3:5), the maximum CM in the upwind
area is 0.117(h ¼ 100�), and the maximum CM in the downwind area
is 0.03 (h ¼ 258�). Figure 19(b) shows that with the increase in the
TSR, the torque curve moves downward, and the CM decreases more
at the high TSR, that is, the average CM decreases significantly. This is
because the stall phenomenon intensifies at the high TSR, and the CM

of the ICVAWT decreases. From the variation of torque fluctuation
amplitude, when the ICVAWT is at the optimal TSR, the torque fluc-
tuation amplitude is the smallest, that is, the stability of the ICVAWT
is the best when it is operating at the optimal TSR.

Figure 20 shows the pressure contours of the ICVAWT at differ-
ent azimuthal angles and when the azimuthal angle is 100�, the force
on the blade is maximum. From the pressure contours of the blades, it
can be seen that the pressure difference mainly occurs at the trailing
edge of the blades. The closer it is to the tip of the blades, the greater
the pressure difference, indicating that the force generated by the
blades is mainly at the higher position of ICVAWT.

The starting performance is a very important performance of
VAWTs. For the three-blade wind turbine with an inverted cone angle
of 45� and a wind velocity of 5 m/s, the torque coefficient that the
wind turbine is subjected to when it is at different azimuthal angles is
shown in Fig. 21. The starting performance of the ICVAWT was
studied.

Figure 21 shows that when the ICVAWT is located at different
azimuth angles, the starting torque varies greatly. For a three-blade
wind turbine with an inverted cone angle of 45�, the starting torque
coefficient is the maximum with a torque coefficient of 0.0333 when
the rotor is at the azimuthal angle of 110�. When the ICVAWT is
located at an azimuthal angle of 60�–70�, the starting torque coeffi-
cient is the maximum, with a torque coefficient of 0.0302. When the
ICVAWT is located at an azimuthal angle of 20�–40�, the starting tor-
que coefficient is the minimum, 0.0137–0.0153.

Figure 22 shows the velocity contour diagram and velocity
streamline diagram of the ICVAWT when the azimuthal angle is 90�.

TABLE V. Turbulence intensities at different heights.

Height (m) Turbulence intensity

0–20 0.11
20–60 0.09
60–90 0.08
>¼90 0.07

FIG. 18. Comparisons between CFD simulation results and experimental results (a) Power coefficient (b) Power output result.
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The velocity magnitude changes mainly occur at the trailing edge and
tip in the blade length direction, generating rotating torque. The flow
field complexity of the VAWT can be seen from the 3D diagram,
which also shows that the CFD simulation method can well capture

the detailed characteristics of the flow field, and has great value for aca-
demic research and engineering applications.

V. CONCLUSION

A CFDmodel of 2MW ICVAWT is established. The scale exper-
imental prototype was designed based on the similarity theory and the
wind tunnel experiment was carried out. The power coefficients
obtained are consistent with the CFD results, and the error is small.
The validity of the CFD model was verified. This CFD model has an
important reference value for ICVAWT design and aerodynamic per-
formance research.

For a different number of blades, the maximum power coefficient
is higher when the inverted cone angle is 45�. For different inverted
cone angles, the maximum power coefficient is higher when the blade
number is three. When the inverted cone angle is 45� and the blade
number is three, the ICVAWT has the highest power coefficient of
0.309, and the corresponding optimal TSR is 3.5. With the increase in
the inverted cone angle and the number of blades, the instantaneous

FIG. 19. Torque coefficient for three tip speed ratios k1 ¼ 2; k2 ¼ 3:5; k3 ¼ 5 (a) Single blade (b) Whole rotor.

FIG. 20. Pressure contours for azimuthal angles of the rotor. FIG. 21. Starting torque coefficient for the azimuthal angle at 5 m/s.

Journal of Renewable
and Sustainable Energy ARTICLE pubs.aip.org/aip/rse

J. Renewable Sustainable Energy 15, 033305 (2023); doi: 10.1063/5.0145195 15, 033305-13

Published under an exclusive license by AIP Publishing

D
ow

nloaded from
 http://pubs.aip.org/aip/jrse/article-pdf/doi/10.1063/5.0145195/17795707/033305_1_5.0145195.pdf

pubs.aip.org/aip/rse


torque coefficient fluctuation amplitude of the ICVAWT decreases
significantly.

The power coefficient curve of the ICVAWT configuration with
the highest power coefficient (inverted cone angle of 45�, three blades)
is consistent with the changing trend of the experimental result. The
difference between the two is very small in the low TSR part. As the
TSR increases, the difference between the two becomes larger, and
the error at the optimal TSR is 3.91%. The stability of the ICVAWT is
the best at the optimal TSR. When the ICVAWT is at the azimuth
angle of 110�, the starting torque is the maximum, and its torque coef-
ficient is 0.0333.

Further studies should investigate the airfoils, chord optimization
and variable pitch to further improve the aerodynamic performance of
the inverted cone vertical axis wind turbine.
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