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a b s t r a c t

The unsatisfactory power performance hinders the development of vertical-axis wind turbines (VAWTs).
Installing a wind-capture-accelerate device outside the VAWT is one possible way to alleviate this sit-
uation. In the current study, an external diffuser system is designed to improve the power performance
of the VAWT. The three-dimensional improved delayed detached-eddy simulation is employed to predict
the aerodynamics. First, the power performance and aerodynamic loads of the VAWT equipped with
different types of basic diffusers are compared at the optimal tip speed ratio (TSR) of 1.5. Then, a stepwise
parametric analysis of the effects of size parameters, i.e., projected length, 1 � L1/D � 2.5 and diffusion
angle, 10� � q1 � 30�, is performed in various operating conditions, i.e., 0.4 � TSR �2.5. Afterwards, the
effects of the rear flange and anterior ejector on the behaviors of the basic diffuser are investigated, and
the flow structures around the VAWT are analyzed. Finally, an application prospect evaluation of the
system is conducted. The results show that the enclosed type basic diffuser with curved inner surface can
significantly improve the power performance of the VAWT at moderate and high TSRs. The aerodynamic
loads on the blade are enlarged and present more fluctuations. The power coefficient of the VAWT at
TSR ¼ 1.5 is increased by 51.73% when L1/D ¼ 2 and q1 ¼ 20�. The flange and ejector can further enhance
the capability of the basic diffuser by increasing the pressure difference and stabilizing the flow field. It is
concluded that the external diffuser system would have potential applications in specific urban areas.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

With the continuous depletion of fossil fuels and the growing
concern about environmental pollution, the utilization of renew-
able and clean energy has become an important issue for the sus-
tainable society [1,2]. Wind energy is widely distributed in urban
and offshore areas, and rapid progress has been made in wind
power generation over the past few decades. As the two main tools
for wind energy conversion, the horizontal-axis wind turbine
(HAWT) and the vertical-axis wind turbine (VAWT) are distin-
guished by the direction of the rotation axis [3,4]. Although the
ture, Ocean and Civil Engi-
240, China.
HAWT currently dominates the commercial wind turbine market,
small and medium-sized VAWTs are gaining increasing attention
because of their simple structures and low costs [5,6]. However, the
unsatisfactory power performance hinders the development of the
VAWT [7]. One of the main reasons is that the aerodynamics of the
VAWT present more complex characteristics than those of the
HAWT due to the large variation in the angle of attack (AOA) during
the rotation [8,9]. Therefore, it is important to solve the aero-
dynamic problems of the VAWT and improve its power
performance.

To achieve this goal, a variety of methods have been developed
to predict the aerodynamics of the VAWT, which can be broadly
classified into three categories, i.e., experimental methods,
analytical modeling methods, and computational fluid dynamics
(CFD) methods [5]. Although the experimental methods
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represented by the wind tunnel test can give the most accurate
results, considering their high construction costs, the latter two
methods are more widely employed in academia and industry. Due
to the limitation of the computing resources, the analytical
modeling methods including the streamtube approach, vortex
approach, and cascade approach have been extensively applied to
the study of the VAWT. The basic idea of these efficient low-fidelity
approaches is to simplify the prediction process of the rotor aero-
dynamics using the momentum theory, potential flow theory, and
cascade theory [10]. To date, a number of advanced analytical
modeling methods have been proposed based on the pioneering
researches of Templin et al. [11], Paraschivoiu et al. [12], Strickland
et al. [13], and Hirsch et al. [14], such as the improved double-
multiple streamtube approach [15], vortex panel model [16], and
low-order model [17], which significantly improve the computa-
tional accuracy. However, some critical flow information (e.g.,
vortical structures) cannot be obtained from these methods,
thereby restricting the further investigations of the aerodynamic
problems.

In recent years, the CFD methods have gained wide popularity
because of their high fidelity, powerful access to the flow infor-
mation, and the rapid development of the computing resources
[18,19]. Many researchers have contributed their efforts to explore
the aerodynamics of the VAWT in different operating conditions
through the CFD methods. Rezaeiha et al. [20] investigated the
impact of the tip speed ratio (TSR) on the aerodynamic perfor-
mance of a two-straight-bladed VAWT using the unsteady
Reynolds-Averaged Navier-Stokes (URANS) approach. The results
showed that the decreased TSR would lead to strong fluctuations in
the aerodynamic loads and promote the laminar-to-turbulent
transition on the blade. Peng and Lam [21] employed the three-
dimensional large-eddy simulation (LES) to analyze the aero-
dynamic performance of a five-straight-bladed VAWT in the tur-
bulent flow. It was found that a moderate degree of turbulence was
beneficial to the aerodynamics of the blade, which energized the
boundary-layer flow and delayed the dynamic stall. Hand et al. [22]
studied the aerodynamics of a single airfoil in Darrieus motionwith
the help of the URANS approach. They observed that high Reynolds
numbers could reduce the unstable responses of the aerodynamic
parameters of the airfoil (e.g., torque coefficient) and alleviate the
negative effects of the dynamic stall.

As numerous studies provided supports for solving the aero-
dynamic problems of the VAWT, three categories of approaches
were summarized to improve its power performance, i.e., adopting
efficient blade configurations, developing novel rotor structures,
and installing wind-capture-accelerate devices or deflectors
outside the rotor [23]. Most researchers focused on the first
approach and a series of new blades were invented, including the
leading edge-slotted [9], leading edge-serrated [24], V-shaped [19],
winglet-attached [18,25], and Gurney flap-attached [26,27]. These
configurations can improve the power performance of the VAWT
by changing the flow structures around the blade, e.g., suppressing
the flow separation. However, the existing manufacturing process
may not meet the demands of some blades, thereby restricting
their current applications. For the second approach, Liu et al. [28]
placed a modified Savonius rotor inside a three-straight-bladed
VAWT and simulated its aerodynamics. The results showed that
this hybrid VAWT has excellent self-starting performance. Poguluri
et al. [29] proposed a co-axial contra-rotating VAWT and demon-
strated its superiority in reducing the cyclic loading at the shaft
base. Villeneuve et al. [30] found that a well-designed support
structure with rounded blade-strut joints is beneficial to the rotor
aerodynamics. However, the improvement of these novel rotor
structures on the power performance of the VAWT is not as pro-
nounced as that of the first approach, which needs further
2

investigations. Therefore, the third approach is considered in the
current study and a diffuser-based wind-capture-accelerate device
is designed.

The concept of the diffuser for wind turbines was proposed by
Gilbert et al. [31] and Foreman et al. [32]. As an external ducted
device capable of concentrating the unidirectional flow, its basic
idea is to improve the power performance of the wind turbine by
enlarging the local wind velocity. Subsequent researchers experi-
mentally demonstrated the capability of the diffuser to capture and
accelerate the wind [33], and have made preliminary attempts to
apply it to wind turbines, e.g., shrouded wind turbines [34,35].
However, this topic fell into silence from the 1990s and did not
receive renewed attention until 2008, when the application of the
flanged diffuser on a medium-sized HAWT was systematically
investigated in the research of Ohya et al. [36]. It was shown that
the diffuser was able to increase the power output of the HAWT by
a factor of about 4e5. Since then, several studies have successively
analyzed the effects of different size parameters on the behaviors of
the diffuser to further enhance its capability while preparing it for
commercial applications on the HAWT [37e41].

Considering the outstanding benefits of the diffuser, it seems to
be a good choice to equip it on the relatively underperforming
VAWT. However, only a few researchers have used this technology
to improve the power performance of the VAWT. Hashem et al. [42]
investigated the effects of the flanged diffuser on the power output
of a three-straight-bladed VAWT using two-dimensional CFD sim-
ulations. It was found that the diffuser had a considerable benefit
on the VAWT, increasing its power coefficient by a factor of about
3.9. On this basis, a stepwise parametric analysis of the effects of
size parameters of the diffuser was performed by Dessoky et al.
[43], and the aerodynamic noise of a two-straight-bladed VAWT
with and without the diffuser was compared. The results showed
that the optimized diffuser could increase the power coefficient of
the VAWT by 82%, but would generatemore noise. The experiments
conducted by Watanabe et al. [44] and Wang et al. [45] also
demonstrated the potential feasibility of applying the diffuser to
the VAWT.

Although the aforementioned studies have explored the appli-
cation of the diffuser on the VAWT from various aspects, there is
still more space for the design of the diffuser-based devices. The
limitations of the existing studies and the issues that need to be
addressed are as follows:

(1) The basic diffuser can be evolved into a more effective form
by installing additional components (e.g., rear flange and
anterior ejector), but its evolutionary stages have not yet
been systematically modeled from a three-dimensional
perspective.

(2) Choosing a promising type of basic diffuser is important for
the subsequent design. However, the different types of basic
diffusers have not yet been comprehensively compared.

(3) Two-dimensional numerical modeling tends to overestimate
the power performance of the VAWT with low aspect ratio
due to the neglect of the blade tip vortices [46]. This inherent
deficiency may affect the reliability of the parametric
analysis.

(4) Most of the existing studies focused on the variation of the
power coefficient of the VAWT, while the aerodynamic loads
on the blade and the flow structures around the rotor were
rarely analyzed. However, such information is essential for
understanding the working mechanisms of the diffuser-
based devices.

(5) Given that there are some doubts about applying the diffuser
to the VAWT, it is necessary to evaluate the application
prospects of such devices.



Fig. 2. Schematic diagram of the selected VAWT.

Table 1
Geometric properties of the selected VAWT.

Property Symbol Value

Airfoil e NACA 0018
Span length H 0.800 m
Chord length c 0.200 m
Shaft diameter d 0.050 m
Rotor diameter D 0.800 m
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Therefore, the current study aims to overcome these limitations
by designing and modeling an external diffuser system with three
evolutionary stages. The three-dimensional improved delayed
detached-eddy simulation (IDDES) is employed to address the
numerical issues.

It should be noted that the main doubt of applying the diffuser
to the VAWT is that the omnidirectionality of the rotor may be
compromised. Admittedly, concentrating only the unidirectional
flow is the biggest deficiency of the diffuser. However, the corre-
sponding negative effect would be alleviated when the VAWT is
located in specific environments with a dominant wind direction,
e.g., compact urban areas. Some suitable solutions have been pro-
posed for the placement of the VAWT equipped with a diffuser
(cowling), i.e., installed between the buildings [47,48], mounted on
the rooftops [49e52], and combined with the wind catchers [53]
(see Fig. 1). These potential application scenarios undoubtedly give
the authors confidence. Besides, the external diffuser system
designed in the current study also has a certain passive yaw capa-
bility, which will be presented in the subsequent sections.

The rest of the current study is organized as follows: The geo-
metric models of the VAWT and external diffuser system are pre-
sented in Section 2. The numerical method including the IDDES,
computational domain, mesh topology, and solver settings are
described in Section 3. The mesh independence test and solution
validation are conducted in Section 4. Section 5 presents the
comparison of different types of basic diffusers, parametric analysis
of the effects of size parameters, investigation of the effects of
flange and ejector, analysis of the flow structures, and application
prospect evaluation of the system. The concluding remarks are
provided in Section 6.
2. Geometric model

2.1. Vertical-axis wind turbine

Without loss of generality, a conventional small-sized three-
straight-bladed VAWT designed by Elkhoury et al. [54] is selected
as the main research objective of the current study. The schematic
diagram and geometric properties of the VAWT are presented in
Fig. 2 and Table 1, respectively. The struts are neglected because
they have small influence on the numerical prediction of the
aerodynamics [55].

The aerodynamic parameters of the blade during the rotation
are illustrated in Fig. 3. To simplify the performance analysis of the
VAWT, the induced velocity is neglected in the calculation of the
Fig. 1. Schematic diagram of the VAWTs located in specific urban areas (not to scale): (a) ins
combined with the wind catchers.

3

relative velocity Urel of the blade [19,20,24],:

Urel
��!¼ R

!� u!þ U0
�!

(1)

Urel ¼ U0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TSR2 þ 2TSRcosqþ 1

q
(2)

where R, u, U0, and q are the rotor radius, angular velocity, inflow
velocity, and azimuthal angle, respectively.

The TSR is defined as:

TSR¼ uD
2U0

(3)
talled between the buildings; (b) mounted on the rooftops (Crossflex concept [49]); (c)



Fig. 3. Schematic diagram of the aerodynamic parameters of the blade.
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The tangential force coefficient CT and normal force coefficient
CN of the blade can be calculated as follows:

CT ¼ FT

rU2
relcH

.
2

(4)

CN ¼ FN

rU2
relcH

.
2

(5)

where FT, FN, and r are the tangential force, normal force, and air
density, respectively.

The power coefficient Cp, torque coefficient CQ, and thrust co-
efficient Cthrust of the VAWT can be calculated as follows:

Cp ¼ Qu

rU2
0HD

.
2

(6)

CQ ¼ Q

rU2
0HD

2
.
4

(7)

Cthrust ¼
Fthrust

rU2
0HD

.
2

(8)

where Q and Fthrust are the torque and thrust, respectively. The di-
rection of Fthrust is consistent with the streamwise direction.
2.2. External diffuser system

The geometric model of the external diffuser system is pre-
sented in Fig. 4. The basic diffuser, rear flange, and anterior ejector
constitute the three evolutionary stages of the system (i.e., stage 1:
basic diffuser; stage 2: basic diffuser with flange, also known as the
flanged diffuser; stage 3: basic diffuser with flange and ejector). As
4

shown in Fig. 5, four types of basic diffusers are considered at stage
1, and the main difference between them is whether they are
enclosed and whether their inner surfaces are curved. The size
parameters of the system include the inlet diameter Dinlet1, outlet
diameter (Doutlet1,Doutlet2, andDoutlet3), projected length (L1, L2-1, L2-2,
and L3), and diffusion angle (q1, q2, and q3). The mathematical re-
lationships between them are expressed as follows:

Doutlet1 ¼Dinlet1 þ 2L1tanq1 (9)

Doutlet2 ¼Doutlet1 þ 2L2�1 (10)

Doutlet3 ¼Dinlet1 þ 2L3tanq3 (11)

L2�2 ¼ L2�1tanq2 (12)

Based on the geometric properties of the selected VAWT, the
initial size parameters of the system are listed in Table 2. Without
moving the location of the rotor, the comparison of different types
of basic diffusers, parametric analysis of the effects of size param-
eters, and investigation of the effects of flange and ejector are
presented in Section 5.

3. Numerical method

3.1. Improved delayed detached-eddy simulation

The commercial computer-aided engineering (CAE) software
STAR-CCM þ version 13.04 is utilized as the CFD solver in the
current study. The three-dimensional IDDES is employed to handle
the incompressible Navier-Stokes equations. As a balanced and
powerful hybrid RANS/LES approach, the IDDES solves the problem
of log-layer mismatch in DES by providing some wall-modeled LES
(WMLES) capabilities to the DDES [56]. On the one hand, a new
definition of the subgrid length-scale D in LES that considers both
the grid spacing and wall distance was given, expressed as [56]:

D¼minfmaxf0:15dw;0:15hmax; hwng; hmaxg (13)

where dw, hmax, and hwn are the distance to the wall, maximum grid
spacing, and grid spacing in thewall-normal direction, respectively.
On the other hand, a new numerical strategy that could seamlessly
switch between the DDES and WMLES depending on the inflow
condition and grid resolution was proposed. The length-scales of
the DDES, WMLES, and IDDES are defined as follows [56]:

lDDES ¼ fdlRANS � fdmaxf0; ðlRANS � lLESÞg (14)

lWMLES ¼ fBð1þ feÞlRANS þ ð1� fBÞlLES (15)

lIDDES ¼maxfð1� fdÞ; fBgð1þ feÞlRANS þ ð1�maxfð1� fdÞ; fBg
� ÞlLES

(16)

where fd, fB, and fe are empirical blending functions. lRANS and lLES
are the length-scales of the RANS approach and LES, respectively.

Based on the above modifications, the IDDES not only inherits
the advantages of DES and DDES, such as higher accuracy compared
with the RANS approach and lower cost compared with LES, but



Fig. 4. Geometric model of the external diffuser system: (a) three-dimensional view; (b) vertical view (mid-span section).
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also performs better in simulating the attached and separated flow
at high Reynolds numbers [56]. In the authors’ previous studies
[55,57,58], the IDDES with the background of the SST k-u turbu-
lence model has also shown good results in predicting the aero-
dynamics of the VAWT.
5

3.2. Computational domain and mesh topology

As shown in Fig. 6, a cuboid computational domain is con-
structed to perform the simulations. To avoid the flow acceleration
caused by the large blockage ratio [59], the length L, width W, and



Fig. 5. Schematic diagram of different types of basic diffusers: (a) enclosed type with
curved inner surface; (b) open type with curved inner surface; (c) enclosed type with
flat inner surface; (d) open type with flat inner surface.

Table 2
Initial size parameters of the external diffuser system.

Parameter Symbol Value

Inlet diameter Dinlet1 1.6D
Outlet diameter Doutlet1 2.7D

Doutlet2 3.7D
Doutlet3 1.7D

Projected length L1 1.5D
L2-1 0.5D
L2-2 0.13D
L3 0.5D

Fig. 6. Schematic diagram of the computational domain: (a) three-dimensional view; (b) plan layout (not to scale).
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height E of the domain are set as follows:

L ¼ 20D All the conditions (17)
6

W ¼
8<
:

12D No diffuser
12Doutlet1 Stage 1
12Doutlet2 Stage 2; Stage 3

(18)

E ¼
8<
:

12D No diffuser
12Doutlet1 Stage 1
12Doutlet2 Stage 2; Stage 3

(19)

The domain consists of two parts: One cylindrical rotational
region and one fixed background region. The contact surfaces be-
tween these two regions are defined as the interfaces, where the
physical information is transferred through the sliding mesh
technique. The VAWT is located in the rotational region and can
rotate at a preset angular velocity. According to the CFD guidelines
for VAWTs [59,60], the diameter and height of the rotational region
are set to 1.5D and 1.5H, respectively. The inlet and outlet of the
domain are set as the velocity inlet (U0 ¼ 8.0 m/s) and pressure
outlet (P0 ¼ 0.0 Pa), respectively. The remaining boundaries are in
symmetric conditions to avoid the reflection effect [24]. The sur-
faces of the VAWT and external diffuser system are set as the no-
slip walls. For the specification of the turbulence values, the tur-
bulence intensity, turbulent viscosity ratio, and turbulent velocity
scale are set to 0.8%, 10, and 1 m/s, respectively.

As shown in Fig. 7, the trimmed grid mesher is employed to
generate the mesh topology. To accurately predict the aero-
dynamics of the VAWT, a mesh refinement is conducted in the
rotational region. The prismatic boundary-layer grids are set
around the VAWTand external diffuser system to capture the near-
wall flow. Taking the case of the blade as an example, the chord-
based Reynolds number in the current study is about
1.53 � 105e3.83 � 105. Therefore, based on the authors’ previous
studies [55,57,58], the growth ratio, number of layers, and total
thickness of the boundary-layer grids around the blade are set to
1.2, 26, and 0.006m, respectively, to meet the requirement of IDDES
for yþ < 1. The quality of the mesh topology is automatically
diagnosed in STAR-CCMþ. Taking one of the cases at stage 3 as an
example, the overall face validity is equal to 1.00, 99.78% of the
grids have a volume change between 0.10 and 1.00, and the



Fig. 7. Schematic diagram of the mesh topology.
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maximum grid skewness angle is less than 85�.
3.3. Solver settings

The segregated flow solver with the implicit unsteady approach
is employed to perform the transient analysis. The hybrid second-
order upwind/bounded central-differencing scheme is adopted to
discretize the convection and diffusion terms. The pressure-
velocity coupling is realized through the SIMPLE algorithm. For
the temporal resolution, an azimuthal increment of 2� is selected in
the current study, corresponding to a time step of T/180, where T is
the period of one turbine revolution. 20 internal iterations are set
for each time step to obtain the convergence results after 20 turbine
revolutions. The above settings bring the averaged convective
Courant number below 1 inmost of the rotational region and on the
order of 1 around the blades. A detailed sensitivity test of the
azimuthal increment is provided in Appendix A.
Fig. 8. Comparison of the instantaneous torque coefficients of blade 1 predicted by
different mesh topologies. (TSR ¼ 1.5).
4. Verification and validation

4.1. Mesh independence test

In the current study, a mesh independence test is conducted for
the selected VAWT with the basic diffuser (stage 1, enclosed type
with curved inner surface, see Fig. 5). The size parameters of the
basic diffuser are set according to Table 2. Three uniformly refined
mesh topologies, namely the coarse mesh, medium mesh, and fine
mesh, are generated and compared (see Table 3). The criterion to
adjust the number of grids is successively refining the trimmed grid
size with a refinement ratio of 1.25 for each coordinate direction.
The grid convergence index (GCI) proposed by Roache [61,62], is
adopted to provide a consistent manner in reporting the results of
the mesh independence test. The GCI is calculated in terms of the
averaged power coefficient Cp of the VAWT at TSR ¼ 1.5 (optimal
Table 3
Comparison of different mesh topologies.

Mesh topology Total number of
grids

Number in rotational
region

Number in back
region

Coarse mesh 6,131,104 2,828,068 3,303,036
Medium mesh 10,162,632 4,016,058 6,146,574
Fine mesh 17,305,661 5,881,414 11,424,247

7

when equippedwith the basic diffuser), using a safety factor of 1.25.
The values of GCIfine for the coarse-medium mesh pair and
medium-fine mesh pair are 13.96 � 10�3 and 5.37 � 10�3,
respectively, which indicates that the solution has converged with
the refinement from the coarse mesh to the fine mesh. Besides, the
averaged yþ on blade 1 for different mesh topologies is around 1
and decreases gradually from the coarse mesh to the fine mesh,
which is consistent with the findings of Rezaeiha et al. [59]. Fig. 8
depicts the instantaneous torque coefficients CQ of blade 1 with
respect to the azimuthal angle q for differentmesh topologies. It can
be seen that the results of the medium mesh and fine mesh are
almost identical, and the variation trend of CQ predicted by the
coarse mesh shows a small deviation. Therefore, in consideration of
ground Predicted power coefficient Cp at
TSR ¼ 1.5

Averaged yþ on blade 1 at
TSR ¼ 1.5

0.2503 1.118
0.2462 1.070
0.2445 1.062



Fig. 9. Comparison of the averaged power coefficients of the VAWT predicted by the
IDDES with the experimental and numerical data [3,54].

Fig. 10. Comparison of the averaged power coefficients of the VAWT for different types
of basic diffusers. (TSR ¼ 1.5).
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the mesh independence and computational efficiency, the medium
mesh is selected for the rest of the simulations.

4.2. Solution validation

To ensure the reliability of the numerical method employed in
the current study, a solution validation of the IDDES is conducted.
Due to the lack of experimental data for the selected VAWT with
the external diffuser system, only the individual VAWT is consid-
ered as the research objective. The results of the IDDES are
compared with the experimental data extracted from the wind
tunnel tests conducted by Elkhoury et al. [54] and the numerical
data simulated by Ma et al. [3] using the SST k-u turbulence model.
The boundary conditions of the computational domain are set ac-
cording to the experimental environment (see Section 3.2). The
averaged power coefficients Cp of the VAWT at a series of TSRs are
selected as the comparison objectives. It can be seen from Fig. 9 that
the results of the IDDES are in good agreement with the experi-
mental data and show a slight improvement compared to the nu-
merical data. Nevertheless, some deviations are observed at
moderate TSRs, which could be explained as: (1) The geometrical
simplification, i.e., neglecting the support arms, could lead to an
overestimation of Cp [20]; (2) The surface roughness of the VAWT
and the loss of mechanical energy during the rotation are not
considered [20,57]. Overall, the current numerical method can
provide reliable predictions of the aerodynamics of the VAWT for
the rest of the simulations.

5. Results and discussion

5.1. Different types of basic diffusers

This subsection compares the effects of different types of basic
diffusers (stage 1, see Fig. 5) on the power performance and aero-
dynamics loads of the selected VAWT. The size parameters of the
basic diffuser are set according to Table 2. Fig. 10 shows the aver-
aged power coefficients Cp of the VAWTat TSR¼ 1.5 (optimal when
8

equipped with the basic diffuser). It can be seen that all types of
basic diffusers can significantly improve the power performance of
the VAWT, especially the enclosed type with curved inner surface,
which increases the value of Cp by 41.74%. The open type with flat
inner surface is less effective than the other three types, leading to
an increase in Cp of 35.06%. Moreover, the enclosed type is better
than the open type, on which the relatively optimal improvement
can be obtained by using the curved inner surface.

Fig. 11(a) depicts the instantaneous torque coefficients CQ of
blade 1 with respect to the azimuthal angle q (see Fig. 3) at
TSR¼ 1.5. It can be seen that all types of basic diffusers can increase
the values of CQ in most of the upwind region (0� � q � 180�) and
lead to a slight decrease of CQ in the downwind region
(180� � q � 360�). The enclosed type with curved inner surface can
bring the peak value of CQ at q ¼ 90� to the maximum and make CQ
present more fluctuations in the condition of q � 180�. Besides, the
difference between the effects of the other three types on CQ is
small, while the open type with flat inner surface is still relatively
inferior, mainly due to its minimal boost to the peak value of CQ in
the upwind region. Moreover, it should be noted that the overall
variation trend of CQ will not be changed by the basic diffuser.
Fig. 11(b) illustrates the comparison of the instantaneous thrust
coefficients Cthrust of blade 1 within one turbine revolution. Unlike
the case of CQ, the value of Cthrust is increased by the basic diffuser at
almost every azimuthal angle, rather than only in the upwind re-
gion. For the enclosed type with curved inner surface, the value of
Cthrust at q ¼ 240� is 373.08% larger than that of the bare VAWT. This
significant enlargement of the thrust in the downwind region ul-
timately leads to an unstable power output corresponding to the
fluctuating power coefficients depicted in Fig. 11(a). The azimuthal
angle-varying tangential force coefficients CT and normal force
coefficients CN are depicted in Fig. 11(c) and (d), respectively. It can
be seen that all types of basic diffusers change the variation trends
of CT and CN, i.e., the corresponding curves are shifted to the right
along the abscissa. Similar to the case of Cthrust, the peak and valley
values of CT are increased to a certain extent where the enclosed
type with curved inner surface contributes the most, providing
higher driving force and lower resistance for the rotor rotation,
which is beneficial to the self-starting performance of the VAWT.
Besides, the presence of lower CN in the downwind region indicates
that the aerodynamic load on blade 1 in the normal direction is
enlarged significantly.



Fig. 11. Comparison of the instantaneous force coefficients of blade 1 for different types of basic diffusers: (a) torque coefficient; (b) thrust coefficient; (c) tangential force coef-
ficient; (d) normal force coefficient. (TSR ¼ 1.5).

Fig. 12. Comparison of the averaged normalized wake profiles of the VAWT in the X-Z
plane at the downstream distance of X ¼ D for different types of basic diffusers.
(TSR ¼ 1.5).
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To explore the working mechanism of the basic diffuser and to
explain the aforementioned physical phenomena, the wake char-
acteristics of the VAWT are investigated. Fig. 12 depicts the aver-
aged normalized wake profiles of the VAWT in the X-Z plane at the
downstream distance of X ¼ D (see Fig. 4(a)). It can be seen that all
types of basic diffusers greatly enlarge the flow velocity around the
9

VAWT, especially the enclosed type with curved inner surface,
which increases the value of U/U0 at Z/H ¼ �0.5 by 69.69%. Mean-
while, the turbine wake deficit in the Z-direction is reduced, and
the configuration of the wake profile becomes sharper. This is
because a relatively low-pressure region is formed behind the
VAWT and the pressure difference increases (see Fig. 13), thereby
more wind flows in and the velocity is enlarged correspondingly,
which is known as the suction effect [38]. The suction effect gives
the basic diffuser the capability to capture and accelerate the wind,
and further changes the aerodynamic loads on blade 1, as depicted
in Fig. 11. Moreover, the valley value of the wake profile is lower
than that of the bare VAWT, which indicates that the wind energy
absorption capability in the core region of the VAWT (mid-span
section, see Fig. 4(a)) is enhanced. The enclosed type contributes
the most to this improvement due to its ideal restriction of the
surrounding flow, resulting in a lower wind dissipation rate and a
higher power coefficient. Besides, the curved inner surface can
produce lower drag force than the flat inner surface, allowing the
wind to flow more smoothly through the VAWT. More fluctuations
can also be observed in the wake profile near the centerline (Z/
H ¼ 0), indicating that the basic diffuser will complicate the flow
field.

The comparison of the instantaneous three-dimensional vortical
structures around the VAWT with and without the basic diffuser at
q ¼ 0� are illustrated in Fig. 14. The Q-criterion of Q ¼ 300 is
employed to identify and visualize the vortices. The velocity
magnitude is used to color the iso-surface. It can be seen from
Fig. 14(a) that band-shaped vortices are generated at the tips of
blade 1 and blade 2, and are regularly transmitted to the down-
stream region. Meanwhile, some small-scale vortices gather near



Fig. 13. Comparison of the instantaneous pressure distributions in the mid-span section of the VAWT: (a) no diffuser; (b) enclosed type basic diffuser with curved inner surface.
(TSR ¼ 1.5).

Fig. 14. Comparison of the instantaneous three-dimensional vortical structures around the VAWT: (a) no diffuser; (b) enclosed type basic diffuser with curved inner surface.
(TSR ¼ 1.5).
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the trailing edge of blade 3 and dissipate rapidly. However, the
wake field of the VAWT becomes more chaotic when equipped
with the basic diffuser, where a large number of small-scale
vortices are distributed among the large-scale vortices (see
Fig. 14(b)). As a result, the wake profile of the VAWT depicted in
Fig. 12 changes significantly because the vortices play an important
role in the development of the turbulent flow [63]. Besides, the flow
velocity around blade 2 is enlarged and the rotor is surrounded by
the high-velocity vortices, resulting in a strong blade-vortex
interaction, which ultimately influences the aerodynamic loads of
the VAWT.
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5.2. Effects of the size parameters

In this subsection, a stepwise parametric analysis of the effects
of size parameters on the behaviors of the basic diffuser (stage 1) is
performed. Based on the previous results, only the enclosed type
with curved inner surface is investigated. The projected length L1
and diffusion angle q1 (see Fig. 4(b)) are taken as the main pa-
rameters to be considered. The inlet diameter Dinlet1 is kept con-
stant at 1.6D (see Table 2) and the outlet diameter Doutlet1 can be
calculated using Eq. (9).

Fig. 15 depicts the averaged power coefficients Cp of the selected
VAWT at a series of TSRs for different q1 in the condition of



Fig. 15. Comparison of the averaged power coefficients of the VAWT for different
diffusion angles of the basic diffuser.

Fig. 16. Comparison of the instantaneous three-dimensional vortical structures around blade 1: (a) no diffuser; (b) basic diffuser (q1 ¼ 20�). (TSR ¼ 1.5).

Fig. 17. Comparison of the instantaneous torque coefficients of blade 1 with and
without the basic diffuser. (TSR ¼ 0.7).
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L1 ¼ 1.5D. It can be seen that the basic diffuser can significantly
improve the power performance of the VAWTatmoderate and high
TSRs, while the improvement is not pronounced at low TSRs. Fig. 16
illustrates the comparison of the instantaneous three-dimensional
vortical structures around blade 1 with and without the basic
diffuser at TSR ¼ 1.5. It can be seen that plenty of small-scale
vortices are gathered near the trailing edge of blade 1, which may
result in the premature onset of the flow separation and dynamic
stall. This is because the enlarged wind velocity caused by the basic
diffuser destabilizes the flow field around the VAWT. The above
phenomenon will become more intense with decreasing TSR and
further weaken the benefits of the basic diffuser. The instantaneous
torque coefficients CQ of blade 1 within one turbine revolution at
TSR ¼ 0.7 depicted in Fig. 17 confirm this point. It can be seen that
the improvement of the basic diffuser on the blade torque is
11
significantly reduced compared to that in Fig. 11, especially in the
upwind region, where the relative increase in the peak value of CQ
drops from 30.83% to 3.57%. Observing the corresponding vorticity
distributions illustrated in Fig. 18, it can be found that the vortex
shedding at the trailing edge of blade 1 and the vortex attaching on
the suction side of blade 3 are enhanced by the basic diffuser, which
deteriorates the complex blade aerodynamics at low TSRs and
thereby reduces the benefits of the enlarged wind velocity. Besides,
the overall capability of the basic diffuser is found to first enhance
and then deteriorate as the value of q1 increases, and the TSR
required for the VAWT to obtain the peak power output raises from
1.2 to 1.5. The relatively optimal capability is achieved when
q1 ¼ 20�, where Cp at TSR ¼ 1.5 is increased from 0.1737 to 0.2462.
Fig. 19 depicts the instantaneous torque coefficients CQ of blade 1 at
TSR ¼ 1.5. It shows that among the four diffusion angles, the peak



Fig. 18. Comparison of the instantaneous vorticity distributions in the middle section of the VAWT: (a) no diffuser; (b) basic diffuser (q1 ¼ 20�). (TSR ¼ 0.7).

Fig. 19. Comparison of the instantaneous torque coefficients of blade 1 for different
diffusion angles of the basic diffuser. (TSR ¼ 1.5). Fig. 20. Comparison of the averaged normalized wake profiles of the VAWT in the X-Z

plane at the downstream distance of X ¼ D for different diffusion angles of the basic
diffuser. (TSR ¼ 1.5).
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value of CQ is the lowest when q1 ¼ 30�, and the curve presents
more fluctuations in the downwind region. This is because an
excessive large q1 will complicate and destabilize the flow field
inside the basic diffuser to a large extent, thus reducing the wind
energy absorption efficiency of the VAWT. The comparison of the
averaged normalized wake profiles illustrated in Fig. 20 confirms
this point. It can be seen that when q1 ¼ 30�, the turbine wake
deficit at Z/H ¼ 0.3 is substantially reduced compared to that of the
other diffusion angles, indicating that the incoming flow is not fully
utilized. This phenomenon could also be explained by the findings
of Kuang et al. [58]: The combination of high turbulence intensity
and high wind velocity would negatively affect the power perfor-
mance of the VAWT. As to the case of q1 ¼10�, the improvement of
the power performance for the VAWT at high TSRs is lower than
that of q1¼20�. The reason could be that the smaller diffusion angle
reduces the pressure difference and thus the flow velocity around
12
the VAWT is decreased. Therefore, the diffusion angle of q1 ¼ 20�

(Doutlet1 ¼ 2.7D) is the relatively optimal choice for the design of the
basic diffuser.

The averaged power coefficients Cp of the VAWT at a series of
TSRs for different L1 in the condition of Doutlet1 ¼ 2.7D are depicted
in Fig. 21. It can be seen that increasing L1 is beneficial to improve
the power performance of the VAWT, especially for high TSRs.
These improvements in Cp diminish with the growth of L1 and
almost disappear at L1 ¼ 2.5D, which indicates that there is a limit
to enhance the capability of the basic diffuser by increasing the
projected length. Fig. 22 illustrates the comparison of the torque
coefficients CQ of blade 1 at TSR ¼ 1.5. Since the inlet and outlet
diameters of the basic diffuser are fixed, thewind velocities flowing
through the VAWT for different L1 are basically the same, and the
difference in the variation trends of CQ is small. However, when



Fig. 21. Comparison of the averaged power coefficients of the VAWT for different
projected lengths of the basic diffuser.

Fig. 22. Comparison of the instantaneous torque coefficients of blade 1 for different
projected lengths of the basic diffuser. (TSR ¼ 1.5).

Fig. 23. Comparison of the averaged normalized wake profiles of the VAWT in the X-Z
plane at the downstream distance of X ¼ D for different projected lengths of the basic
diffuser. (TSR ¼ 1.5).
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L1 ¼ D, the peak value of CQ at q ¼ 90� is noticeably lower than that
of the other projected lengths, resulting in a relatively inferior
improvement of Cp depicted in Fig. 21. This phenomenon could be
explained by analyzing the averaged wake profiles of the VAWT. It
can be seen from Fig. 23 that when L1 ¼ D, the normalized wake
velocities at Z/H < �0.22 and Z/H > 0.19 exceed 0.9, and the valley
value of U/U0 is the largest, which means that only a small part of
the incoming flow is utilized by the VAWT, similar to the case of
q1 ¼ 30�. This is because the shorter projected length prevents the
VAWT from fully absorbing the high-velocity wind, thereby nega-
tively affecting its power performance. Besides, the wake profiles of
L1 ¼ 2D and 2.5D are almost identical, corresponding to the
approaching Cp and CQ depicted in Figs. 21 and 22, respectively.
Therefore, in consideration of the capability enhancement and
manufacturing cost, the suggested projected length of the basic
diffuser is L1 ¼ 2D.
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5.3. Effects of the flange and ejector

The effects of the rear flange (stage 2) and anterior ejector (stage
3) on the behaviors of the basic diffuser are investigated in this
subsection, and the size parameters of the two components are
optimized in a stepwise manner. The projected length L2-1 and
diffusion angle q2 are the main parameters to control the size of the
flange. The outlet diameter Doutlet2 and projected length L2-2 can be
calculated using Eq. (10) and Eq. (12), respectively. According to the
results of the parametric analysis in Section 5.2, Doutlet1 and L1 are
set to 2.7D and 2D, respectively.

First, the averaged power coefficients Cp of the selected VAWTat
a series of TSRs for different q2 in the condition of L2-1 ¼ 0.5D are
depicted in Fig. 24. It can be seen that the flange makes a pro-
nounced contribution to the capability enhancement of the basic
diffuser and significantly increases the values of Cp at TSR >1.2. This
is because the flange can extend the low-pressure region
mentioned in Section 5.1 and generate downstream vortices
around the outlet of the basic diffuser (see Fig. 25), which increases
the pressure difference. As a result, the suction effect on the
incoming flow becomes stronger, and the capability of the basic
diffuser to capture and accelerate the wind is enhanced. Besides,
the optimal TSR of the VAWT is further increased from 1.5 to 2.0,
which means that higher wind velocities require higher angular
velocities to accommodate. Moreover, as shown in Fig. 24(a),
increasing q2 is found to have small influence on the power per-
formance of the VAWT at TSR <2.0. The reason could be that L2-1 is
kept constant during the adjustment of q2, resulting in essentially
the same acceleration capability of the basic diffuser. However, the
detailed comparison illustrated in Fig. 24(b) suggests that larger q2
contributes more to the values of Cp at high TSRs, while Cp benefits
more from smaller q2 at low TSRs. For instance, the maximumvalue
of Cp for TSR ¼ 1.5 is reached at q2 ¼ 10�, and that for TSR ¼ 2.5 is
reached at q2 ¼ 15�. This indicates that the effects of different q2 on
the capability of the basic diffuser cannot be simply measured and
the appropriate q2 needs to be determined according to the actual
operating conditions of the VAWT. Considering that higher angular



Fig. 24. Comparison of the averaged power coefficients of the VAWT for different
diffusion angles of the flange: (a) line chart; (b) histogram.
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velocity may cause structural vibration problems of the rotor, the
diffusion angle of q2 ¼ 10� (L2-2 ¼ 0.09D) is suggested for the design
of the basic diffuser.

Fig. 26 depicts the averaged power coefficients Cp of the VAWT
at a series of TSRs for different L2-1 in the condition of L2-2 ¼ 0.09D.
By increasing L2-1 from 0.25D to 0.5D, the flange provides a more
significant enhancement to the capability of the basic diffuser. The
values of Cp at TSR¼ 1.5, 2.0, and 2.5 are improved by 11.64%, 9.26%,
and 61.47%, respectively. This is because the longer L2-1 makes the
low-pressure region and downstream vortices larger and stronger,
respectively, thereby more wind flows through the basic diffuser
and the VAWT can produce more power. However, the power
performance of the VAWT deteriorates as L2-1 continues to increase
from 0.5D to 0.75D. This phenomenon could be explained by the
findings of Kardous et al. [37]: The downstream vortices gradually
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move away from the flange along the flow direction with the in-
crease of L2-1, which is inadequate to enlarge the wind velocity.
Therefore, the projected length of L2-1 ¼ 0.5D (Doutlet2 ¼ 3.7D) is the
relatively optimal choice for the design of the flange.

Second, similar to the case of the flange, the projected length L3
and diffusion angle q3 are themain size parameters for the design of
the ejector. The outlet diameter Doutlet3 can be calculated using Eq.
(11). Fig. 27 depicts the power coefficients Cp of the VAWT at a
series of TSRs for different q3 in the condition of L3 ¼ 0.5D. Since the
ejector can restrain the flow separation at the inlet of the basic
diffuser and promote the wind to flow smoothly through the rotor
[43], the dynamic stall of the blade with a large variation of AOA is
alleviated to a certain extent. As a result, the power performance of
the VAWT at low TSRs is found to be significantly improved. Be-
sides, it can be seen that the value of Cp gradually decreases with
increasing q3 when TSR �1.2, and the optimal TSR of the VAWT
drops from 2.0 to 1.5. The reason could be that the ejector with
large q3 narrows the high-pressure region in front of the VAWT,
thereby the acceleration capability of the basic diffuser is deterio-
rated. Nevertheless, the diffusion angle of q3¼ 2.5� (Doutlet3¼1.64D)
is found to balance the positive and negative effects of the ejector,
resulting in an overall performance improvement of the VAWT.

The increasing L3 also affects the behaviors of the basic diffuser
in two aspects. As depicted in Fig. 28, the overall power perfor-
mance of the VAWT is improved when L3 increases from 0.125D to
0.25D in the condition of Doutlet3 ¼ 1.64D, indicating that the posi-
tive effect of the ejector that can drawmorewind smoothly into the
basic diffuser occupies a domination position. However, the nega-
tive effect of reducing the pressure difference is more pronounced
when L3 ¼ 0.5D and 0.75D. Therefore, the suggested projected
length of the ejector is L3 ¼ 0.25D.

Table 4 lists the size parameters of the external diffuser system
after the parametric analysis. When the selected VAWT is equipped
with this wind-capture-accelerate device, its power performance
reaches a relative optimum: The value of Cp at TSR¼ 1.5 is increased
from 0.1737 to 0.3564.

5.4. Analysis of the flow structures

To understand the working mechanism of the external diffuser
system at different evolutionary stages, the flow structures around
the selected VAWT are analyzed in this subsection. The size pa-
rameters of the system are set according to Table 4.

Fig. 29 illustrates the instantaneous vorticity and streamline
distributions at different locations in the mid-span section of the
VAWT when TSR ¼ 1.5. It can be seen from Fig. 29(a)e, (b)- and (c)-
stage 1 that the basic diffuser can significantly change the vorticity
field around the rotor, where larger vortices are attached to the
blade at q ¼ 0� and 120�, and the flow separation near the trailing
edge of the blade becomes more severe at q ¼ 240�. These phe-
nomena are attributed to the high wind velocity and complex flow
field caused by the basic diffuser, which are further enhanced by
the rear flange: Unstable large-scale vortices are formed on the
pressure side of the blade and break up earlier at the trailing edge
(see Fig. 29(a)-stage 2), and the location of the severe flow sepa-
ration is shifted to the leading edge (see Fig. 29(c)-stage 2). As
discussed previously in Section 5.3, the intensified flow separation
will negatively affect the power performance of the VAWT at low
TSRs due to the dynamic stall that may be induced. However, the
anterior ejector can alleviate this negative effect where the vorticity



Fig. 25. Instantaneous pressure and streamline distributions in the mid-span section of the VAWT (q2 ¼ 10�). (TSR ¼ 1.5).

Fig. 26. Comparison of the averaged power coefficients of the VAWT for different
projected lengths of the flange.

Fig. 27. Comparison of the averaged power coefficients of the VAWT for different
diffusion angles of the ejector.
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field is returned to a relatively stable state (see Fig. 29(a)eand (c)-
stage 3). Meanwhile, the strong downstream vortices generated by
the flange illustrated in Fig. 29(e)-stage 2 are disappeared as a
result of being equipped with the ejector, which will reduce the
pressure difference and decrease the wind velocity. Fig. 29(d)-stage
1 and stage 2 indicate that the basic diffuser can reduce the sepa-
ration of the upstream wind at the inlet and draw more wind flow
through the VAWT. Besides, it can be seen from Fig. 29(d)-stage 3
that the ejector provides a transition channel that enables the
incoming flow to enter the basic diffuser more smoothly, which
corroborates the explanation in Section 5.3.
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5.5. Application prospect evaluation

Given the doubts of some researchers regarding the feasibility of
applying the diffuser-based device to the VAWT, this subsection
briefly evaluates the application prospect of the external diffuser
system designed in the current study.

In addition to significantly improving the power performance of
the VAWT, the unique advantages of the external diffuser system
are as follows:

(1) The safety of the VAWT can be improved by reducing the
probability of collision with the external objects, e.g., wind-
borne debris and flying birds.



Fig. 28. Comparison of the averaged power coefficients of the VAWT for different
projected lengths of the ejector.

Table 4
Size parameters of the external diffuser system after the parametric analysis.

Parameter Symbol Value

Inlet diameter Dinlet1 1.6D
Outlet diameter Doutlet1 2.7D

Doutlet2 3.7D
Doutlet3 1.64D

Projected length L1 2D
L2-1 0.5D
L2-2 0.09D
L3 0.25D
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(2) The service life of the VAWTcan be extended by reducing the
rainfall erosion.

(3) When encountering the extreme conditions, the public
safety risk caused by the falling of the broken blades can be
reduced.

(4) It is possible to use the outer surface of the system for inte-
grated design, e.g., combined with the solar panels [51].

How to alleviate the negative effect on the omnidirectionality of
the rotor is addressed as follows:

(1) Applying to the VAWT located in specific urban areas where
the wind direction is relatively homogeneous, e.g., between
the buildings and on the rooftops (see Figs. 1 and 30).

(2) The rear flange can act as a passive yaw system to keep the
VAWT facing the incoming flow [36] (see Fig. 31).

Besides, since the system is designed mainly for small-sized
VAWTs, the corresponding manufacturing cost is relatively low.
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Therefore, the external diffuser system can bring many benefits
to the VAWT while alleviating the negative effect on its omnidir-
ectionality, which would have potential applications in specific
urban areas.

6. Conclusions

In the current study, a wind-capture-accelerate device called
external diffuser system is designed to improve the power perfor-
mance of the VAWT. The basic diffuser, rear flange, and anterior
ejector constitute the three evolutionary stages of the system. The
three-dimensional IDDES is employed to predict the aerodynamics.
The power performance and aerodynamic loads of the VAWT
equippedwith different types of basic diffusers are compared, and a
stepwise parametric analysis of the effects of size parameters is
performed. The effects of the flange and ejector on the behaviors of
the basic diffuser are investigated. The flow structures around the
VAWT are explored and a brief application prospect evaluation is
conducted. The main conclusions derived from the results are as
follows:

(1) All types of basic diffusers can significantly improve the
power performance of the VAWT, especially the enclosed
type with curved inner surface, which increases the power
coefficient by 41.74% at TSR ¼ 1.5. The enclosed type is better
than the open type due to its ideal restriction of the sur-
rounding flow. The curved inner surface is more effective
than the flat inner surface because it can produce lower drag
force.

(2) The suction effect gives the basic diffuser the capability to
capture and accelerate the wind. The flow velocity around
the VAWT and the aerodynamic loads on the blade are
enlarged correspondingly. The considerable enlargement of
torque in the upwind region contributes the most to the
improvement of the power performance. The increasing
peak and valley values of the tangential force are beneficial to
the self-starting performance of the VAWT.

(3) The wake field of the VAWT becomes more chaotic after
being equipped with the basic diffuser. The turbine wake
deficit is reduced and more fluctuations can be observed in
the wake profile near the centerline. The rotor is surrounded
by the high-velocity vortices, resulting in a strong blade-
vortex interaction, which ultimately influences the aero-
dynamic loads of the VAWT.

(4) The flange can further enhance the capability of the basic
diffuser by strengthening the suction effect. The ejector
sacrifices part of the acceleration capability to promote more
wind to flow smoothly through the rotor. As a result, the flow
filed around the VAWT is stabilized and the dynamic stall of
the blade with a large variation of AOA is alleviated to a
certain extent.

(5) By properly adjusting the projected length and diffusion
angle of each component (see Table 4), the relatively optimal
capability of the external diffuser system can be achieved.



Fig. 29. Instantaneous vorticity and streamline distributions at different locations in the mid-span section of the VAWT: (a) blade at q ¼ 0�; (b) blade at q ¼ 120�; (c) blade at
q ¼ 240�; (d) upstream; (e) downstream. (TSR ¼ 1.5).
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Fig. 30. Schematic diagram of the potential application scenarios (not to scale): (a)
between the buildings; (b) on the rooftops (Crossflex concept [49]).

Fig. 31. Schematic diagram of the passive yaw mechanism.
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The power coefficient of the VAWT at TSR ¼ 1.5 is increased
from 0.1737 to 0.3564 after the stepwise parametric analysis.

(6) With its unique advantages, certain passive yaw capability,
and relatively low manufacturing cost, the external diffuser
system can bringmany benefits to the VAWTandwould have
potential applications in specific urban areas.
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Appendix A. Sensitivity test of the azimuthal increment

A reasonable selection of the azimuthal increment is important
for predicting the aerodynamics of the VAWT. In the current study,
a sensitivity test of the azimuthal increment is conducted for the
selected VAWT with the basic diffuser (stage 1, enclosed type with
curved inner surface). The size parameters of the basic diffuser are
set according to Table 2. Three azimuthal increments are compared,
i.e., Dq ¼ 1�, 2�, and 4�. The instantaneous torque coefficients CQ of
blade 1 at TSR ¼ 1.0, 1.5, and 2.0 are selected as the comparison
objectives. Fig. A1 depicts the instantaneous torque coefficients CQ
of blade 1 with respect to the azimuthal angle q for different
azimuthal increments. It can be seen that the results of Dq ¼ 1� and
Dq ¼ 2� are almost identical, but the variation trend of CQ for
Dq ¼ 4� shows a significant deviation. Besides, the difference be-
tween the curves of CQ for Dq ¼ 1� and Dq ¼ 2� becomes slightly
more pronounced with the decreasing TSR, which is consistent
with the findings of Rezaeiha et al. [60]. This is because the varia-
tion range of the AOA of the blade is relatively large at low TSRs,
where the flow separation on the blade surface will be more
intense, and the azimuthal increment is significantly dependent on
the flow regime over the blade [60]. Nevertheless, the effect of this
small difference on the prediction of the aerodynamics can be
neglected. Therefore, in consideration of the computational accu-
racy and efficiency, Dq ¼ 2� is selected for the rest of the simula-
tions.



Fig. A1. Comparison of the instantaneous torque coefficients of blade 1 for different azimuthal increments: (a) TSR ¼ 1.0; (b) TSR ¼ 1.5; (c) TSR ¼ 2.0.
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